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However, it became clear that such a book would be
extensive and would require the involvement of more 
editors. For this reason we were very pleased that we 
persuaded both Bart Celli and Klaus Rabe to join us in this
task. The complexities resulted in a long gestation period,
however the persistence of all of the editors and publishers
eventually led to the development of this text. We recog-
nize that any book of this sort should be regarded as a ‘work
in progress’, since the field of COPD research is advancing
steadily, but we greatly appreciate the work of the authors
of the chapters to keep the book as up to date as possible.

We hope this text will provide background and update
necessary for physicians/scientists/healthcare workers with
an interest in COPD.

Robert Stockley
Stephen Rennard

November 2006

Preface

In recent years COPD has become widely recognised as a
major healthcare problem. This has led to an increase in
interest of the clinical manifestations, management and
pathophysiology of the condition. The increase in interest
has been mirrored by dramatic increase in publications and
research into COPD. Following on from this there has also
been an increase in books dedicated to COPD.

Several years ago Steve Rennard and I noted that
although there were several textbooks on COPD there 
were many facets of the condition that required alternative
literature searches and turning to more books, particularly
those of basic physiology. With this in mind we perceived
that there was a need for a comprehensive textbook that
covered normal and abnormal physiology, the latter being
particularly related to COPD patients and that a spectrum
from basic to clinical science was missing. Therefore we
embarked upon a project to produce as comprehensive a
book as possible.
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SECTION 1
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CHAPTER 1

Structure–function relationships: 
the pathophysiology of airflow obstruction

Dennis E. Niewoehner

A decrease in maximal expiratory flow rates is the cardinal
physiological abnormality associated with chronic obstruc-
tive pulmonary disease (COPD). Expiratory flow obstruction
is deemed to be so important that the presence and sever-
ity of COPD is commonly defined in terms of the forced
expiratory pressure in 1 second (FEV1) and of the ratio 
of the FEV1 to the forced vital capacity (FVC) [1]. The mor-
phological features thought responsible for expiratory
airflow obstruction also play a prominent part in the causa-
tion of other physiological derangements in COPD, such as
hyperinflation and uneven ventilation. These various func-
tional abnormalities largely reflect the passive mechanical
properties of the lung, namely the elastic behaviour of lung
parenchyma and airways, and the flow-restrictive char-
acteristics of the bronchial tree. The pathological lesions
found in the lungs of COPD patients have been described in
some detail, and they can be broadly classified into those
that principally affect lung elastic recoil (emphysema) and
others that primarily affect the flow-restrictive properties 
of the bronchi and bronchioles (airways disease). Ideally,
an expert pathologist would be able to estimate accurately
the degree of airflow obstruction from a comprehensive
quantitative assessment of the diseased lung. This can be
accomplished in rather broad terms, but the state-of-the-art
falls well short of the ideal. The physiologist’s assessment 
of disease severity in the individual case may be markedly
discrepant from that of the pathologist. These failures
reflect our incomplete understanding of basic pathophy-
siology in COPD, as well as the formidable methodological
problems in studying an organ so structurally and func-
tionally complex as the lung. This chapter describes some 
of the interrelationships of pathology with physiology in
COPD.

Emphysema

Patients with symptomatic COPD nearly always have some
emphysematous involvement of their lungs, although the
extent may vary widely among patients who have the same
degree of spirometric impairment. Patients are sometimes
labelled with a clinical diagnosis of ‘emphysema’, but this
usage is discouraged because emphysema has a stricter,
pathological definition. An expert committee has defined
emphysema as ‘a condition characterized by abnormal en-
largement of the airspaces distal to the terminal bronchiole,
accompanied by destruction of their walls, and without
obvious fibrosis’ [1]. Enlargement of the parenchymal
airspaces within the gas exchange region of the lung (alve-
olus, alveolar duct and respiratory bronchiole) is the seminal
feature of emphysema (Fig. 1.1). Airspace enlargement
may be caused by actual departitioning and fenestration of
the alveolar walls or by a simpler structural rearrangement
of the normal acinus. Airspace enlargement is a normal 
feature of the ageing lung (‘senile emphysema’), and it 
may also be observed in diseases such as interstitial fibrosis.
Focal areas of fibrosis may be found in many lungs that are
judged to have predominantly emphysema, particularly of
the centriacinar subtype. Consequently, it may be difficult
to ascertain the presence of mild grades of emphysema in
the lungs of older patients, and in some instances there may
be confusion as to whether airspace enlargement should be
attributed to emphysema or to a separate disease process.

Pathologists recognize two principal subtypes of emphy-
sema. Centriacinar, or centrilobular, emphysema is char-
acterized grossly by discrete, enlarged airspaces, usually
measuring 1–10 mm in diameter, which tend to be most
prominent in the upper lobes. Microscopically, these
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lesions may be seen in the proximal parts of the respiratory
bronchiole, which is the partially alveolated airway imme-
diately distal to the terminal bronchiole. Alveolar structures
in the more distal acinus are usually well preserved,
although very large centriacinar emphysema lesions may
obliterate much of the acinus. Focal areas of inflammation,
fibrosis and carbonaceous pigment are commonly present
in adjacent alveolar and bronchiolar walls.

As the name implies, panacinar, or panlobular, emphy-
sema, more uniformly involves the entire acinus. Macro-
scopically, mild panacinar emphysema appears as a subtle
diffuse enlargement of airspaces, which resembles the 
aged lung. With progression of the disease, single lesions
coalesce to form airspaces measuring millimeters to centi-
meters in diameter; large bullae may form in severe cases.
Microscopically, alveolar ducts are diffusely enlarged, and
adjacent alveoli become effaced to the extent that indi-
vidual units cannot be identified. Panacinar emphysema
involves all regions of the lung, and some patients, particu-
larly those with severe α1-antitrypsin deficiency, may exhibit
a basal predominance.

When lung sections are appropriately stained, a dense

labyrinth of elastic fibres becomes visible within alveolar
walls and around peripheral airways (Fig. 1.2). This intric-
ate elastic fibre network helps maintain normal parenchy-
mal structure and contributes importantly to the lung’s 
distinctive elastic recoil properties. The prevailing theory is
that emphysema develops from an elastase–antielastase
imbalance causing damage to the elastic fibres within the
lung parenchyma. Despite their presumed importance in
the pathogenesis of emphysema, surprisingly little is known
about the state of elastic fibres and other extracellular
matrix components in severe human emphysema. Existing
studies are mostly descriptive and such basic information 
as the elastin content of the emphysematous lung is not
available.

Emphysema is an anatomical entity, so that estimates of
prevalence and severity can be directly made only from
specimens obtained by surgical resection or at autopsy.
Because reliable estimates of emphysema severity require
that specimens be fixed in a uniformly inflated state, whole
lungs or lobes are generally more satisfactory than smaller
lung samples. The most widely used and accepted method
for estimating emphysema severity utilizes a standard panel
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Figure 1.1 Macroscopic sections of inflation-fixed lungs comparing a normal subject (a) with a COPD patient having moderately
severe emphysema (b). The emphysema has both centriacinar and panacinar features.



that depicts whole lung sections with increasing degrees 
of emphysema [2]. The lung section in question is sub-
jectively scored by direct comparison against the panel.
Determination of a mean linear intercept (average distance
between alveolar walls) is the preferred method for evalu-
ating emphysema severity from histological sections. This
method has the advantage of being truly quantitative, but it
is time and resource intensive and, because of sampling
issues, it is limited in its capability for distinguishing mild
emphysema from normal lung [3]. Milder forms of emphy-
sema may be focal in their distribution, and can usually be
best appreciated from visualization of whole-lung slices.
Estimates of emphysema severity by the picture panel and
the mean linear intercept methods are generally in good
agreement, but for most purposes the picture panel method
is considered the gold standard.

There is now good evidence that reliable estimates of
emphysema severity may be made indirectly from com-
puted tomography (CT). Studies to date have consistently
shown a good correlation between regions of reduced lung
tissue density found on CT scan and the presence of
anatomical emphysema [4]. CT scans are highly specific,
but they lack sensitivity in detecting very mild grades of
emphysema. This is an evolving technology, with issues
relating to sensitivity, specificity and standardization cur-
rently being addressed.

Airways disease

Much confusion attends the terminology associated with
airways disease in COPD. The term ‘chronic bronchitis’ has
been widely used but with a variety of meanings. Strictly

speaking, ‘chronic bronchitis’ refers to an inflammatory
condition involving the bronchi, which are the more 
central, larger and cartilage-containing airways. (The more
peripheral airways without cartilage are termed bronchi-
oles.) However, pathologists sometimes refer to bronchial
mucous gland enlargement as ‘chronic bronchitis’. To com-
plete this rather illogical pattern, the term has also used to
define a ‘clinical disorder characterized by excessive mucus
secretion in the bronchial tree, manifested by chronic or
recurrent productive cough on most days for a minimum 
of 3 months per year for not less than 2 successive years’ [5].
Experts arrived at this definition when excess mucus secre-
tion was thought to have a central role in the development
of airflow obstruction in COPD. This is no longer thought to
be the case, but the definition persists to the bewilderment
of several generations of medical students and residents. 
To avoid this confusion, all pathological changes within 
the bronchial tree that have been implicated in the patho-
physiology of COPD will be called simply ‘airways disease’.
For reasons that will later become evident, it is appropriate
to distinguish pathological changes that primarily involve
the central bronchi from those found in the peripheral
bronchioles.

Central airways disease
Mucus lines the airway lumens of the bronchial tree and
serves an important role in host defence against the envir-
onment. Mucous glands, containing both mucous and
serous cells, are found between the epithelial basement
membrane and the cartilage plates of the central bronchial
tree. Mucus is actively secreted into the bronchial lumen
via specialized ducts. Modest enlargement of the bronchial
mucous glands is found in the lungs of many patients with
COPD but not all. Bronchial mucous gland enlargement
correlates with cough and excess sputum production [6].
The Reid Index was the first described method for quantify-
ing the degree of mucous gland enlargement [7]. In this
technique, the width of the mucous gland is compared with
the width of the bronchial wall between the basal lamina
and the perichondrium. This method has been largely sup-
planted by better methods which quantify area propor-
tions. The volume of bronchial mucous gland may increase
by 50–100% in selected cases of severe COPD (Fig. 1.3).

In addition to the mucous glands, mucus-secreting goblet
cells are found in airway epithelium at all levels of the con-
ducting airways. The population of epithelial goblet cells
may expand in the larger airways of COPD patients, but
existing studies are mostly descriptive. Epithelial meta-
plasia and loss of cilia have also been described. It is not clear
whether the proportions of smooth muscle and cartilage
are abnormal in lungs of COPD patients. COPD is com-
monly associated with a low-grade inflammatory response
within the epithelium and submucosa of the more central
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Figure 1.2 Thick histological section of normal human lung
stained for elastic fibres. Elastic fibres appear as a lacy network
of thin dark lines when an alveolar wall is viewed en face.
Thicker elastic fibres surround the ostia connecting alveolar
ducts with individual aveoli. Elastic fibres are major
contributors to lung elastic recoil.



(Fig. 1.4). The earliest abnormalities seen in lungs from
young smokers are focal collections of brown-pigmented
macrophages in the proximal respiratory bronchioles [9].
In older patients with established COPD, the walls of 
membranous bronchioles frequently contain a low-grade
inflammatory response that includes scattered neutrophils,
macrophages and lymphocytes [10]. Additional abnormal-
ities include fibrosis, goblet cell and squamous cell meta-
plasia of the lining epithelium, smooth muscle enlargement
and scattered aggregations of mucus within the lumen.
Most of this pathology can probably be directly attributed to
the toxic effects of cigarette smoke, but peripheral airways
in the lungs of elderly lifelong non-smokers may exhibit
some of the same abnormalities [11].

Measurements in lungs obtained at surgery and at
autopsy indicate that the internal calibre of fully distended
peripheral bronchioles is smaller in COPD patients com-
pared with normal subjects [11,12]. In addition, the walls
of bronchioles from COPD patients are abnormally thick-
ened, with the increased width being caused by epithelial,
smooth muscle and connective tissue elements [13].
Abnormally thickened airway walls may take on added
functional significance at smaller lung volumes, because
the peripheral airways shorten and narrow as the lung
deflates. Figure 1.5 illustrates this point. In the example
shown, the abnormal airway has a wall that is twice the
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Figure 1.3 Histological section of a cartilaginous bronchus
from a COPD patient with chronic cough and sputum
production shows marked mucous gland enlargement.
Mucous glands normally occupy but a small part of the area
between cartilage and epithelium. A low-grade inflammatory
reaction commonly accompanies mucous gland enlargement.

(a) (b) (c)

Figure 1.4 Normal terminal bronchiole from a human lung is a thin-walled structure with an internal diameter of approximately
0.5 mm (a). Section through the junction of a membranous and respiratory bronchiole from the lung of a young adult shows 
the typical inflammatory lesion caused by cigarette smoking (b). Clusters of brown-pigmented macrophages are visible in the
respiratory bronchiole and a few mixed inflammatory cells are present within the walls of the membranous bronchiole. In patients
with established COPD, membranous bronchioles may exhibit thickened walls and narrowed distorted lumens (c).

bronchi. Neutrophils, macrophages and CD8+ T lympho-
cytes are the predominant inflammatory cells [8].

Peripheral airways disease
The pathological changes seen in the peripheral airways 
of COPD patients are multiple and relatively non-specific



normal thickness. For the same change in external dia-
meter, the lumen of the abnormal airway wall narrows to a
far greater extent because the constant volume of excess
tissue tends to bulge inward. This effect is greatly magnified
at very small lung volumes, where the development of lon-
gitudinal folds along the inner surface may predispose to
complete airway closure.

The accurate assessment of diverse pathological features
that are widely distributed among tens of thousands of 
individual airways presents a formidable problem. Stand-
ardized scoring systems and direct quantitative approaches
that measure the dimensions and volume components of
the airways have largely supplanted earlier descriptive
studies [11,12,14]. However carefully they are performed,
assessments of airways in fixed tissues may poorly reflect
their functional behaviour during the respiratory cycle.
There have been efforts to image airways with CT and ultra-
sound during life [15,16]. These methods are interesting
and promising, but they have yet to be fully validated. The
major issue is whether they are capable of adequately
resolving the dimensions of the smaller airways.

Lung elastic recoil

Lung elastic recoil refers to the lung’s intrinsic tendency to
deflate after it has been inflated. This relationship is com-
monly expressed by plotting lung volume as a function of
transpulmonary pressure under the condition of no airflow

Physiological abnormalities

(Fig. 1.6). Transpulmonary pressure is defined as the 
pressure differential between the inside and the outside of
the pleura. Pressure in the pleural space may be roughly
estimated from a balloon catheter placed in the mid-
oesophagus. In normal young adults, transpulmonary 
pressure at total lung capacity (TLC) is typically in excess 
of 35 cm H2O and at functional residual capacity (FRC) is
approximately 5 cm H2O. Lung elastic recoil is sometimes
defined in terms of compliance, defined as the change 
in lung volume relative to the change in pressure. The 
pressure–volume relationship is curvilinear through its
entirety, and as a result, compliance has a unique value at
each lung volume. There has been some success in fitting
empirical mathematical models to the pressure–volume
curve so that the entire relationship can be described by
estimation of one or two parameters [17,18]. For most 
purposes lung elastic recoil can be adequately described in
terms of the transpulmonary pressure at some specified
lung volumes, TLC and FRC being most commonly used.

Loss of lung elastic recoil is one of the distinguishing 
features of ageing. This occurs in a manner so predictable
that age can be estimated with fair accuracy from the 
pressure–volume characteristics of a postmortem lung [17].
Age-related losses in lung elasticity probably explain much
of the decrease in spirometric function that occurs with
advancing age.

Lung elastic recoil may be divided into two components:
one resulting from tissue elasticity and a second attributable
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Figure 1.5 External airway diameter decreases as lung
volume becomes smaller. Because the volume of the airway
wall remains constant, the wall becomes thicker at smaller
lung volumes, with a disproportionate reduction in the calibre
of the lumen. At very small lung volumes, longitudinal folds
may develop along the inner wall of the airway. Abnormally
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Figure 1.6 Lung volume as a function of lung elastic recoil
pressure in a normal subject and in a COPD patient with
extensive emphysema. At any particular lung volume, lung
elastic recoil pressure is reduced with emphysema. In addition,
the pressure–volume curve in the emphysema patient exhibits
greater concavity towards the pressure axis. RV, residual
volume; TLC, total lung capacity.



to the air–liquid interface at the alveolar surface. Tissue
elasticity arises from the rich network of elastic fibres
within lung parenchyma, from other components of the
extracellular matrix, and from the geometrical arrange-
ments of these elements. Isolated elastic fibres behave
much like rubber bands, snapping back to their original
position upon being stretched to twice their resting length.
Alveolar structures are sufficiently small that surface ten-
sion at the air–liquid interface creates significant pressure
within the alveolar spaces, even in the presence of the sur-
face tension-lowering substance, surfactant. This relation-
ship is defined by the law of Laplace, which states that the
pressure within a wetted sphere is proportional to the ten-
sion within the lining liquid film and inversely proportional
to the radius of curvature. Comparing pressure–volume
curves from air- and fluid-filled lungs delineates the con-
tribution of tissue elements and of surface tension. Both
make substantial contributions in the human lung. Hence,
damage to matrix elements and loss of alveolar surface area
would both be expected to reduce lung elastic recoil.

Because damage to elastic fibres and loss of alveolar 
surface area are the characteristic pathological features of
emphysema, a decrease in lung elastic recoil would be
anticipated. This prediction has been fully confirmed and
Figure 1.5 illustrates the typical abnormality. Compared
with normal, the severely emphysematous lung exhibits a
substantial loss in elastic recoil pressure at all lung volumes.
In addition, the pressure–volume curve in severe emphy-
sema exhibits a shape change, being somewhat more con-
vex with respect to the pressure axis. These altered lung
elastic properties might be viewed as the primary functional
defect associated with human emphysema.

Airflow resistance

The human bronchial tree is a complex structure. Starting
with the trachea, conducting airways branch in an irregu-
larly dichotomous pattern. Different pathways from trachea
to terminal membranous bronchiole may encompass as few
as 10 generations or as many as 25. Further branching
occurs within the partly alveolated respiratory bronchioles
distal to the terminal bronchiole. The internal diameter of
the adult trachea is approximately 2 cm. Airway calibre
decreases with each succeeding generation to a miniscule
0.5 mm at the level of the terminal bronchiole. Because
there are approximately 50 000 terminal bronchioles in
each human lung, total cross-sectional area at this level of
the bronchial tree exceeds that of the trachea by about two
orders of magnitude. Hence, the velocity of airflow during
the breathing cycle is substantially larger in the central air-
ways compared with the peripheral airways. 

A pressure differential is necessary to generate airflow
through a cylinder. The ratio of the longitudinal pressure

difference to the flow rate defines airflow resistance. The
magnitude of airflow resistance varies with the flow profile
(laminar versus non-laminar), the physical properties of the
gas and the dimensions of the cylinder. The many airways
comprising the bronchial tree can be viewed as resistive 
elements existing in series and in parallel.

As is true for lung parenchyma, airways exhibit intrinsic
elastic behaviour which allows them to widen or narrow in
response to traction and pressure differentials. Because of
the cartilaginous rings within their walls, proximal bronchi
are relatively rigid structures. However, the membranous
posterior portion is easily deformed, and it will bow inward
to occlude the airway lumen when subjected to large 
compressive pressures. Peripheral bronchioles have little
inherent rigidity. The relatively thin, cartilage-free walls of
these airways are embedded within lung parenchyma, 
and they depend upon the tethering effect from alveolar
wall attachments to maintain patent lumens. The outward
tension exerted by alveolar walls is a function of lung 
volume; the bigger the volume, the larger the lung elastic
recoil, and the greater the tension within each alveolar
attachment. If the lung were to exhibit perfect isotropy, a
50% reduction in lung volume would be associated with 
a 21% reduction in airway calibre.

Assessment of airflow resistance requires simultaneous
measurements of airflow at the mouth and of pressure 
differential between the mouth and the alveolus. Alveolar
pressures can be estimated either with an oesophageal bal-
loon or by a plethysmographic method. Figure 1.7 compares
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Figure 1.7 Lung volume as a function of airways resistance 
in a normal subject and in a COPD patient. In both patients
airways resistance increases as lung volume becomes smaller.
At any given lung volume, airways resistance is considerably
larger in the COPD patient. RV, residual volume; TLC, total
lung capacity.



typical airflow resistance as a function of lung volume in 
a normal subject with that in a COPD patient with emphy-
sematous lungs. There is a strong volume dependence of
airflow resistance in both subjects, this reflecting the
decrease in lung elastic recoil and consequent reduction in
airway calibre at smaller lung volumes. Airflow resistance 
is substantially higher at comparable lung volumes in the
patient with COPD, and this might be attributed to two dis-
tinct mechanisms. At the same lung volumes, lung elastic
recoil would be less in the emphysematous lungs, with the
expectation that airways would be narrower and airflow
resistance would be higher. It is possible to negate this effect
by comparing airflow resistance in different lungs at the
same lung elastic recoil pressures. Under these conditions,
airflow resistance is still substantially higher in COPD com-
pared with normal. This strongly suggests structural and
functional abnormalities inherent to the conducting airways
cause increased airflow resistance in COPD.

The dominant site of airflow resistance within the pul-
monary airways is not intuitively obvious. The bronchial
tree is a complex structure and pathological changes have
been described at all levels in lungs from patients with
COPD. The peripheral bronchioles are much smaller than
the proximal bronchi, but there are a great many of them.
Total cross-sectional area at the level of the terminal bron-
chiole is larger than the trachea by orders of magnitude.
However, this tells us little about the relative flow-resistive
properties at the two levels, because area changes as the
square of airway radius while resistance changes as the
fourth power or higher.

Studies with a retrograde catheter in excised animal and
human lungs provide an invaluable clue to the site and
nature of increased airflow resistance in COPD [19,20]. The
catheter was placed at a site in the bronchial tree where
airflow resistance in airways less than 2 mm diameter could
be partitioned from resistance in airways with a diameter 
of greater than 2 mm. The first studies were performed in
normal dogs and they yielded results that at the time were
considered rather surprising [19]. The peripheral compon-
ent accounted for only approximately 10% of total airflow
resistance, a value much smaller than had been suggested
by earlier studies.

Retrograde catheter studies of central and peripheral
airflow resistance were subsequently made in postmortem
lungs from subjects with and without COPD [20]. As was
the case in dog lungs, the peripheral component of total
airflow resistance in normal human lungs appeared quite
low, representing only 10–20% of the total. In lungs from
COPD patients, the central component of airflow resistance
was only slightly increased from that in normal lungs.
However, the peripheral component was increased by 
factor of between 10 and 20. These observations added
enormously to our understanding of the pathophysiology

of COPD, because they indicated that it was disease in the
distal airways and not the large bronchi that was principally
responsible for increased airflow resistance in COPD.

The partitioning of airflow resistance in normal and 
diseased human lungs also led to a novel idea about the 
natural history of COPD, which in turn spawned a large and
mostly futile research effort. The retrograde catheter stud-
ies indicated peripheral airflow resistance was negligible in
normal lungs, but predominant in severe COPD. Therefore,
early stages of the disease might be associated with patho-
logical changes in the peripheral airways that had minimal
effect on standard tests of lung function, such as the FEV1.
It was further reasoned that these early changes might 
better be detected with more sensitive, non-standard tests.
Considerable effort was expended in developing and evalu-
ating newer, so-called ‘tests of small airways disease’,
including the frequency dependence of dynamic lung 
compliance, the single breath nitrogen washout test, and
spirometry with exotic gas mixtures. These tests have long
been abandoned, because a variety of epidemiological and
pathological–physiological correlative studies indicated that
these newer, specialized tests offered little advantage over
the FEV1 in detecting the earliest stages of COPD [21–24]. 

These newer tests failed in part because they were 
based on a faulty rationale. Studies by other investigators
indicated that the original retrograde catheter studies were 
subject to methodological errors that led to a systematic
underestimate of peripheral airflow resistance in both 
normal and COPD lungs [25,26]. Repeat measurements 
in human lungs indicated that the peripheral component
represents approximately 90% of total airflow resistance 
in the normal lung [27]. Additionally, studies in normal
postmortem lungs demonstrated a remarkably good cor-
relation between total airflow resistance and the diameter
of the peripheral airways, but not with the diameter of the
proximal airways [28].

These findings have important implications regarding
our understanding of COPD. They lend strong support to
the concept that the peripheral airways, and not the cent-
ral airways, are principally responsible for the increased
airflow resistance in COPD. If the peripheral airways deter-
mine levels of ventilatory function in the normal lung, it
logically follows that relatively minor pathological changes
in those same airways take on added functional significance
in disease states.

Maximal expiratory airflow limitation

Spirometry is recommended as the single best test for the
diagnosis of COPD. During this procedure maximal expir-
atory airflow is measured as a function of time, and the
result is graphically displayed as either a volume–time 
or flow–volume plot. The two plots contain identical 
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information. The most common parameters extracted from
the spirogram are the FEV1 and the FVC. The expiratory 
flow rate between 200 and 1200 mL of the FVC, the mid-
expiratory forced expiratory flow rate between 25% and
75% of the FVC, and other less frequently used spirometric
parameters contain little additional diagnostic information
and have fallen out of favour. A decrease in the FEV1, best
expressed as the percentage of predicted, and a decrease in
the ratio of the FEV1 to the FVC (FEV1/FVC) are the hallmark
spirometric abnormalities of COPD.

Figure 1.8 shows representative flow–volume curves
from a normal subject and from a patient with COPD. At
any given fraction of VC, maximal expiratory flow rates are
smaller in the COPD patient. In this example, flow rates are
shown as a function of absolute lung volume to illustrate
another of the cardinal physiological abnormalities in
COPD. The COPD patient exhibits hyperinflation in that
both the TLC and residual volume (RV) are shifted to larger
lung volumes.

Forced expiratory flow–volume curves exhibit a phenom-
enon that is termed airflow limitation. The principle can 
be demonstrated by having a normal subject perform 
a series of full inspiratory and expiratory breathing
manoeuvres between RV and TLC, each with a different
strength of effort. Figure 1.9 depicts these graded efforts 
(a increasing through e) as a family of flow–volume loops.
Greater effort during the inspiratory phase yields larger
flow rates, and these increases are roughly proportional 
at all lung volumes. On the expiratory cycle, greater effort
also generates larger flow rates, but only at the higher lung
volumes. At intermediate and low lung volumes, airflow

increases with added effort, but only up to a certain point.
At that point the tracing superimposes those from other
individual efforts. Over the lower two-thirds of the vital
capacity a ceiling becomes evident, beyond which airflow
does not increase further however great the expiratory
effort. Expiratory flow rates at these lung volumes are
sometimes described as being ‘flow limited’ or ‘effort 
independent’.

The principle of flow limitation can be demonstrated in
somewhat better detail from what are called isovolume
pressure–flow diagrams (Fig. 1.10). Inspiratory and expir-
atory flow are plotted as a function of alveolar pressure at
specified lung volumes. The pressure differential between
the mouth and the alveolar space, or driving pressure, gen-
erates airflow though the bronchial tree. Alveolar pressure
is negative with respect to the mouth during inspiration
and positive with expiration. During inspiration, airflow
remains linear with driving pressure at each of the indic-
ated lung volumes, meaning that airflow resistance remains
nearly constant. Hence, inspiratory flow is largely limited
by the magnitude of the applied pressure, which is largely 
a function of respiratory muscle strength. Differences in 
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the slopes of the pressure–flow relationships at the three
different lung volumes indicate that airflow resistance
becomes greater as lung volumes become smaller.

The patterns obtained during expiration are qualitatively
different in that relationships between the pressure differ-
ential and airflow are curvilinear rather than linear. This is
most obvious at smaller lung volumes where a fairly sharp
inflection occurs at a relatively low driving pressure. Beyond
this inflection, the relationship assumes a plateau shape,
meaning that airflow is independent of changes in driving
pressure. In other words, greater expiratory effort creates
greater airflow resistance with no increase in airflow.
Limitations to expiratory airflow are set by the mechanical
properties of lung parenchyma and bronchial tree. 

The relevance of expiratory airflow limitation to clinical
disability can be appreciated by comparing flow–volume
loops from a COPD patient with that of a normal subject.
Figure 1.11 shows inspiratory and expiratory flow–volume
loops during tidal breathing at rest and with maximal effort
in the two subjects. Note that the normal subject has enorm-
ous reserve and from the resting state is able to increase
minute ventilation by a large factor in response to increased
metabolic demands. Consequently, ventilation is not a lim-
iting factor, even with very vigorous exercise. In contrast,
maximal inspiratory and expiratory flow rates are much
smaller in the patient with COPD, expiration typically being
more severely affected than inspiration. Most import-
antly, a large portion of the expiratory flow–volume loop

obtained during tidal expiration superimposes that from a
forced expiration. Severe COPD patients exhibit flow limita-
tion even while meeting the minimal ventilatory require-
ments of the resting state. These patients have only limited
capability for increasing minute ventilation in response to
exercise. Their only effective strategy for increasing minute
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Figure 1.11 Inspiratory and expiratory flow–volume loops in
a normal subject and in a patient with severe COPD. The outer
loops represent maximal efforts and the loops represent tidal
breathing. In the patient with COPD, expiration is flow limited
even during a tidal breath.



ventilation is to shift tidal breathing to larger lung volumes
where higher expiratory flow rates can be achieved.
Clinical studies have shown that hyperinflation is a com-
mon response to increased workload in COPD patients
[29]. Unfortunately, this compensatory mechanism comes
with a price, because the lung and the thoracic cage both
become stiffer at larger volumes. This increases the elastic
workload of the respiratory muscles and is an important
component in generating the sensation of breathlessness.

Mechanism of expiratory airflow limitation

Models of varying complexity have been used to analyse
the physical behaviour of the lung in an effort to explain
flow limitation during forced expiratory manoeuvres. A
relatively simple model is described that provides some
insight into this mechanism. The interested reader is re-
ferred elsewhere for more detailed and rigorous approaches
to the subject [30–32].

The model shown in Figure 1.12 includes an expand-
able balloon to represent lung parenchyma. The balloon is
contained within a box that depicts the thoracic cage. The
space between the box and the balloon may be viewed as
the pleural space. An airway with semi-rigid walls connects
the balloon to the exterior. Up or down movement of the
piston, representing the function of respiratory muscles,
activates the model by altering intrapleural pressure (Ppl).
The centrally directed arrows on the interior of the balloon
symbolize lung elastic recoil.

Figure 1.12(a) shows the model at a fixed volume with
no airflow. Under these static conditions, there is no gra-
dient along the length of the airway and alveolar pressure
(Palv) is equal to the reference pressure at the airway open-
ing (Pao). The intrapleural pressure required to keep the
lung statically inflated (arbitrarily chosen to be –10 cm H2O
in this example) is equal in magnitude but opposite in sign
to the lung elastic recoil pressure (Pel). Hence, Palv is the
algebraic sum of Ppl and Pel.

Downward motion of the piston creates a more negative
Ppl. Palv now becomes negative with respect to Pao and air
flows into the lung. On expiration, muscles relax and the
lung typically contracts passively because of its inherent
elastic recoil. As Ppl becomes less negative (–10 cm H2O
increasing to –5 cm H2O), Palv becomes positive with
respect to Pao and the lung exhales air (Fig. 1.12b). During
the normal tidal breathing cycle, Ppl fluctuates by only a
few centimetres H2O and it remains negative even during
expiration. As a result, pressure at each point within 
the conducting airway remains positive with respect to 
Ppl during the entire inspiratory and expiratory cycle.
Consequently, an outwardly directed transmural pressure
gradient expands the airway along its entire length, an
effect that is greater during inspiration.

However, a forced expiratory effort creates a strongly
positive Ppl that reverses the usual transmural pressure 
gradient along a segment of the airway. Figure 1.12(c) illus-
trates these pressure relationships during a submaximal
forced expiration. Respiratory muscles generate sufficient
force to increase Ppl to +10 cm H2O. From the algebraic sum
of Ppl and Pel, Palv now becomes +20 cm H2O. The alveolar
driving pressure dissipates along the length of airway
lumen and at some point becomes equal to Ppl so that the
transmural pressure gradient is zero. This is sometimes
described as the ‘equal-pressure point’ (EPP). The EPP has
no fixed anatomical site. Direct measurements suggest that
the EPP is located in the central cartilaginous airways dur-
ing the early stages of the maximal expiratory manoeuvre,
but then migrates peripherally at lower lung volumes.
Downstream from the EPP, intraluminal pressures become
negative with respect to Ppl, creating a compressive force
on the airway. Because the airway is not a rigid tube, 
compressive pressures narrow the lumen to some degree,
thereby increasing airflow resistance. The length of com-
pressed airway is referred to as the ‘flow-limiting segment’.

Figure 1.12(d) illustrates the same relationships but with
a more forceful expiratory effort. In this example, Ppl
increases to +20 cm H2O and the alveolar driving pressure,
Palv, now enlarges to +30 cm H2O. Because of the higher
Ppl, compressive transmural pressures downstream from
the EPP are now twice as large as in Figure 1.12(c). This 
further narrows the airway lumen with a corresponding
increase in airflow resistance. In other words, greater expir-
atory effort increases the pressure head between alveolus
and airway opening, but it also increases flow resistance
because of greater compression of the airway downstream
from the EPP. The result is little net change in expiratory
airflow. This type of feedback mechanism for limiting flow
is sometimes referred to as a Starling resistor, of which
there are examples in other organ systems. It bears em-
phasizing that these relationships are exceedingly complex
when analysed from first principles and no physical law
requires that changes in Palv and airflow resistance need 
be strictly proportional. However, empirical observations
indicate that these changes are roughly proportional in
most human subjects. 

The illustrated model permits some insight into other fac-
tors that might influence the flow-limiting airway segment.
It is intuitively evident that a less rigid airway would nar-
row to a greater extent in response to the same transmural
compressive pressure differential. Other conditions being
equal, excessively compliant central airways would fix
maximal expiratory airflow at a lower level. It is unclear
from existing studies whether bronchial compliance is
abnormal in well-defined patients with COPD.

Airflow resistance in more distal portions of the conduct-
ing airways may accentuate compressive effects on the
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more proximal flow-limiting airway segment. This is illus-
trated in Figure 1.12(e), which depicts partial obstruction 
in the most distal part of the airway. Peripheral airway 
narrowing may occur as a consequence of pathological 
features such as inflammation and excess mucus. As as
result of the increase in peripheral airflow resistance, a

greater portion of the driving pressure between alveolus
and airway dissipates over the obstructed segment of air-
way. Hence, the EPP migrates distally and a longer segment
of the more proximal airway is subjected to compressive
pressures. Total airway resistance would increase and max-
imal expiratory airflow would be expected to decrease.
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Figure 1.12 Model of 
expiratory flow limitation. See
text for detailed explanation. 
(a) Description of static model.
(b) Expiration during tidal
breath. (c) Submaximal forced
expiration. (d) Submaximal
forced expiration but with
greater effort than in (c). 
(e) Forced expiration with
increase in peripheral airways
resistance. (f) Forced expiration
with decreased lung elastic recoil
pressure. EPP, equal-pressure
point; Palv, alveolar pressure; 
Pel, elastic recoil pressure; 
Ppl, intrapleural pressure.



Loss of lung elastic recoil also has an impact on maximal
expiratory airflow limitation. One mechanism relates to the
effects of lung elastic recoil on the diameter of the intra-
parenchymal airways, which are not shown in the model. A
decrease in lung elastic recoil at any specified lung volume
will reduce airway calibre and increase peripheral airflow
resistance. The effect on maximal expiratory airflow will be
similar to that shown in Figure 1.12(e).

Another effect of elastic recoil on maximal airflow limita-
tion is less intuitive. Note that an arbitrary value of 10 cm
H2O is assigned to Pel in Figure 1.12(a–e). Note also that
when flow limitation becomes evident, as in Figure 1.12(d
and e), the difference between Palv and the intra-airway
pressure at the EPP has the same magnitude as Pel (10 cm
H2O). Viewed in this manner, lung elastic recoil effectively
keeps airways open by opposing the high compressive pres-
sures that develop in the pleural space during forced expir-
ation. Figure 1.12(f) illustrates the effect of decreased lung
elastic recoil on flow limitation. In this example, a Pel of 5 cm
H2O has been assigned to an ‘emphysematous balloon’.
With the same force exerted by respiratory muscles on the
pleural space (Ppl = 20 cm H2O), Palv now increases to only
25 cm H2O instead of 30 cm H2O. There is a corresponding
decrease in the intra-airway pressure that opposes airway
compression. Consequently, the EPP migrates distally, the
compressed segment of airway becomes longer, with a 
corresponding decrease in maximal expiratory airflow. 

Lung hyperinflation

A second characteristic and very important physiological
abnormality in COPD is hyperinflation. This is variably
defined as abnormally large TLC, FRC or RV. Lung volumes
can be measured either by the washin or the washout 
of tracer gases, such as helium, or by plethysmography.
Because tracer-gas methods require long equilibration
times in the presence of severe COPD, plethysmography is
the more accurate method. In clinical practice the diagnosis
of COPD can usually be made from clinical and spirometric
findings alone, but lung volume measurements may be
useful in selected patients.

Figure 1.8 illustrates both the expiratory airflow abnorm-
alities and the hyperinflation that are typical of COPD. 
As the FEV1 and the FVC decrease, RV and TLC increase.
Indices of hyperinflation, particularly the RV and RV/TLC,
track closely with spirometric measures of expiratory air-
flow obstruction across a broad range of COPD severity [33].
This suggests that the functional and structural features
that relate to expiratory airflow obstruction, namely loss 
of lung elastic recoil and increased peripheral airway resist-
ance, are also responsible for an abnormally large RV.

RV is sometimes termed the ‘volume of trapped air’, a
description that is probably apt. As described previously,

lung volume, lung elastic recoil and peripheral airway resist-
ance are intimately interrelated. As lung volume becomes
smaller, elastic recoil decreases and the attendant loss of
radial tension causes narrowing of the peripheral airways.
At some point, resistance effectively becomes infinite and
flow ceases. Several lines of indirect evidence suggest that
peripheral airways in humans may actually close at lung
volumes near RV, a phenomenon that has been directly
observed in experimental animal lungs [34]. Calculations
suggest that surface tension at the air–liquid interface on
the epithelial surface of peripheral airways may be substan-
tial as the lung volume nears RV, so that an intact surfactant
system may be essential if the terminal bronchioles are to
remain patent [35]. 

Structural correlates of expiratory 
airflow limitation

Expiratory airflow limitation is functionally related both to
a loss of lung elastic recoil and to an increase in airflow
resistance through the bronchial tree. Emphysema is pre-
sumed to be the morphological equivalent of abnormal
lung elastic recoil, while a variety of pathological changes,
particularly those in the peripheral airways, are thought 
to be responsible for increased airflow resistance through
the bronchial tree. Consequently, there is the expectation
that a detailed quantitative assessment of emphysema and
airways disease in a lung from a COPD patient should 
allow a reasonably accurate prediction of spirometric func-
tion. Over the past several decades, numerous efforts to
show such pathological and physiological correlations have
yielded rather disappointing results.

Investigators have utilized several approaches when
undertaking correlative structure–function studies, and
each of these has certain advantages and limitations. Most
commonly, investigators have compared lung tissue
obtained at necropsy with function tests performed prior to
death. Patients with severe disease tend to be heavily over-
represented in this type of study and the interval between
the last pulmonary function test and death is variable.
Tissue may also be acquired from patients undergoing lung
resection surgery, which is usually performed for localized
carcinomas. This approach has the major advantage of
allowing detailed pulmonary function testing shortly prior
to the scheduled surgery. It has the disadvantage of pro-
viding only a limited amount of tissue in most patients,
with attendant problems in achieving uniform inflation
and fixation. Also, potential surgical candidates must have
sufficiently good lung function if they are to tolerate resec-
tion, which excludes most patients with severe COPD.
Lung-volume-reduction surgery provides new opportun-
ities for obtaining resected lung tissue from patients with
severe disease, but the samples are relatively small and they
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may be poorly representative of the remaining lung.
Correlation studies have also been carried out in post-
mortem lungs. Tests of mechanical function performed 
in carefully selected postmortem lungs are reproducible,
and forced expiratory flow rates obtained from such studies
correspond quite closely with those obtained in living, 
age-matched adults [36]. The major disadvantage is in 
not knowing how severely postmortem changes might
affect the results. Finally, CT imaging permits an accurate,
indirect assessment of emphysema severity that can be
compared against tests of function.

Efforts to show a correlation between emphysema 
severity and the FEV1 have yielded inconsistent results
[11,37–39]. Most published reports demonstrated either 
a relatively weak inverse relationship or one that was not
statistically significant. Trivial degrees of emphysema may
be associated with severe airflow obstruction in selected
patients, while others may have normal or near-normal
spirometry in the face of fairly advanced emphysema. In
the largest series yet published, the Vancouver group of
investigators found no statistically significant relationship
between emphysema severity and the FEV1 in 407 patients
with mild-to-moderate COPD who were tested shortly
before surgery for lung resection [38].

Efforts to show correlations between airflow obstruction
and the severity of pathological changes in the conducting
airways have fared no better. Numerous efforts to show
correlations between expiratory airflow obstruction in
COPD with mucous gland enlargement and other patholo-
gical features in the cartilaginous airways have been for 
the most part unsuccessful [40]. These results are perhaps 
not surprising in light of the retrograde catheter studies,
which suggested that the principal pathological changes
accounting for increased airflow resistance in COPD were
to be found in the peripheral airways [20,27]. Those studies
raised an expectation that careful assessments of peripheral
airways disease, including features such as inflammation,
fibrosis and smooth muscle enlargement, might show
closer correlations with spirometric abnormalities. Early,
small studies appeared to show such associations [10,41].
However, in the previously cited studies of 407 patients by
the Vancouver group, no statistically significant relation-
ship was found between the FEV1 and total pathology score,
or any of its components, for either the membranous or the
respiratory bronchiole [38].

Thus, the largest and best available correlative studies
indicate that the relationship of FEV1 with either airway
pathology or emphysema is at best tenuous. It bears
emphasizing that most existing studies sampled only one
part of the continuum between normal lung and severe
COPD, and this provides a somewhat restricted view of the
larger picture. For example, the Vancouver study included
very few non-smokers and no patients with severe disease

[38]. Many other studies have been restricted to patients
with severe disease [37,39]. When a broader assessment is
made in age-matched groups who may be presumed to
have increasing levels of ventilatory dysfunction (never
smokers, smokers without known COPD, and smokers
with severe COPD), emphysema severity and multiple ele-
ments of airways disease were found to progress in parallel
[11]. In addition, a wealth of circumstantial evidence from
human studies and more direct evidence from experi-
mental animal studies indicate that emphysema and some
elements of airways disease are important morphological
determinants of expiratory airflow obstruction. These 
considerations not withstanding, the ability to estimate the
magnitude of ventilatory impairment in COPD from the
most detailed pathological assessments is surprisingly poor.
One can only speculate as to the reasons.

Ventilation distribution and gas exchange

COPD is characterized by progressive blood gas abnorm-
alities. Mild hypoxaemia may be present in the early 
stages of COPD, and it usually progresses as the disease
worsens. Hypercapnia may accompany more severe disease.
Untreated hypoxaemia and hypercapnia can cause pul-
monary hypertension and cor pulmonale, which contribute
to the morbidity and mortality associated with this disease.
The structural derangements and specific mechanisms
responsible for gas exchange abnormalities in COPD are
exceedingly complex and imperfectly understood.

Gas exchange within the lung is most efficient when the
ratio of ventilation/perfusion (V/Q) remains close to unity
within all lung regions. It is obvious that no gas exchange
can occur if a ventilated zone receives no blood supply. A
relative excess of ventilation is described as ‘alveolar dead
space’, ‘wasted ventilation’ or a ‘high V/Q abnormality’.
Such regions behave functionally as though some portion
of the lung region received normal blood flow while the
remainder received none. An increase in the dead space/
tidal volume ratio (VD/VT) reflects lung zones with an
abnormally high V/Q. VD/VT is usually 0.3–0.4 in normal
subjects, but it may increase to as much as 0.7–0.8 in
patients with severe COPD. In those patients the major 
portion of each inspired breath represents ‘wasted 
ventilation’.

Alveolar regions that are underventilated in relation to
their blood supply are described as low V/Q zones. The pro-
portion of cardiac output that passes through a completely
unventilated lung region is termed the shunt fraction, and
the admixture of shunted blood with other pulmonary
venous blood is manifest as arterial hypoxaemia. A V/Q
region of less than 1 but greater than zero behaves as
though some part of the region received normal ventilation
and the remainder received none. Lung regions with low
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V/Q abnormalities are thought to be the principal cause of
hypoxaemia in COPD.

Pathological states affecting either ventilation or per-
fusion homogeneity might in theory cause regional V/Q
to deviate from unity. Radioactive scanning and other 
techniques show that COPD is characterized by abnormal 
patterns involving both ventilation and perfusion. It is 
generally believed that pathological changes occur initially
on the ventilation side and that abnormal perfusion pat-
terns may partly result from compensatory flow regulation.
Disease in the peripheral airways and alveolar spaces cre-
ates regions of both hyperventilation and hypoventilation.
Hypoventilation causes localized hypoxia, which in turn
stimulates a vasocontrictor response in the neighbour-
ing arteries. The attendant reduction in blood flow 
re-establishes a regional V/Q that is close to unity. Long
periods of hypoxia may induce tissue remodelling in small
pulmonary arteries, such as intimal fibrosis and smooth
muscle hypertrophy, which lead to irreversible pulmonary
hypertension. Because abnormalities in the pulmonary
vascular bed may be regarded as secondary events, attention
is directed to mechanisms by which abnormal ventilation
patterns arise in COPD.

Ventilation is the process by which ambient air is trans-
ported to the alveolar spaces and resident air is removed to
the environment. It is defined as the fractional turnover of
inspired gas volume to resident gas volume for any given
portion of the lung. Under normal resting conditions, each
breath replaces approximately 10–15% of the resident gas
volume. Gas is transported from the airway opening to the
alveolar–capillary interface by convection and by diffusion.
Transport within the proximal airways occurs by convec-
tion predominantly, whereas diffusion is more important
within the alveolated gas-exchanging regions of the lung.
Diffusion is not thought to be an important rate-limiting
step for gas transport in the distal airways under normal
conditions, but it may become so when diseases such as
emphysema cause extensive anatomical rearrangements.

The compliance of a lung region and the change in
transpleural pressure to which it is subjected determine
ventilation. For a given change in transpleural pressure, a
relatively more compliant lung region expands to a greater
degree and receives more ventilation than does a less com-
pliant region. An example is to be found in the normal
human lung. As shown in Figure 1.6, the lung becomes
progressively stiffer as it expands. As a result of gravity
effects, a pleural pressure gradient develops from apex to
base with apical pressures being more negative. Because
the lung apex is subjected to a larger transpleural pressure,
it is overinflated relative to the lung base. Consequently,
the apex is less compliant and it receives a relatively smaller
volume of each inspired breath than does the lung base.
Non-homogeneous lung elastic behaviour brought about

by any pathological condition could cause uneven ventila-
tion by a similar mechanism.

Emphysema is a prototype of diseases that cause abnor-
mal lung elasticity. Emphysema tends to be non-uniform in
its distribution, both within a single region and between
regions. Large emphysema lesions may reside immediately
adjacent to apparently normal lung parenchyma. Because
of differences in the shape of their respective pressure–
volume characteristics, an emphysematous region might be
either hyperventilated or hypoventilated relative to normal
adjacent lung. This occurs because the pressure–volume
curve of the emphysematous lung exhibits greater concav-
ity towards the pressure axis (see Fig. 1.6). Consequently, it
is overly compliant at low lung volumes but abnormally
stiff at high lung volumes. If a discrete emphysema lesion
were located at the lung apex so that it were subjected to a
relatively large transpleural pressures, it would overexpand
and be less compliant than surrounding normal lung.
Therefore, this region would receive less ventilation with
each tidal breath. By a parallel argument, the same emphy-
sematous region might be abnormally compliant and over-
ventilated if located at the lung base.

Existing evidence suggests that most emphysematous
regions may be relatively underventilated, as shown in
Figure 1.13 [42]. Other variables remaining constant, this
should give rise to a low V/Q zone. However, emphy-
sematous regions also tend to be underperfused because 
a portion of the capillary bed has been lost. Thus, focal
emphysematous regions could represent a broad range 
of V/Q zones, both high and low, depending upon several
critical variables.

Figure 1.13 illustrates another mechanism by which
emphysema might cause uneven ventilation. In this ex-
ample, the destructive change of early centriacinar emphy-
sema is associated with a substantial enlargement of the
respiratory bronchiole. Distal portions of the acinus remain
largely intact. Enlargement of the proximal airway effect-
ively increases the volume of ‘dead space’ ventilation to 
the more distal portions of that transport pathway. At end
expiration, all gas-transport pathways contain resident gas.
With the next inspiration, the ‘dead-space’ must be cleared
before inspired air reaches the gas-exchanging region. With
a larger ‘dead space’, a given volume of inspired air pene-
trates less deeply into the acinus. As a result, it is expected
that the proximal emphysema lesion might be relatively
overventilated while the more distal acinar regions might
be underventilated.

Airways disease probably also contributes to V/Q dis-
turbances in the lungs of COPD patients, though little is
known of specific mechanisms. Theoretical considerations
suggest that at resting ventilation rates, severe airway 
narrowing or even complete closure would be necessary 
to substantially decrease ventilation to lung parenchyma
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subtended by a particular airway. Large plugs of mucus
may sometimes occlude a proximal bronchus in patients
with COPD, but the peripheral airways are probably more
important as a cause of ventilation heterogeneity. Although
never directly visualized, inflammatory exudate or excess
mucus might well cause intermittent or complete obstruc-
tion of terminal bronchioles, resulting in an underventilated
region (see Fig. 1.13). If the bronchiole were to remain
occluded for an extended period, atelectasis might not
occur because of ventilation via collateral channels.

Gas exchange is dependent on numerous other factors,
including pulmonary blood flow distribution, neural control
of breathing, chest wall mechanics, systemic haemodynam-
ics, metabolic demands and respiratory muscle function.
The final common expressions of disordered gas exchange
in COPD, arterial hypoxaemia and hypercapnia represent a
summation of multiple complex mechanisms.

Clinical and pathological subtypes of COPD

Older studies suggested that some patients with COPD could
be fitted into so-called emphysematous and bronchitic 

subtypes, based upon certain distinguishing clinical, patho-
logical and physiological criteria [43]. At one time this idea
enjoyed widespread currency and the subject is still pre-
sented as established fact in some standard textbooks. As
implied by their names, either predominant anatomical
emphysema or predominant bronchitis (airways disease)
was thought to provide the morphological basis for dis-
tinguishing clinical and physiological features. The patient
with the emphysematous subtype of COPD was sometimes
described as ‘type A’ or ‘pink puffer’, while the terms ‘type
B’ or ‘blue bloater’ depicted the bronchitic subtype.

The typical emphysematous patient was described as 
a cachectic elderly individual who related a long history 
of progressive and unrelenting breathlessness. Sputum 
production and recurrent chest infections were notable by
their absence. The chest roentgenogram revealed a small
cardiac silhouette along with the roentgenographical signs
of advanced emphysema and lung hyperinflation. Arterial
blood gases showed only mild hypoxaemia and hypercapnia
and cor pulmonale was not a prominent clinical feature. 
A decrease in lung elastic recoil and a severely impaired 
diffusing capacity for carbon monoxide reflected the severe
underlying emphysema.

The typical patient with predominant bronchitis was
described as overweight, if not obese, with plethoric facies
and obvious cyanosis. Chronic cough and sputum produc-
tion were considered an essential feature of the bronchitic
subtype. The other prominent aspects of the bronchitis
patient were severe hypoxaemia, an accompanying hyper-
capnia, and consequent to the deranged blood gases, cor
pulmonale and polycythaemia. Cor pulmonale was mani-
fest clinically as peripheral oedema, cardiac enlargement and
electrocardiographical signs of right ventricular enlargement.
Reflecting the lack of severe emphysema, lung elastic recoil
and diffusing capacity for carbon monoxide were normal or
near normal.

The clinical features that distinguish COPD subtypes 
may be recognizable in selected patients, but most patients
with COPD cannot be so simply categorized. It has been
proposed that COPD represents a spectrum, with the
emphysematous patients at one end and the bronchitic
patients at the other. Because of extensive overlap between
the two groups, clinical investigations have compared only
those patients at the extreme ends of the spectrum. Sub-
group distinctions have usually been made on clinical and
physiological grounds, which have not been uniform.

Efforts to correlate lung pathology with the clinical sub-
type of COPD have generally been contradictory and incon-
clusive. Claims to the existence of the emphysematous and
bronchitis subtypes of COPD rest largely on a single small
study in which clinical data were compared with autopsy
findings [43]. These findings could not be confirmed in sub-
sequent similar studies by others [44,45]. Cor pulmonale is
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Figure 1.13 Postulated mechanisms for uneven ventilation 
in COPD. Dark shading indicates resident gas. Light shading
represents inspired air. (a) Inspired breath is uniformly
distributed in a normal lung unit. (b) Panacinar emphysema
lesion is less compliant than normal lung and is less well
ventilated, even though inspired air is uniformly distributed.
(c) Centriacinar emphysema lesion increases ‘dead space’ 
so that distal portion of the unit is underventilated. 
(d) Obstruction of terminal bronchiole causes
underventilation of distal alveolated structures.



generally considered an essential feature of the bronchitic
patient but not the emphysematous patient. Consistent
with this concept, small necropsy studies have shown little
relationship between right ventricular weight and emphy-
sema severity [46–48]. Similarly, the extent of emphysema
as defined by CT imaging bears little relationship to the
severity of blood gas or pulmonary haemodynamic abnorm-
alities [49]. However, neither is there a strong relation-
ship between mucous gland enlargement, long considered
the essential lesion of the bronchitic subtype, and right 
ventricular weight [48,50,51]. Correlations of peripheral
airways disease with right ventricular weight has been
found by some investigators but not others [48,50].

Patients with COPD vary in their propensity for develop-
ing hypoxaemia, hypercapnia and pulmonary hyperten-
sion, so that the terms ‘pink puffer’ and ‘blue bloater’ may
have some validity as clinical descriptive terms. However,
very little is known as to why these differences exist. There
is clearly no scientific justification for describing such
patients as having either the emphysematous or bronchitic
subtype of COPD.
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CHAPTER 2

The physiology of breathlessness

Donald A. Mahler

Under normal conditions respiration is an unconscious
activity regulated by automatic control centres in the brain-
stem as well as by voluntary output from the cerebral cor-
tex. A variety of abnormalities that affect the respiratory
controller, tracheobronchial tree, the alveolar–capillary
membrane, and/or the muscles of respiration can contri-
bute to a conscious awareness of breathing experienced 
as unpleasant or uncomfortable. A respiratory ‘sensation’ is
considered to be the neural activation resulting from the
stimulation of a receptor, whereas the ‘perception’ is the
individual’s reaction to the sensation [1]. The individual
typically describes the experience as ‘I am short of breath’
or ‘I can’t get enough air’, whereas physicians and invest-
igators commonly identify the patient’s complaint by the
word dyspnoea.

Various definitions of breathlessness, or dyspnoea (used
synonymously in this chapter), have been proposed. These
include: ‘difficult or laboured breathing’ [2], ‘an awareness
of respiratory distress’ [3], ‘the sensation of feeling breath-
less or experiencing air hunger’ [4], and ‘an uncomfortable
sensation of breathing’ [5]. However, in 1999 a committee
of experts supported by the American Thoracic Society 
proposed the following definition of dyspnoea [1]: ‘A sub-
jective experience of breathing discomfort that consists 
of qualitatively distinct sensations that vary in intensity’.
This experience results from interactions between multiple
physiological, psychological, social and environmental fac-
tors that may produce behavioural responses.

This chapter is divided into five sections. First, the 
neurophysiological model for our current understanding 
of dyspnoea is described. Secondly, I consider the possible
mechanisms contributing to this perception in patients with
COPD. Thirdly, the various descriptors of breathing discom-
fort are discussed as they represent a unique language. The
different descriptors of breathlessness selected by patients
with specific respiratory diseases support our understand-
ing of the mechanisms contributing to dyspnoea. Fourthly,

I review briefly the ability of patients with COPD to per-
ceive breathlessness in response to the addition of respir-
atory loads or after the acute administration of an inhaled
bronchodilator. Finally, I describe how different treatment
strategies might provide relief of dyspnoea in patients with
COPD.

Figure 2.1 summarizes the putative pathways of the neuro-
physiological model for understanding dyspnoea [1,6–8].
The location and presumed stimuli of the receptors that
cause dyspnoea are summarized in Table 2.1.

Receptors

There is strong evidence that dyspnoea is directly affected
by inputs from chemoreceptors. Peripheral chemoreceptors
are located in the carotid bodies and are stimulated 
predominantly by hypoxia to increase respiration. Fur-
thermore, hypercapnia, as modulated by an increase in 
H+ ions, can stimulate central chemoreceptors located in
the medulla. However, chemoreceptors are not considered

Neurophysiological model for dyspnoea
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Figure 2.1 A summary of the putative pathways of the
neurophysiological model for understanding dyspnoea.



essential for the development of breathlessness. Many
patients with COPD, as well as those with other respiratory
diseases, experience dyspnoea despite adequate oxygen
tensions and eucapnia.

Pulmonary mechanoreceptors respond to mechanical
stimuli that are distributed throughout the respiratory sys-
tem (airway and lung parenchyma). These receptors respond
to both chemical (e.g. irritants such as dust or smoke) and
mechanical stimuli that can cause broncho-constriction.
Pulmonary stretch receptors in the airways respond to lung
inflation. C-fibres (unmyelinated nerve endings) located in
the alveolar wall and blood vessels are stimulated by inter-
stitial congestion. The corresponding afferent pathways of
these mechanoreceptors project to the brain via the vagal
nerve. There is evidence that vagal information not only
influences the level and pattern of breathing, but may also
contribute to the sensation of dyspnoea.

Mechanoreceptors are also located in the joints, tendons
and muscles of the chest wall and can play a part in respir-
atory sensations. Studies involving voluntary constrained
breathing, constrained thoracic expansion, as well as chest
wall vibration, support the concept that chest wall receptors
can cause or contribute to breathlessness.

Central nervous system

The sensory inputs from the various receptors must reach
the cerebral cortex in order to be experienced as ‘difficult
breathing’. Respiratory neurons located in the brainstem
project corollary discharges to the sensory cortex; this 
process contributes to the sense of breathing effort [9]. In
addition, there is evidence that conscious awareness of the
outgoing respiratory motor command to the ventilatory

muscles is important. In fact, current evidence suggests 
that the pressure generated by the inspiratory muscles, as a
ratio of maximal inspiratory pressure capacity, is related to
the intensity of the central respiratory motor command
[10,11].

Over 40 years ago Campbell and Howell [12,13] pro-
posed ‘length–tension inappropriateness’ of the respiratory
muscles as an explanation for dyspnoea. This theory has
subsequently been expanded to include not only informa-
tion arising from the ventilatory muscles, but also afferent
information originating from receptors throughout the res-
piratory system (see Table 2.1). Our current understanding
is that the perception of dyspnoea results from a dissocia-
tion or ‘mismatch’ between the outgoing motor command
from the central nervous system and the incoming afferent
information from receptors in the airways, lungs and chest
wall. The afferent feedback from sensory receptors may
allow the brain to assess the effectiveness of the motor 
commands issued to the ventilatory muscles (i.e. the appro-
priateness of the response in terms of flow and volume).
For any change in respiratory pressures, airflow or move-
ment of the lungs and/or chest wall that is not considered
appropriate for the outgoing motor command, the indi-
vidual may experience breathlessness or an increase in its
intensity. This theory has been referred to as both ‘efferent–
afferent dissociation’ [14] and ‘neuroventilatory dissoci-
ation’ [15]. Thus, under certain conditions, the brain ‘expects’
a certain pattern of breathing or level of ventilation and a
corresponding afferent feedback. Any deviation may thus
cause or intensify dyspnoea.

Several mechanisms may contribute to the experience 
of breathlessness in those with COPD [16–19] (Table 2.2).
Typically, patients with COPD develop dyspnoea when
they perform physical activities. The activity may be as 
minimal as a person taking a few steps on a level surface.

Increased ventilatory demand

Any physical exertion will increase minute ventilation to a
significantly greater extent in patients with COPD com-
pared with healthy subjects of comparable age. Although
an increased physiological dead space is the major reason
for the increased ventilation, hypoxaemia or an early onset
of lactic acidosis may also contribute to the increased ventil-
atory demand. In addition, weakness of the limb muscles
requires an increased ventilatory response to exertion; this
weakness could result from various causes including
deconditioning, systemic effects of COPD or poor nutrition.

Possible mechanisms contributing to
dyspnoea in COPD
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Table 2.1 Location and presumed or major stimuli of
receptors that cause dyspnoea. (From American Thoracic
Society [1] and Comroe [6] with permission.)

Location Presumed or major stimulus

Chemoreceptor
Central medulla Hypercapnia/acidosis
Carotid body Hypoxaemia

Mechanoreceptor
Upper airway and face Mouthpiece; lack of airflow
Lung Lung inflation; inhalation of 

irritants; interstitial congestion; 
dynamic airway compression

Chest wall
Joints Alteration and/or distension
Tendons Alteration and/or distension
Muscles Alteration and/or distension



Dynamic airway compression

In patients with expiratory airflow obstruction any increase
in expiratory effort above the critical transpulmonary pres-
sure can result in dynamic airway compression of airways
downstream from the flow limitation. This airway distor-
tion and collapse may stimulate mechanoreceptors in the
airway and lead to breathlessness. Evidence to support this
proposed mechanism comes from laboratory studies, which
applied negative expiratory pressure (NEP) via a mouth-
piece in patients with COPD [20]. However, the relative
contribution of dynamic airway compression to breath-
lessness experienced by patients with COPD during daily
activities is not clear. 

Hyperinflation

Some patients with very severe COPD may be hyperinflated
at rest. This finding may be evident by a ‘barrel chest’ on
physical examination as well as a depressed or ‘flat’
diaphragm on the lateral chest radiograph. Hyperinfla-
tion develops as a consequence of the patient’s inability to
exhale completely because of expiratory flow limitation.
One proposed method to examine expiratory flow limita-
tion is the application of NEP [21]. Eltayara et al. [22] found
that flow limitation as determined by NEP was a better pre-
dictor of dyspnoea than standard spirometric measures.

Moreover, various studies have demonstrated that many
patients with COPD develop dynamic hyperinflation during
exertion because of expiratory flow limitation [23,24].
When normal healthy individuals exercise they generally
decrease end-expiratory lung volume (EELV); in contrast,
EELV frequently increases in patients with COPD during
exertion because lung emptying is incomplete because of
the expiratory airflow limitation. Although the magnitude
of the increase is variable, investigators have reported a

change in the range of 300–600 mL for EELV during exer-
cise in those with COPD [18]. This increase in EELV may 
be determined non-invasively by having the individual
patient perform serial inspiratory capacity (IC) manoeuvres
during exercise. 

The major consequences of dynamic hyperinflation
include an inspiratory threshold load because of increased
elastic recoil as well as shortening of the vertical muscle
fibres of the diaphragm (Fig. 2.2). The shortened muscle
fibres compromise the ability of the diaphragm to generate
pressure (i.e. functional weakness). The net effect of
dynamic hyperinflation is a constrained tidal volume
response despite vigorous inspiratory effort [18].

Airway reactivity

Many patients with COPD report that various ‘triggers’
cause breathlessness including exposure to cold air, inhala-
tion of dusts and other airborne irritants, respiratory tract
infections, in addition to physical exertion. In Lung Health
Study I, appproximately 70% of the 5887 smokers, aged
35–60 years, with spirometric evidence of early COPD
exhibited a 20% decrease in forced expiratory volume in 1
second (FEV1) at a dose of 25 mg/mL methacholine [25].
This finding suggests a high percentage of patients with at
least early COPD have some degree of airway hyperreactivity.

Respiratory muscle weakness

The muscles of respiration may become weak in patients
with COPD [26,27]. The causes are likely multifactorial
including deconditioning, poor nutrition and possible 
systemic manifestations of COPD. There is evidence that
inflammation, oxidative stress, etc., which occur in 
patients with advanced COPD, can affect both skeletal and
respiratory muscle function. Certainly, weak respiratory
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Figure 2.2 The major consequences of dynamic
hyperinflation include an inspiratory threshold load (ITL)
resulting from enhanced elastic recoil as well as shortening 
of the vertical muscle fibres of the diaphragm. P, pressure;
SCM, sternocleido-mastoid; V, volume; VT, tidal volume.

Table 2.2 Possible mechanisms contributing to dyspnoea
in patients with COPD.

Increased ventilatory demand
Increased physiological dead space
Hypoxaemia
Early onset of lactic acidosis
Limb muscle weakness resulting from deconditioning, 

systemic effects of COPD and/or poor nutrition
Dynamic airway compression
Dynamic hyperinflation

Inspiratory threshold loading
Shortening of the vertical muscle fibres of the diaphragm 

(functional weakness)
Increased airway hyperreactivity
Respiratory muscle weakness



muscles could contribute to a ‘mismatch’ between the out-
going central motor command and the ventilatory response
that would cause breathlessness. 

In many patients with COPD a combination of the above
factors may act concurrently to contribute to breathing
difficulty.

Different pathophysiological processes appear to cause 
distinct qualitative sensations that reflect the experience 
of breathing discomfort in healthy individuals as well as in
patients with respiratory disease [5,28–31]. For patients
with COPD the following descriptors of breathlessness were
selected in response to specific questionnaires:
• In the UK, ‘distress’ associated with breathing was
identified [29].
• In the USA, three descriptors: ‘My breathing requires
effort’ (51%); ‘I feel out of breath’ (49%), and ‘I cannot get
enough air in’ (38%) were indicated [5].
• In Canada, ‘increased inspiratory difficulty’ and
‘unsatisfied inspiratory effort’ were chosen [30].

The descriptors selected by patients living in different
countries with distinct cultures illustrate a common theme
– those with COPD sense breathlessness as part of inspir-
atory muscle contraction. Further support for this concept
is that patients with COPD report that breathing difficulty
occurs ‘when breathing in’ far more frequently than ‘when
breathing out’ [5,30].

These collective findings support the concept that inspir-
atory ‘work/effort’ associated with breathing contributes 
to the breathlessness experienced by patients with COPD.
Although expiratory airflow obstruction is the major
pathological abnormality in COPD, the consequent resting
and/or dynamic hyperinflation result in an ‘elastic load’ as
well as shortening of the vertical muscle fibres of the
diaphragm, which clearly contribute to the experience of
dyspnoea in COPD.

One method to examine respiratory perception is to ask
subjects to estimate the magnitude of breathlessness while
breathing through a system of resistive breathing loads.
Mahler et al. [32] reported that patients with COPD showed
similar exponents of the psychophysical power function for
loads (range, 10–85 cm H2O/L/s) compared with healthy
subjects of comparable age. Thus, patients with COPD 
perceived breathlessness in response to the added loads in a
manner similar to control subjects. However, both groups
exhibited a large range of magnitude estimation responses. 

Perception of breathlessness

Qualities of dyspnoea

In another study, Noseda et al. [33] asked patients with
COPD to indicate any changes in shortness of breath at rest
after inhaling normal saline and then after inhaling the
bronchodilator terbutaline. These investigators found that
50% (eight of 16 subjects) reported marked relief in breath-
lessness and were called ‘high perceivers’. In contrast, the
other 50% showed little or no perceptual change after
inhaled normal saline and terbutaline; they were con-
sidered ‘low perceivers’.

Van Schayck et al. [34] suggested that poor perception 
of dyspnoea in patients with obstructive airways disease
contributed, in part, to the failure of these patients to report
this symptom to their primary care physicians. Such patient
behaviour could lead to underdiagnosis of airways disease
in the general population.

At the present time the relief of dyspnoea is directed at the
treatment of the underlying pathophysiology of the disease.
As the mechanisms causing breathlessness are multifactor-
ial and interdependent, the primary cause(s) of dyspnoea
(see Table 2.2) may be different for individual patients with
COPD. Furthermore, responses to a specific therapy may
vary considerably between patients. The presumed mech-
anisms whereby different treatments relieve dyspnoea in
patients with COPD are listed in Table 2.3.

The information in Table 2.3 is based on current know-
ledge and understanding of how different treatments work
in patients with COPD. Moreover, different mechanisms
can clearly be interrelated. For example, improvement in
ventilatory capacity may concomitantly reduce hyper-
inflation and thereby allow the vertical muscle fibres of 
the diaphragm to lengthen. The enhanced position of the
diaphragm promotes an increase in functional strength.

Various clinical trials have demonstrated that bron-
chodilators can relieve breathlessness by one or more
mechanism: increase ventilatory capacity; reduce dynamic
airway compression; reduce resting and dynamic hyper-
inflation; and increase the length of the vertical muscles of
the diaphragm [18,23,35,36]. Inhaled corticosteroids pro-
vide modest increases in lung function and also decrease
airway reactivity [37–39]. Whether the reduction in hyper-
reactivity with inhaled corticosteroids attenuates dynamic
airway compression is unclear. 

For decades it has been recognized that oxygen therapy
acts on the peripheral chemoreceptor and thereby reduces
minute ventilation. However, two recent studies have
shown that hyperoxia reduced hyperinflation, as measured
by inspiratory capacity manoeuvres, both at rest [40] and
during exercise [41]. More importantly, there were 

Possible mechanisms for relief of
dyspnoea with specific interventions
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concomitant improvements in the severity of dyspnoea
with oxygen therapy in both studies, which may, in part, be
related to the benefits on hyperinflation.

In addition, it is possible that some of these strategies may
alter the processing and perception of breathlessness in the
central nervous system. More detailed information about
these specific treatments is available in the relevant chap-
ters of this book.

1 American Thoracic Society. Dyspnea: mechanisms, assess-
ment, and management. Am J Respir Crit Care Med 1999;159:
321–40.

2 Schwartzstein RM. Language of dyspnea. In: Mahler DA,
O’Donnell DE, eds. Dyspnea: Mechanisms, Measurement, and
Management, 2nd edn. New York: Taylor & Francis, 2005:
115–45.

3 Wasserman K, Casaburi R. Dyspnoea: physiological and
pathophysiological mechanisms. Annu Rev Med 1988;39:
503–15.

4 Simon PM, Schwartzstein RM, Weiss JW et al. Distinguishable
sensations of breathlessness in normal volunteers. Am Rev
Respir Dis 1989;140:1021–7.

5 Mahler DA, Harver A, Lentine T et al. Descriptors of breath-
lessness in cardiorespiratory diseases. Am J Respir Crit Care
Med 1996;154:1357–63.

6 Comroe JH. Some theories of the mechanism of dyspnea. 
In: Howell JB, Campbell EJM, eds. Breathlessness. Boston:
Blackwell Scientific Publications, 1966: 1–7.

7 Tobin MJ. Dyspnea: pathophysiologic basis, clinical presenta-
tion, and management. Arch Intern Med 1990;150:1604–13.

References

8 Manning HL, Schwartzstein RM. Pathophysiology of 
dyspnoea. N Engl J Med 1995:333:1547–53.

9 Killian KJ, Gandevia SC, Summer E, Campbell EJM. Effect of
increased lung volume on perception of breathlessness, effort
and tension. J Appl Physiol 1984;57:686–91.

10 El-Manshawi A, Killian KJ, Summers E, Jones NL. Breath-
lessness during exercise with and without resistive loading. 
J Appl Physiol 1986;61:896–905.

11 O’Donnell DE, Webb KA. Exertional breathlessness in
patients with chronic airflow limitation. Am Rev Respir Dis
1993;148:1351–7.

12 Campbell EJM, Howell JBL. The sensation of breathlessness.
Br Med Bull 1963;19:36–40.

13 Howell JBL, Campbell EJM (eds). Breathlessness. Philadelphia:
FA Davis, 1966.

14 Banzett RB, Lansing RW, Brown R. ‘Air hunger’ from
increased PCO2 persists after complete neuromuscular block
in humans. Respir Physiol 1990;81:1–17.

15 O’Donnell DE. Exertional breathlessness in chronic respir-
atory disease. In: Mahler DA, ed. Dyspnea. New York: Marcel
Dekker, 1998: 97–147.

16 Killian KJ, LeBlanc P, Martin DH et al. Exercise capacity and
ventilatory, circulatory, and symptom limitation in patients
with chronic airflow limitation. Am Rev Respir Dis 1992;146:
935–40.

17 Mahler DA. Dyspnoea in chronic obstructive pulmonary 
disease. Monaldi Arch Chest Dis 1998;53:669–71.

18 O’Donnell DE. Assessment and management of dyspnea in
chronic obstructive pulmonary disease. In: Similowski T,
Whitelaw WA, Derenne JP, eds. Clinical Management of Chronic
Obstructive Pulmonary Disease. New York: Marcel Dekker,
2002: 113–70.

19 Killian KJ, Jones NJ. Respiratory muscles and dyspnoea. Clin
Chest Med 1988;9:237–48.

24 CHAPTER 2

Table 2.3 Putative mechanisms whereby specific treatments provide relief of dyspnoea.

Ventilatory
↓ Airway ↓ Airway ↑ Respiratory

↑ Capacity ↓ Requirement compression ↓ Hyperinflation hyperreactivity muscle function

BD X X X X*
ICS X X† X
Exercise training X X
IMT X
Oxygen X X
CPAP/BiPAP X X‡

LVRS X X X*

BD, bronchodilators; BiPAP, bilevel positive airway pressure; CPAP, continuous positive airway pressure; ICS, inhaled
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† Inhaled corticosteroids have been shown to decrease airway reactivity; whether this affects dynamic airway compression 
is unclear.
‡ Unloads the respiratory muscles.
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CHAPTER 3

The physiology of muscle

Ghislaine Gayan-Ramirez and Marc Decramer

Chronic obstructive pulmonary disease (COPD) is a multi-
organ system disease in which dyspnoea, decreased exer-
cise capacity and impairment of quality of life are common.
Importantly, the decrease in exercise performance is associ-
ated with mortality in these patients. In response to COPD,
the respiratory muscles that are working against increased
mechanical loads adapt to cope with this chronic load. In
addition to respiratory muscle dysfunction, there is accu-
mulating evidence that peripheral muscle dysfunction is
also present in COPD patients. Adaptation of peripheral
muscles in response to COPD, however, differs from the
adaptation of respiratory muscles.

The aim of this chapter is to summarize the knowledge of
the physiological adaptations of different respiratory and
peripheral muscles in response to COPD.

Muscle activity and recruitment

Respiratory muscles
In COPD patients, both the respiratory muscle strength and
the load to the respiratory muscles are altered. Indeed, the
inspiratory muscles have to cope with a higher resistive
load (higher airway resistance) and a higher elastic load
(resulting from a decrease in the dynamic compliance). In
addition, in patients with more severe COPD, the action of
the inspiratory muscles is confronted by the charge due to
the intrinsic positive end-expiratory pressure (PEEPi) and
to the posterior movement of the rib cage at end-expiratory
volume when the latter is above the relaxation volume of
the rib cage. As a consequence, an imbalance between the
respiratory muscle capacity and the load they have to deal
with develops. Therefore, in order to maintain adequate
ventilation, the central command to the respiratory mus-

Muscle dysfunction in COPD patients

cles is increased in COPD patients. Electromyographical
studies [1,2] and data on discharge frequency [3] revealed
that the motor command to the diaphragm is increased at
rest in patients with severe COPD but the contribution of
the diaphragm to tidal volume in these patients decreased
[4]. Also, the discharge frequency of the parasternal inter-
costals is elevated in patients with severe COPD com-
pared with controls [5]. Similarly, the discharge frequency
of the scalenes and also the number of recruited motor
units are enhanced in COPD patients [5]. By contrast, 
the sternocleidomastoids are not recruited during quiet
breathing [6], but only during exercise [7]. Activation of
the abdominal muscles is frequent in COPD patients. This 
activation mainly concerns the transversus abdominis whose
recruitment is proportional to the level of airway obstruction
[8]. This activation leads to an increase in abdominal 
pressure at the end of expiration in patients with severe
COPD [4], contributing thereby to the PEEPi described in
these patients [9].

Peripheral muscles
Very few data are available concerning the activity and
recruitment of peripheral muscles in COPD. Actually, modi-
fication of the electrical activity of the quadriceps was demon-
strated in patients with COPD compared with healthy subjects
[10]. M-wave duration was increased from exercise onset
but its amplitude was decreased [10]. This indicates that 
the muscle excitability propagation was impaired in these
patients [10]. However, in another study, M-wave ampli-
tude was shown to be unchanged post-exercise [11]. On the
other hand, abnormalities in the surface electromyography
of the quadriceps appeared very soon after exercise onset 
in COPD patients compared with healthy individuals [10].
Interestingly, 3 weeks of endurance training normalized
the electrical activity abnormalities in the muscles of these
patients [12].
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Muscle mass

Respiratory muscles
Concerning the mass of the diaphragm, the literature is 
still controversial. While in one study the mass and the
thickness of the diaphragm were reported to be increased 
in patients with COPD [13], a reduction in the volume and
the thickness of the diaphragm was observed in another
study [14]. According to Arora and Rochester [15], the
diaphragm dimensions of COPD patients are likely to be
similar to those of patients without chronic pulmonary 
diseases.

There are no data available concerning the mass of the
respiratory muscles other than the diaphragm in COPD
patients.

Peripheral muscles
The prevalence of peripheral muscle wasting in COPD
patients is estimated to be 30% and this increases with 
disease severity. Even if body weight is well preserved,
muscle mass may be low [16]. Only indirect evaluations of
peripheral muscle mass are available for COPD patients.
Fat-free mass is usually used as a marker for muscle mass.
Using bioelectrical impedance analysis, fat-free mass has
been reported to be decreased in COPD patients [17].
Interestingly, a strong correlation between mean fibre
cross-sectional area of the vastus lateralis and fat-free 
mass was found in COPD patients [18]. Magnetic resonance
imaging revealed a lower cross-sectional area of the calf
muscles (–13%) in patients with COPD compared with 
control subjects [19]. More recently, using computed
tomography, a decrease in the thigh muscle cross-sectional
area (approximately 30%) has been reported in COPD
patients compared with healthy age-matched controls [20].
It is important to mention that muscle mass loss in COPD
patients is associated with muscle weakness [20,21] and
poor exercise tolerance [22]. It is also a predictor of mortal-
ity independently of lung function [23]. 

Muscle fibre type and size

Based on their physiological and metabolic properties, 
the different fibre types of skeletal muscles are classified 
as type I (slow oxidative fibre), type IIa (fast oxidative 
and glycolytic fibre), and type IIx and IIb (fast glycolytic)
fibres. The fibre profile of a muscle is a determinant of 
its metabolic capacity and can be assessed classically with
ATPase staining or by separating the different myosin
heavy-chain isoforms by electrophoresis or western blot-
ting. Immunohistochemistry determines the presence of
hybrid fibres, namely fibres co-expressing different myosin
heavy-chain isoforms.
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Figure 3.1 (a) Proportion of diaphragm fibre containing slow
(I), type IIa, embryonic (Emb), neonatal (neo) and type IIb
myosin heavy chain isoforms in control subjects (open circles)
and in COPD patients (closed circles). Circles represent
individual values. Number in circles indicates specific
individuals. * P < 0.05; *** P < 0.001; **** P < 0.0001 vs
controls. (b) Representative SDS-PAGE and immunoblotting
of diaphragm myosin heavy-chain (MHC) isoforms from
controls (lanes 1, 3, 4), COPD (lanes 2 and 5), 18-week-old
fetus (lane 6) and 28-week-old fetus (lanes 7 and 8). The
immunoblotting is specific for the embryonic MHC isoform.
(From Nguyen et al. [26] with permission.)

Respiratory muscles
In the diaphragm of COPD patients, the proportion of the
slow myosin heavy-chain isoform (MHC-I) is increased 
at the expense of the fast MHC-IIa and MHC-IIb [24–27]
(Fig. 3.1). A positive correlation between the proportion of
the diaphragm MHC-I and total lung capacity (TLC) and
functional residual capacity (FRC) has been found, while
an inverse relationship is present with the forced expiratory
volume in 1 second (FEV1) [25]. More recently, Levine et al.
[28] showed that the relationship between the proportion
of pure type I fibres in the costal diaphragm of COPD
patients and FEV1 was exponential. Thus, when FEV1 fell



below 60% of the predicted value, an increase in type I
fibres developed in the costal diaphragm of COPD patients
[28]. Like the diaphragm of healthy subjects, the diaphragm
of COPD patients contains neonatal and embryonic MHC
[26]. As for the MHCs, the proportion of the slow myosin
light-chain (MLC) isoforms is increased in the diaphragm 
of COPD patients along with a decrease in the fast MLC iso-
forms [24]. The diaphragmatic fibre diameters are reduced
in COPD patients compared with patients with normal lung
function, this decreased diameter being correlated with
vital capacity (VC) and FEV1 [29]. An atrophy of type II
fibres correlated with the amount of weight loss has also
been reported in patients with COPD [30].

For the external and internal intercostal muscles, in con-
trast to the diaphragm, the proportion of type II fibres and
fast MHC isoforms increased in COPD patients, the percent-
age of type II fibres being inversely related to the level of
airway obstruction [31]. Moreover, an atrophy of type II
fibres is also present in these muscles [30,32] and was
shown to be correlated with weight loss [30].

Only a few data are available for the sternocleidomastoid
muscle adaptation in COPD and these data are controver-
sial. In one study, a decrease in the fibre size was described
in these muscles [33], while in another no changes in
dimension were reported [34]. There are no data available
concerning the fibre profile of the other respiratory muscles
in COPD patients.

Peripheral muscles
The changes in muscle fibre phenotype depend on disease
severity. In patients with moderate COPD, the fibre pro-
portion of the quadriceps does not change [30,35] while
significant type II atrophy is observed, this atrophy consis-
tently correlated with weight loss [30]. In advanced COPD,
a decrease in type I fibre proportion together with a recipro-
cal increase in type II fibre proportion were reported in the
vastus lateralis [35–41] (Fig. 3.2), while both fibre types
atrophied [18,36]. No correlation was found between this
shift in fibre proportion and exercise capacity [35,37]. An
increased proportion of MHC-IIb as well as of fast MLCs was
also observed in the vastus lateralis of COPD patients [35].
Positive correlations were found between VC and FEV1 and
the proportion of slow MHC [35]. A selective type IIx atro-
phy with a shift from type I to IIx fibre type was recently
reported in the vastus lateralis biopsies obtained from
weight-stable COPD patients [42]. In addition, the low
oxidative capacity of the vastus lateralis was closely related
to the proportion of type I fibres [41]. The adaptation of the
vastus lateralis in response to COPD is thus clearly different
from the adaptation occurring in the diaphragm.

For the biceps, while fibre proportions remained un-
changed, the diameter of all fibre types and more particu-
larly of the type II fibres was reduced in severe COPD 

compared with control subjects. Decreased diameters were
correlated with the amount of weight loss and reduction in
FEV1 (percentage of predicted value; % pred) [43]. Also, a
type II atrophy correlated with weight loss was reported in
the latissimus dorsi of COPD patients [30].

Recent data revealed that neither the size nor the propor-
tion of the fibres of the deltoid muscle was affected in COPD
patients compared with controls [44]. However, there was
a trend to increased type I fibres with increased air trapping
(as represented by residual volume (RV)/TLC ratio) but this
did not reach statistical significance [44]. 

Muscle capillarity

Respiratory muscles
In COPD patients, the number of capillaries in the dia-
phragm increases proportionally with disease severity. A rela-
tionship is thus present between the number of capillaries
in the diaphragm and FEV1 (% pred) [45]. This probably
represents a structural adaptation of the diaphragm in
response to the increased chronic load.
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Figure 3.2 (a) Proportion of the myosin heavy-chain
(MyoHC) isoforms of the vastus lateralis in normal subjects
(light bars) and in COPD patients (dark bars). Values 
are means and SD. * P < 0.05 vs controls. (b) Representative
SDS-PAGE of MyoHC isoforms (slow: I, type IIa and type IIx)
separation from vastus lateralis of normal subjects (lanes A
and B) and COPD patient (lanes C and D). (From Maltais et al.
[37] with permission.)



The number of capillaries per fibre is higher in the exter-
nal intercostal muscles of patients with severe COPD and
was inversely related to FEV1 [46].

Peripheral muscles
A reduction of 53% in the number of capillaries per unit
cross-sectional area was observed with electron microscopy
in the vastus lateralis of patients with COPD compared with
age-matched controls [47]. Similar data were reported by
others using histological techniques [38]. Moreover, the
capillary/mitochondria ratio was decreased in the vastus
lateralis of these COPD patients as the number of mito-
chondria per unit surface was unchanged [47]. Data are
controversial concerning the capillary/fibre ratio in the 
vastus lateralis of COPD patients, as this ratio was reported
to be lower in one study [38] but unchanged in another
[36]. The number of capillary contacts for both type I and II
fibres were significantly lower in patients with COPD but,
when normalized for fibre cross-sectional area, the num-
ber of capillary contacts for each fibre type was similar in 
COPD patients and control subjects [36]. Reduced oxygen
delivery within muscle in COPD patients may be related 
to the lower number of capillary contacts, together with a
lower myoglobulin level as found in the vastus lateralis of
these patients [47].

To the best of our knowledge, there are no data available
concerning the number of capillary contacts in the lower
limb muscles other than the vastus lateralis and in the
upper limb muscles.

Metabolic enzymes

The metabolic properties of a muscle depend on its fibre
composition. To evaluate the oxidative or glycolytic poten-
tial of a muscle, the content in mitochondria and the con-
centration of several enzymes are measured. These include
the enzymes specific for the oxidative capacity (e.g. citrate
synthase, succinate dehydrogenase, 3-hydroxylacyl coen-
zyme A dehydrogenase) and the enzymes representative 
of the glycolytic capacity (e.g. lactate dehydrogenase, phos-
phofructokinase, hexokinase).

Respiratory muscles
It seems that the oxidative capacity of the diaphragm in
COPD is better preserved than the glycolytic capacity.
Compared with subjects with normal lung function, the
activities of hexokinase and lactate dehydrogenase were
decreased in the diaphragm of patients with moderate
COPD [48]. A twofold increase in succinate dehydrogenase
activity in all diaphragm fibre types along with an increase
in the succinate dehydrogenase to myosin/ATPase ratio
was reported in severe COPD patients compared with
patients with mild pulmonary impairment [27]. In severe

COPD, the phosphofructokinase activity in the diaphragm
is decreased but the citrate synthase activity is unaffected
[49]. The activity of the phosphofructokinase was inversely
related to static lung volume and to diaphragm type II 
proportion [49].

The oxidative capacity as well as the hexokinase activity
of the internal and external intercostal muscles are
increased in COPD patients [50]. In fact, according to Pasto
et al. [51], the oxidative capacity of the external intercostals
is preserved in COPD patients and glycolytic activity
increased proportionally to disease severity.

Peripheral muscles
In agreement with the changes in fibre profile, the oxida-
tive capacity of the quadriceps is reduced in patients with
COPD compared with controls [52–54]. Citrate synthase
and, to a lesser extent, 3-hydroxyacyl coenzyme A dehy-
drogenase were lower in patients with COPD. In addition,
citrate synthase activity was significantly correlated with
peak VO2, and this independently of lung function [53]. 
No significant differences were seen in glycolytic enzyme
activities in COPD patients except for phosphofructokinase,
which increased significantly in one study [52] but remained
unchanged in another [53]. Surprisingly, elevated activity
of the cytochrome-c oxidase (a key enzyme of the electron
transport chain) has been found in the quadriceps of COPD
patients compared with healthy controls [55], but it is
believed that the activities of all mitochondrial enzymes
would respond in a similar way to a given situation.

Few data are available on metabolic enzymes in the
upper limb muscles of COPD patients. It seems that the 
citrate synthase activity of the deltoid is preserved or
increased in patients with severe COPD compared with
subjects with normal lung function [44]. Interestingly, the
activity of lactate dehydrogenase (a glycolytic enzyme) was
significantly higher in the deltoid of these patients [44]. An
inverse relationship was also found between citrate syn-
thase or lactate dehydrogenase activity and FEV1 (% pred)
as well as with air trapping (represented by RV/TLC) [44].

Structural alterations

Respiratory muscles
Sarcomere length in the diaphragm of patients with COPD
is shorter than that of subjects with normal lung function
[56]. An inverse relationship was also found between
diaphragm sarcomere length and TLC and RV [56].
Although sarcomere disruption was observed in normal
diaphragm, the number of disrupted sarcomeres was
significantly higher in the diaphragm of COPD patients
[57]. An increase in the number of mitochondria was found
in the diaphragm of COPD patients, the concentration 
of mitochondria was inversely related to the severity of 

MUSCLE 29



airways obstruction, while a direct relationship was found
with air trapping [56]. Recently, the degree of airflow
obstruction was shown to be inversely related to abnormal
diaphragm [58]. Finally, the diaphragm of COPD patients
showed more irregular-shaped fibres as well as more
smaller fibres compared with non-COPD patients under-
going thoracotomy [59]. Increased content of β-spectrin was
also present in the diaphragm of these COPD patients, indic-
ating alterations in the spectrin–cytoskeletal complex [59]. 

For the other respiratory muscles, the shortening occur-
ring in the muscle fibres when the volume moves from FRC
to TLC is minimal for the parasternal intercostals, the
scalenes and the sternocleidomastoids [34,60]. Therefore,
the fibre length of these muscles is better preserved than 
in the diaphragm of patients with COPD. The fibre size 
of the external intercostal muscles correlated with PImax

values [61].

Peripheral muscles
Myopathological examination of the vastus lateralis
revealed only the presence of a slight increase in fibrosis
and fat cell replacement in COPD patients compared with
age-matched controls [42]. In addition, in COPD patients
with low body mass index (BMI), apoptosis in the quadri-
ceps has been demonstrated, BMI being inversely related to
apoptosis [62]. 

There were no structural alterations in the deltoid of
patients with COPD compared with control individuals
[63]. The frequency histograms of the deltoid fibre dia-
meters, however, demonstrated a multimodal distribution
with higher standard deviation values, wider range of
diameters and a greater proportion of both atrophic and
hypertrophic fibres [63]. 

Muscle strength

Respiratory muscles
At FRC, the maximal inspiratory static pressure as well as
oesophagal pressure are reduced in patients with COPD
compared with healthy subjects [64]. Along the same lines,
the transdiaphragmatic pressure developed during elec-
trical [64] or magnetic [65] stimulation of the phrenic
nerves is lower in these patients, while the function of the
expiratory muscles seems to be well preserved although 
the maximal expiratory static pressure is normal [66]. In
contrast to healthy subjects, body position has an effect on
maximal inspiratory pressure in COPD patients in whom
this pressure is higher in the sitting position than the lying
position, especially in advanced disease [67]. Furthermore,
it was recently shown in diaphragm single fibres that max-
imal specific force generation of both the MHC-slow and
the MHC-IIa isoforms was reduced as was the myofibrillar 
calcium sensitivity [68].

The decrease in diaphragm force is related to the fact 
that the length of the diaphragmatic fibres is shorter in
COPD [69], such that the diaphragm is contracting on the
ascending branch of its length–tension relationship. Animal
models have shown that diaphragm adapted to chronic
hyperinflation by losing sarcomeres in series such that the
diaphragm force–length relationship is preserved and is
shifted to shorter length [70]. Whether this phenomenon 
is present in the diaphragm of patients with COPD has
never been demonstrated but, interestingly, at a given lung
volume, these patients are able to generate maximal inspir-
atory pressures that are higher than those developed by
healthy subjects [64].

There are no data available concerning the force of other
respiratory muscles in COPD patients.

Peripheral muscles
The decreased muscle strength in patients with COPD is
now well documented [20,71,72]. Quadriceps force is
reduced by 30% in patients with moderate to severe COPD
[20,72] and also the strength of the shoulder girdle mus-
cles (pectoralis major: –40%; latissimus dorsi: –48%) [20]
(Fig. 3.3) and of the handgrip and elbow flexion muscles
[73] has been reported to be reduced. In addition to reduced
strength, the cross-sectional area of the thigh, measured by
computed tomography scanning, is considerably reduced 
in COPD patients [20] (Fig. 3.4). The reduction in strength
was, however, proportional to the reduction in thigh area
[20], suggesting that the loss in muscle force was entirely a
result of muscle atrophy. Furthermore, quadriceps strength
and muscle cross-sectional area were positively correlated
with FEV1 [20]. Quadriceps force also correlated with 
exercise capacity and 6-min walking distance [20,72].
Interestingly, because the contractile properties of the 
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vastus lateralis are preserved in patients with COPD, the
reduction in quadriceps strength in these patients is
unlikely to be explained by an alteration of the contractile
apparatus [40]. Finally, force impairment was more severe
for the lower limb muscles than for the upper limb muscles,
probably because of a greater reduction in activity of the
lower limbs in these patients [20,72].

Muscle endurance

Respiratory muscles
Because the diaphragm of COPD patients is working against
increased mechanical loads, it has been suggested that such
a loading would result in chronic endurance training of the
diaphragm. Thus, information on muscle endurance capa-
city can be derived from muscle metabolic measurements.

The diaphragm adapts to chronically increased workload
induced by obstruction and hyperinflation by shifting from
fast to slow fibre type, by increasing oxidative enzymes 
consistent with an increase in mitochondrial density. The
degree of adaptation is correlated with disease severity.
Also, increased efficiency of mitochondrial ATP production
is present in these patients [74]. Interestingly, the increase
in oxidative capacity of the diaphragm (when represented
by Vmax: maximal respiratory rate of the mitochondrial 
respiration) in COPD patients [74] was approaching values
obtained for the vastus lateralis muscle after 6 weeks of
endurance training [75].

Endurance data for the respiratory muscles other than
the diaphragm are not yet available.

Peripheral muscles
The data available on peripheral muscle endurance in
COPD patients are contradictory. Thus, while 35% [76] and
65% [77] reductions in the endurance of the vastus lateralis
in COPD patients were reported by some researchers, no
changes were observed in another study [78]. Discrepancies
between these studies may be attributed to the fact that
endurance measurement is strongly dependent on motiva-
tional factors so variability may be high. On the other hand,
these discrepant data may simply reflect heterogeneity in
skeletal muscle function between COPD patients. Further,
it was shown that the quadriceps endurance in patients
with COPD was impaired to a greater extent than the
quadriceps muscle strength of these patients [79]. More
recently, a decrease in quadriceps endurance was reported
in COPD patients and was associated with an increase in
oxidative stress in the vastus lateralis of these patients.
Endurance time was correlated with lipid peroxidation and
oxidized protein [80].

Data on upper limb muscles are also not clear. Endurance
of the elbow flexor muscle seems to be preserved [81] while
that of the adductor pollicis muscle is slightly reduced [78].

Fatigability

Respiratory muscles
An imbalance between load and capacity is present in the
respiratory muscles of COPD patients. Fatigue has been
induced separately in the diaphragm and the rib cage 
muscles in volunteers breathing against resistance [82,83].
Further, it has been hypothetized that COPD patients
develop respiratory muscle fatigue during exacerbations,
leading to ventilatory failure and hypercapnia. However, it
was not possible to prove the presence of respiratory muscle
fatigue. Actually, it is believed that rapid shallow breathing
as chosen by COPD patients would represent a way to avoid
respiratory muscle fatigue but at the expense of hyper-
capnia [84].
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Peripheral muscles
A significant reduction in quadriceps twitch force (more
than 15%) was found after high-intensity cycle exercise 
in 58% of COPD patients [11]. This was subsequently con-
firmed in another study where it was also shown that
potentiated quadriceps twitch force was decreased in 81%
of these patients after exercise [85], suggesting that poten-
tiated twitch was a more sensitive index of contractile
fatigue. Quadriceps fatigue following exercise affected pati-
ents with more severe disease (FEV1 < 40% pred) (seven
out of nine) as much as those with milder disease (10 out 
of 12), although exercise in severe COPD was performed 
at lower intensities [85]. Of interest, while quadriceps 
low-frequency fatigue after cycling is frequent in COPD
patients, such fatigue is not observed after exhaustive 
walking, suggesting that symptom limitation in COPD is
exercise-specific [86].

In stable COPD patients, mechanical efficiency of the
upper limb muscles has been shown to be preserved during
submaximal exercise [87]. Differences in muscle fibre com-
position as well as differences in training status between
upper and lower limbs probably contributed to the observa-
tion that arm exercise tolerance is less impaired than leg
exercise tolerance in COPD patients.

Muscle bioenergetics

Respiratory muscles
An increase in maximal oxidative capacity was reported in
the costal diaphragm of COPD patients compared with con-
trol subjects [74]. In addition, inverse relationships were
found between diaphragm maximal oxidative capacity and
FEV1 (% pred) and RV/TLC [74]. These data suggest that
the improvement in oxidation and phosphorylation implies
an increased efficiency of ATP production by the mitochon-
dria. A twofold increase in succinate dehydrogenase activ-
ity, an indicator of mitochondrial oxidative capacity, of
each fibre type was observed in the diaphragm biopsies of
patients with severe COPD compared with age-matched
controls [27]. In addition, mitochondrial oxidative capacity
relative to ATP demand was higher in each of the fibre types
in the diaphragm of COPD patients [27]. These data show
that patients with severe COPD have an increased capacity
to generate ATP through aerobic oxidative pathways [27].
ATP and creatine phosphate content is decreased in the
internal and external intercostal muscles of COPD patients,
these decreases being related to the level of airway obstruc-
tion [32].

Peripheral muscles
31P magnetic resonance spectroscopy is a non-invasive
method used to measure muscle metabolism. The ratio 
of intracellular phosphocreatine/inorganic phosphate is

generally measured with this technique as it is related to
that of ATP/ADP. This measure seems to be representat-
ive of the mitochondrial phosphorylation potential. In
patients with COPD, reduced phosphocreatine and ATP
contents and a decrease in intracellular pH have been found
in skeletal muscles under resting conditions while lactate
and inorganic phosphate concentrations are increased
[39,88–90]. In addition, during exercise, a greater decline
in muscle intracellular pH and phosphocreatine/inorganic
phosphate ratio is observed in these patients [19,91–93].
However, blood lactate levels increased very rapidly at 
low levels of exercise in patients with COPD [19,94,95].
These data show evidence of impaired oxidative phos-
phorylation and abnormal metabolic regulation in COPD
patients.

Alterations in muscle environment

COPD
Muscle metabolism is altered in COPD patients but the
mechanisms underlying the muscle abnormalities are still
unknown. However, several factors related to COPD such
as hypoxia, hypercapnia, inflammation, undernutrition
and oxidative stress may contribute to these alterations.

Hypoxia
Chronic hypoxia is well known to exert adverse effects on
skeletal muscles. Its role in muscle deconditioning in COPD
patients is probably essential as hypoxia reduces exercise
performance. Reduction in maximal force and endurance
has been reported in the diaphragm, the adductor pollicis
and vastus lateralis of hypoxaemic COPD patients [78,96].
A positive correlation was even reported between arterial
partial pressure of oxygen and percentage of type I fibres in
the vastus lateralis of COPD patients [39]. Even if it remains
difficult to be certain about the degree of tissue hypoxia in
COPD patients, the fact that capillary/fibre ratio is reduced
further impaired oxygen delivery to muscle tissue in these
patients.

Hypercapnia
Acute or chronic hypercapnia frequently occurs in COPD
patients with acute or chronic respiratory insufficiency.
Marked reduction in ATP and phosphocreatine concen-
trations and intracellular acidosis were observed in the
quadriceps of COPD patients with acute respiratory failure
[88,89]. A decrease in maximal inspiratory muscle strength
was described in COPD patients with chronic hypercapnia
compared with normocapnic COPD patients [97].

Potential causes of muscle dysfunction 
in COPD patients
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Inflammation
Pro-inflammatory cytokines such as tumor necrosis factor 
α (TNF-α) and interleukin 6 (IL-6) can induce muscle 
wasting in animals [98,99]. An increase in serum levels 
of TNF-α and its soluble receptors has been reported in 
malnourished COPD patients [100–102] but also in COPD
patients with normal BMI [103]. However, this increase in
circulating cytokines seems not to be linked to a decrease 
in dietary energy intake [104]. Also, increases in IL-6 
serum levels [103,105,106], or its soluble receptors [103],
were observed in COPD patients where the IL-6/
dehydroepiandrosterone (DEHA) ratio, a marker of the
catabolic/anabolic balance, was significantly correlated
with the mid-thigh muscle cross-sectional area [106]. A
relationship was found between the reduced creatinine–
height index (used as an index of skeletal muscle mass) and
the increased circulating levels of IL-6, TNF-α and their 
soluble receptors [103], supporting a contributory role for
systemic inflammation in muscle wasting in COPD patients.
Recently, enhanced serum levels of IL-8 were reported in
patients with stable COPD and in those hospitalized for
acute exacerbation [107]. In these patients, the force of the
quadriceps was inversely related to log IL-8, suggesting a
contributory role for systemic inflammation in skeletal
muscle weakness [107]. In addition, increased levels of
TNF-α in the quadriceps muscle of stable COPD patients
were recently reported [108]. The molecular mechanisms
by which inflammation may lead to muscle atrophy are still
unknown. However, there are several ways by which TNF-
α may affect muscle cells. For example, TNF-α is known 
to activate the nuclear transcription factor NF-κB and to
induce the expression of a variety of genes including the
inducible form of nitric oxidase synthase (iNOS). This is
particularly interesting as activation of NF-κB and upregu-
lation of iNOS expression have been demonstrated in the
quadriceps muscles of COPD patients with low BMI [109].
Increased oxidative stress was also shown in the quadriceps
muscle of stable COPD patients in whom iNOS and nitroty-
rosine protein levels were increased compared with healthy
sedentary subjects [108].

Nutritional imbalance
The incidence of undernutrition in COPD patients varies
between 25 and 50%, depending on disease severity.
Nutritional depletion is associated with a poorer outcome in
COPD patients [110,111]. Because increases in daily and
resting energy expenditure are frequent in COPD patients,
they may contribute to body weight and muscle mass loss
especially in severe COPD patients in whom the caloric
intake decreased [112,113]. Depletion of high-energy
phosphate compound (ATP and phosphocreatine) and
cations (magnesium and potassium) in the respiratory
muscles is particularly severe in undernourished patients

with respiratory failure resulting from acute or chronic lung
disease [114]. The effect of nutritional status on respiratory
muscle function in COPD patients is, however, still con-
troversial. Indeed, it remains difficult to determine the
additive role of undernutrition in the observed respiratory
muscle weakness, especially because nutritional support
failed to increase lean body mass in these patients [115],
suggesting that other factors are probably involved in 
muscle wasting and dysfunction in COPD patients. Even
when assessing diaphragm contractility with magnetic
phrenic nerve stimulation, a test that is independent of
patient effort, Hamnegård et al. [116] did not find any dif-
ferences in diaphragm strength of severe COPD patients,
either undernourished or normally nourished.

Oxidative stress
The term oxidative stress refers to alterations caused by the
reactive oxygen species. Under physiological conditions,
the generation of reactive oxygen species is removed by the
cellular antioxidant systems which include antioxidant
vitamins, protein and non-protein thiols, and antioxidant
enzymes. Excessive production of reactive oxygen species
may lead to an imbalance between oxidant–antioxidant
such that extensive cell and tissue damage may occur.

Actually, there are only a few studies reporting the level
of oxidative stress in the diaphragm of COPD patients. 
Thus, compared with control subjects, severe COPD patients
showed an increase in protein oxidation in their diaphragm
[117]. This increased expression was, moreover, inversely
related to disease severity. Immunohistochemistry revealed
an increased level of 4-hydroxy-2-nonenal, a marker of
lipid peroxidation in the diaphragm of COPD patients [59].

Total glutathione has been shown to be reduced in leg
muscles of COPD patients compared with control sub-
jects [118]. An increase in lipid peroxidation and Mn-
superoxide dismutase (an enzyme involved in dismutation
of superoxide anions) have been found in the quadriceps 
of COPD patients when compared with controls [119].
Protein oxidation and catalase were similar in the two
groups as were the expressions of neuronal NOS and
endothelial NOS isoforms. Interestingly, 3-nitrotyrosine
levels were also significantly elevated in the quadriceps of
the patients with COPD and these levels were positively
correlated with the degree of airflow obstruction [119].

Comorbid conditions
Electrolyte disturbances
Although electrolyte disturbances may affect muscle func-
tion, few studies have examined these effects in COPD
patients. In case electrolyte disturbances are severe, cell
destruction, myopathy and rhabdomyolysis may occur
especially with hypokalaemia and hypophosphataemia.

Hypokalaemia is frequently caused by diuretic therapy.

MUSCLE 33



Potassium deficiency alters membrane electrical properties
of the muscle cells towards hyperpolarization [120]. In
addition, hypokalaemia is associated with glycogen deple-
tion which in turn affects muscle contraction under anaero-
bic conditions [120]. This latter observation is particularly
important for COPD patients in whom the oxidative capa-
city is already reduced.

Hypophosphataemia in COPD patients may be frequent
and is caused by malnourishment or by renal reabsorption
failure brought about by some medication (theophylline,
diuretic, corticosteroids, β-agonist) [121]. Hypophospha-
taemia is associated with a reduction in diaphragmatic
function [122,123] and serum levels of phosphate are
related to transdiaphragmatic pressure [122]. Further
administration of phosphate to COPD patients with hypo-
phosphatemia improves diaphragmatic function [122,123].

Deconditioning
COPD patients are subjected to various degrees of decondi-
tioning, ranging from reduced activity to prolonged bed
rest. Deconditioning is the adaptive response of muscle to
disuse. Signs of deconditioning are present in the peripheral
muscles of COPD patients. These include reduced oxidative
enzyme capacity, atrophy of type I fibres and reduction 
in type I fibre proportion. It is important to mention that
physical activity in daily life is an important predictor of risk
of readmission to hospital and mortality in patients with
COPD [124,125]. Patients’ estimation of time spent in 
physical activities in daily life is, in fact, not accurate when
compared with objective assessment [126]. Compared 
with matched healthy subjects, stable COPD patients are
effectively less active, walking less and lying down more
than controls [127]. Inactivity is worsened during hospital-
ization resulting from acute exacerbation and, although
recovery occurs, the levels of inactivity in these patients is
still significantly reduced 1 month after discharge compared
with stable COPD patients [128].

Cardiac failure
There are no data available on the effects of cor pulmonale
on muscle function in COPD patients. In patients with 
congestive heart failure, inspiratory muscle weakness is
present and is more pronounced than that observed in
peripheral muscles [129–132]. In the diaphragm, the pro-
portion of type I fibres decreased and there is also a dispro-
portionate atrophy of type I and II fibres while the activity
and the protein levels of the sarcoplasmatic endoplasmatic
reticulum calcium ATPase (SERCA) pump diminished
[24,133,134]. A downward displacement of the diaphragm
occurs at the end of expiration in patients with chronic
heart failure which was strongly correlated with the
changes of left ventricular morphology [135].

For peripheral muscles, strength was found to be

decreased or unchanged [136–138]. Structural changes and
fibre shift towards type II [139] as well as type IIb and/or
type IIa atrophy were reported [140,141]. This was asso-
ciated with a reduction in oxidative enzyme capacity but
glycolytic enzyme function was preserved [140,141].

Ageing
It is well known that muscle force and muscle mass
decrease with age because of a reduction in fibre cross-
sectional area, mainly of the type II fibres [142]. Although
COPD affects elderly individuals, peripheral muscle dys-
function in these patients is unlikely to be accounted for by
the ageing process alone, because the muscle abnormalities
seen in these patients are clearly more pronounced than
those in age-matched individuals.

Anabolic hormones
Growth hormone, insulin-like growth factor I (IGF-I) and
androgenic steroids are stimulators of muscle growth and
development. In healthy elderly individuals, the circulating
levels of IGF-I are decreased [143,144]. In COPD patients,
the serum levels of IGF-I tended to be lower than aged-
matched individuals [107,145,146]. A positive correlation
was also found between circulating IGF-I and quadriceps
peak force in COPD patients [107]. 

Testosterone has been shown to exert its anabolic pro-
perties by increasing the fractional synthesis rates of actin
and MHC and by stimulating protein synthesis, resulting in
muscle hypertrophy [147,148]. In men testosterone levels
decline with age and in women testosterone levels start to
decrease with the menopause. In addition, sex hormone
binding globulin, to which testosterone is bound, increases
with age and postmenopausally in females such that free
testosterone is substantially reduced in these individuals
[149,150]. In acutely ill, hospitalized COPD patients, levels
of testosterone are low and are correlated with the severity
of arterial hypoxaemia and hypercapnia [151]. In men with
COPD, levels of testosterone are considerably lower than
those of aged-matched subjects [152].
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CHAPTER 4

Exercise limitations and cardiopulmonary
exercise testing in COPD

Norman R. Morris, Lewis Adams, Bruce D. Johnson and Idelle M. Weisman

Chronic obstructive pulmonary disease (COPD) is a pro-
gressive disorder that leads to a gradual deterioration of
lung mechanics and gas exchange. Early manifestations
include mild exertional dyspnoea and reduced activity 
levels [1,2]. As the disease progresses, with further lung 
tissue destruction and remodelling, there are additional
losses in lung elastic recoil, altered ventilation and perfusion 
relationships, an increased work and cost of breathing, and
dyspnoea that becomes more prominent with activity [3,4].
There may be further functional limitations imposed by
progressive pulmonary hypertension and by production of
cytokines and inflammatory mediators that may impair
skeletal muscle function (beyond the results of inactivity)
with the disease appearing a more systemic illness than 
previously appreciated [5–7]. The focus of this chapter is 
to discuss practical aspects of clinical exercise testing, to
review components of exercise limitation in patients with
COPD and address current therapeutic strategies in this
population.

There are several modalities of exercise testing used in 
clinical practice. Some provide basic information, require
minimal technical expertise and are simple to perform;
while others provide a more complete assessment of all 
the components involved in exercise and require more
complex technology. The following are the most popular
exercise tests used in the clinical setting in order of increas-
ing complexity: (i) 6-minute walk test; (ii) shuttle walk test;
(iii) cardiac stress test, when cardiac ischaemia needs to 
be ruled out; and (iv) the cardiopulmonary exercise test
(CPET), which may on occasion include arterial blood gas
assessment. The CPET typically includes electrocardio-
graphic assessment along with measurements of expired
gas exchange. The reader is referred to other sources for a

Clinical exercise testing modalities

discussion of these different exercise testing modalities
[8,9] as this review primarily focuses on the information
gained from the more comprehensive but commonly used
non-invasive CPET. 

CPET involves the measurement of oxygen uptake (VO2),
carbon dioxide output (VCO2), minute ventilation (VE), and
other variables in addition to the monitoring of a 12-lead
electrocardiogram (ECG), blood pressure, and pulse oxi-
metry (SaO2) during a maximal symptom-limited incremen-
tal exercise test on the cycle ergometer or on the treadmill
[10]. When appropriate, the additional measurement of
arterial blood gases provides important information on pul-
monary gas exchange and many automated systems now
allow measurement of the tidal flow–volume loop placed
according to a measured inspiratory capacity (IC) within
the maximal flow–volume envelope (MFVL) to help better
assess the degree of mechanical constraint to breathing
[11].

CPET is clinically useful in the evaluation of patients with
COPD and permits:
1 Objective determination (VO2max) of functional capacity
or impairment;
2 Evaluation of the mechanisms of exercise limitation,
such as the contribution of different organ systems in-
volved in exercise (e.g. heart, lungs, blood and/or skeletal
muscles);
3 Differentiation between heart and lung disease;
4 Monitoring of disease progression and response to 
treatment;
5 Determination of the appropriate intensity needed to
perform prolonged exercise (for constant load testing); and
6 Exercise prescription for cardiopulmonary rehabilitation.
Maximal exercise testing can be safely performed in the

Indications
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vast majority of patients with respiratory disease with care-
ful monitoring of the ECG and arterial oxygen saturation
(SaO2).

CPET is important in relating symptoms to exercise 
limitation, especially when exertional symptoms are dis-
proportionate to resting pulmonary function tests (PFTs)
and when hypoxaemia may contribute to exercise limita-
tion and O2 requirements need to be directly quantified.
Furthermore, CPET permits the evaluation of therapeutic
interventions on exercise capacity, relief of dyspnoea and
improvement in exercise tolerance. The efficacy of CPET in
monitoring a variety of treatment modalities (bronchodi-
latators, exercise training, lung volume reduction surgery
(LVRS), continuous positive airway pressure (CPAP) and
proportional assist ventilation (PAV)) directed at improv-
ing breathing strategy and/or reducing dynamic hyper-
inflation, thus resulting in improved breathlessness and
exercise capacity, has been demonstrated [12–17]. CPET
complements other clinical and diagnostic modalities and
by directly quantifying work capacity improves the diag-
nostic accuracy of impairment–disability evaluation.

Commercially available automated systems process four
primary signals: air flow, O2, CO2 and heart rate, which
form the basis for the determination of all the measured
and derived cardiopulmonary variables [18]. The current
systems are technically advanced and provide online analy-
sis of expired respiratory gas exchange using either breath-
by-breath or modern mixing chamber techniques [19,20].
Both are acceptable for clinical exercise testing [18]. The
more popular breath-by-breath technique is associated
with a high degree of breath-to-breath variability ‘noise’
which can be minimized by 30–60-s interval averaging of
the data [21]. Cardiopulmonary measurements obtained
during maximal CPET in both control subjects and pati-
ents are reproducible provided that calibration and quality
assurance procedures are followed [18,22]. 

Exercise testing can be performed using either a cycle
ergometer or a treadmill. Traditionally, exercise testing in
respiratory patients has used cycle ergometry. However,
depending on the reasons for which CPET was requested, a
treadmill might be an acceptable alternative. For clinical
CPET purposes, electronically braked cycle ergometry,
which maintains a given work level independent of 
cycling frequency, may be preferable to treadmill testing.
Advantages of using cycle ergometry include: direct quant-
itation of work rate, less noise (artefact) on ECG, ease in 
collection of blood samples during exercise, expense and
safety [18]. However, one important limitation using the
cycle is that the VO2max achieved is usually 5–11% less than

Methodology (CPET)

on a treadmill, which is likely because of more local fatigue
and less muscle mass involved in exercise as well as the
electrically propelled treadmill possibly pushing patients
beyond usual comfort or motivation levels.

Protocols

There are several symptom-limited protocols that can 
be used with either the cycle ergometer or the treadmill
(Fig. 4.1) [18,23]. These include incremental protocols in
which the work intensity is increased in a square wave
fashion, from 5 W every 1–3 min for debilitated patients to
25 W every 1–3 min for mild disease or healthy subjects,
and the ramp protocol in which the power is increased 
continuously. Both should be programmed to achieve max-
imal aerobic capacity in 8–12 min [24]. The comparability
of these protocols for metabolic and cardiopulmonary 
measurements is well established [20,25,26]. Subsequently,
these results can be used to establish constant work
(‘steady-state’) protocols (see below). CPET results are
quite reproducible although, like most physiological tests,
there appears to be a learning curve and most subjects will
tend to perform slightly better or be willing to work slightly
harder on subsequent studies [21,23].

Increasingly, constant work exercise at a standardized
submaximal work load (based on an initial incremental
exercise test) is being utilized to evaluate the impact 
of therapeutic interventions including exercise training, 
oxygen therapy, bronchodilators and LVRS. Recent work
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Figure 4.1 Typical incremental cycle ergometer exercise
protocol used for clinical testing. ECG, electrocardiogram.



disease, with morbidity for patients in the range of 2–5 per
100 000 clinical exercise tests [31–35]. Advantages to per-
forming CPET over less structured exercise tests include not
only the extensive amount of physiological information
gained, but also safety. Typically, trained personnel, physi-
cians, exercise physiologists and nurses, carry out exercise
testing under controlled and stable conditions for temper-
ature and humidity, with emergency equipment and a bed
available, while carefully monitoring the electrocardiogram,
blood pressure, symptoms and O2 saturation [23,36,37].
These trained individuals should be knowledgeable about
the conduct and risks of testing, contraindications to testing
and the criteria for terminating exercise tests.

Measurements

Computerized metabolic systems allow for an impressive
number of variables to be measured or derived during exer-
cise (Table 4.1). The number of variables actually used will
vary and be a function of the reasons for exercise testing.
The most commonly measured variables are listed below.
Figure 4.2 shows an example of the normal cardiopulmon-
ary responses to exercise in a healthy adult.

Oxygen consumption (4O2)
VO2 rises linearly with increases in work rate to a maximal
value. The measurement of VO2max or VO2peak remains the
best available index for the assessment of aerobic capacity
[24]. VO2peak can be estimated from work rate; however,
previous studies have suggested such estimates may not
always be reliable [38]. VO2peak may be expressed in 
absolute values (L/min), per kilogram body weight (mL/kg/
min) and as percentage of predicted. The optimal normal-
ization for body mass remains somewhat controversial. 
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Table 4.1 Cardiopulmonary variables measured during exercise testing. (Modified from Zeballos and Weisman [21].)

Variables Non-invasive Invasive

Work Work rate
Metabolic VO2, VCO2, R, AT (a.k.a. LT) Lactate
Cardiovascular HR, HRR, ECG, BP, O2 pulse
Respiratory VE, VT, fb, VR, PETO2, PETCO2

Pulmonary gas exchange SpO2, VE/VCO2, VE/VO2 SaO2, PaO2, P(A-a)O2, VD/VT

Acid–base pH, PaCO2, HCO3
–.

Symptoms Dyspnoea, leg fatigue, chest pain

Abnormality of a variable does not necessarily define exercise limitation in that category. 
AT, anaerobic threshold; BP, blood pressure; ECG, electrocardiogram; fb, breathing frequency; HCO3

− , bicarbonate; HR, heart rate;
HRR, heart rate reserve; O2, oxygen; P(A-a)O2, alveolar-arterial oxygen difference; PaCO2, arterial partial pressure of carbon dioxide;
PaO2, arterial partial pressure for oxygen; PETCO2, end tidal partial pressure for carbon dioxide; PETO2, end tidal partial pressure 
for oxygen; R, respiratory exchange ratio; SaO2, arterial oxygen saturation; SpO2, oxygen saturation; VCO2, carbon dioxide
production; VD/VT, dead space to tidal volume ratio; VE, minute ventilation; VE/VCO2, ventilatory equivalents for carbon dioxide;
VE/VO2, ventilatory equivalents for oxygen; VO2, oxygen uptake; VR, ventilatory reserve; VT, tidal volume.

has suggested that Borg dyspnoea ratings, measurements 
of IC (as a reflection of dynamic hyperinflation) and
endurance times during submaximal exercise are repro-
ducible and sensitive in patients with severe COPD [27–29].
Furthermore, constant work endurance times were more
sensitive than 6-minute walk test in determining thera-
peutic effectiveness of pharmacological intervention [29].
More recent work would suggest, however, that endurance
shuttle walk tests are sufficiently sensitive to detect changes
after bronchodilatation, which may reflect in part differ-
ences in quadriceps femoris muscle fatigue occurring more
frequently with cycling than walking [9].

An exercise intensity of 65–80% of the maximum work
rate achieved during the incremental exercise test has 
been used for the constant work rate test, which results in
VO2peak > 90% of the value obtained in the maximal exercise
evaluation [14,30]. To evaluate therapeutic effectiveness 
of various interventions, it should be kept in mind that
intensity of exercise can influence the study outcome. For
example, low level activity (e.g. < 50% of peak work) in
patients with moderate–severe COPD may result in patients
being limited primarily by the endurance capabilities of their
peripheral muscles, while exercise > 70% of peak work
should result in a sufficient ventilatory stimulus so that
most patients would come close to reaching the mechanical
limits imposed by their airways. Thus, to examine an inter-
vention aimed at improving maximal expiratory airflows, a
higher intensity of exercise should likely be chosen [28].

Patient safety

Extensive literature documents that symptom-limited
exercise testing is safe with the risk of medical complica-
tions during exercise testing related to the underlying 



In addition to the typical expression in mL/kg/min (e.g.
American Heart Association, American College of Sports
Medicine), others have expressed VO2 relative to body 
mass index (kg/m2) or for fat-free mass (mL/kg/min) [39].
VO2max values have been regarded as most reliable when
VO2 does not increase (plateau) despite further increase in
work rate [25,40]. Such a plateau, however, especially in
COPD patients, is not often observed, and the maximum
VO2 achieved has been called VO2peak [41]. This implies that
if a subject could be pushed harder, there may be a small 
further increase in the peak value. For practical purposes,
however, VO2peak is likely quite close to VO2max and thus
they are often used interchangeably. 

A reduced VO2peak (defined by the Fick equation, VO2 =
HR × SV × a-VO2 diff) reflects problems with O2 delivery
(heart, lung, systemic and pulmonary circulation; and blood)
and/or peripheral abnormalities (reduced O2 utilization
and/or muscle dysfunction) [42–44]. A reduced VO2peak

may also reflect poor effort. VO2peak is modulated by phys-
ical activity and, as such, has been the gold standard for 
the evaluation of fitness. A number of normative studies
have derived predicted equations based on age and gender
[20,45]. A normal VO2peak reflects a normal aerobic power
and exercise capacity and suggests that no significant func-
tional abnormality exist. In some subjects, however, even
though the VO2peak may be near normal, exercise testing may
reveal other abnormalities (e.g. abnormal breathing patterns)
that may be of diagnostic value [28,46,47]. A reduced VO2peak

is usually the starting point in the evaluation of a cardiopul-
monary exercise test [48].

Although VO2peak is most commonly reported, it may 
also be of interest to assess the slope of rise in VO2 relative
to work. In health, this slope is approximately a rise in VO2

of 10 mL for every watt increase in work. Clinically, an
abnormal slope of this relationship is most often caused 
by O2 transport dysfunction (heart failure and pulmonary
hypertension); less commonly O2 utilization dysfunction
may also be associated with a reduced slope of this relation-
ship [49,50]. Obese individuals may show an increase in
VO2 for a given external work rate, but the slope of the 
relationship is usually normal [24]. 

Carbon dioxide production (4CO2)
Paralleling the changes in VO2 with exercise are the 
changes in the volume of CO2 expired. At low levels of
exercise, the volume of CO2 expired tends to be slightly less
than the uptake of O2; however, this becomes equimolar in
moderate exercise and exceeds O2 uptake with moderate to
heavy exercise. The relationship of VCO2 to VO2 is known as
the respiratory exchange ratio (R). Under steady-state 
conditions, this ratio may reflect the fuels being consumed
at the muscle (similar to the respiratory quotient, RQ).
However, with non-steady-state or heavy exercise this
more accurately reflects transient changes in CO2 stores
and exceeds 1.0 when lactate buffering occurs and when
pH falls causing a significant hyperventilation [51,52].
Anxiety-related hyperventilation will also cause a high R.
As noted, VCO2 is typically assessed in combination with VO2

or with minute ventilation (VE).

Heart rate (HR)
The best index for the evaluation of cardiac function during
exercise would be the measurement of cardiac output.
However, this is not routinely performed in the clinical
exercise laboratory. It is well established that increases in
cardiac output are initially accomplished by increases in
stroke volume and heart rate (HR), and then at higher work
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Figure 4.2 Results of a maximal, minute-by-minute,
incremental, cardiopulmonary exercise test of a young,
healthy, physically active person. The upper panel shows
response of O2 uptake (VO2), CO2 output (VCO2), minute
ventilation (VE) and respiratory exchange ratio (R) to the
progressive increase in work rate. The middle panel shows the
responses of heart rate (HR) and O2 pulse (VO2/HR) and the
lower panel the responses of the ventilatory equivalent for 
O2 (VE/VO2), ventilatory equivalent for CO2 (VE/VCO2), end-
tidal pressure for O2 (PETO2) and end-tidal pressure for CO2

(PETCO2). Also shown is the transition zone corresponding to
the anaerobic threshold (AT).



rates almost exclusively by increases in HR [24]. Achieve-
ment of age-predicted values for heart rate typically reflects
maximal or near maximal effort and presumably signals
attainment of VO2max and, in turn, maximal cardiac output
[53]. For interpretative purposes, it is extremely important
to remember that there is considerable variability (10–
20 b/min) within an age group when estimates of maximal
HR are used. The difference between the age-predicted
maximal HR and the maximum HR achieved during exer-
cise is referred to as the HR reserve (HRR) [20]. Normally,
at maximal exercise, there is little or no HRR. In patients 
with COPD, the achievement of peak heart rate during
exercise may vary considerably depending on the disease
severity and medications. Marked mechanical constraints
to breathing may result in a submaximal HR attained 
during exercise.

Oxygen pulse (O2 pulse)
The O2 pulse is the VO2 divided by HR. This is equivalent 
to the product of stroke volume multiplied times the arterial–
mixed venous oxygen difference (a-VO2 diff, extraction).
Some studies have suggested that the O2 pulse may be a
good non-invasive estimate of stroke volume because the
degree of extraction tends to reach similar levels inmultiple
populations [48]. The classic response is an initial linear rise
with workload followed by a gradual plateauing as exercise
intensity increases.

Ventilation (4E)
Minute ventilation (expressed in L/min) is typically deter-
mined from respiratory rate and tidal volume. Ventilation
includes both alveolar and dead space ventilation and is
most often expressed relative to ventilatory capacity (see
Ventilatory reserve below) or metabolic demand (see
Ventilatory efficiency below). 

Ventilatory reserve (VR)
This concept is used to determine the degree of mechanical
limitation or constraint to breathing during exercise. It is
typically expressed as the maximal ventilation achieved
during exercise relative to the maximal voluntary ventila-
tion (VE/MVV) or some estimate of the MVV (e.g. forced
expiratory in 1 s (FEV1) multiplied times 35–40) used as 
an index of ventilatory capacity [45]. VR is dependent on
many factors responsible for altering ventilatory capacity
and ventilatory demand. Those influencing ventilatory
demand include metabolic demand (fitness), body weight,
mode of testing, dead space ventilation as well as neuro-
regulatory and behavioural considerations. Ventilatory
capacity, in turn, is influenced by multiple factors including
ventilatory muscle function, genetic endowment, ageing
and disease [54–57]. The ventilatory capacity may also vary
during exercise depending on bronchodilatation or bron-
choconstriction and the regulation of the operational lung

volume (where one breathes relative to the constraints
imposed by the boundaries of the maximal flow–volume
envelope (see below)) [11].

A high VE/MVV is one of the criteria often used to indic-
ate encroachment on the ventilatory reserve and increasing
ventilatory constraint to breathing. A reduced or absent
ventilatory reserve especially when accompanied by other
respiratory abnormalities (and an inability to achieve maximal
HR) increases the likelihood that respiratory limitation may
be a significant contributing factor to exercise limitation. 

Limitations to the use of classical VR
Although widely used and practical, MVV may not always
be a reliable indicator of the maximal available ventilation
nor provide adequate insight into abnormalities in breathing
strategy [11]. The MVV is typically a 15-s test, and patients
will typically produce pulmonary pressures in excess of those
produced even during maximal exercise [58]. In addition,
patients have a tendency to perform the MVV at higher
lung volumes than those achieved during exercise, taking
advantage of the higher available maximal expiratory flows
at the higher lung volumes. However, this can increase the
work and cost of breathing because of the increased elastic
load as one approaches total lung capacity (TLC).

A more comprehensive assessment of the degree of 
ventilatory constraint can be gained by comparison of the
exercise tidal flow–volume loop to the maximal volitional
flow–volume envelopes [11]. This display of the exercise
breathing pattern provides visual insight into the degree of
ventilatory constraint and the strategies used to achieve a
given level of ventilation relative to that which is available.
Quantification of the degree of constraint from the tidal
flow and volume responses to exercise relative to the 
MFVL has been suggested (Fig. 4.3). In addition to a more in
depth assessment of ventilatory constraint during exercise,
a more precise assessment of ventilatory capacity (VECAP)
can be obtained. This assessment of ventilatory capacity
takes into account the tidal volume, the operational lung
volume (end-expiratory lung volume, EELV) and the 
constraints imposed by the maximal expiratory flow–
volume curve. To account for changes in ventilatory capa-
city during exercise (i.e. brochodilation or constriction),
comparisons can be made to an MFVL obtained during or
immediately post exercise [11]. Exercise tidal flow–volume
loop analysis has been applied in several clinical settings
[55–57,59–61]. 

Anaerobic threshold (AT)
With progressive increases in work intensity, there is a
work intensity or VO2 where lactate would begin to 
accumulate. This was termed the lactate threshold and 
subsequently it was determined that non-invasive gas
exchange measurements could fairly closely approximate
these changes in lactate accumulation. Although the exact
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mechanism for the rise remains somewhat controversial
and may vary depending on disease population, the lactate
rise in health most likely reflects accumulative recruit-
ment of glycolytic fibres [54,62,63]. The lactic acid is sub-
sequently buffered by bicarbonate and the by-product
becomes CO2 production in excess of typical metabolic CO2

production. This results in a rise in the VCO2 and a parallel
increase in minute ventilation to maintain iso-pH.

Current knowledge suggests that the AT may be affected
by factors that impact both O2 delivery and O2 utilization
processes, pattern of muscle fibre recruitment, and possibly
others [64]. The AT usually occurs at 50–70% VO2max in
sedentary individuals and higher in fit individuals [45].
There is a wide range of normal predicted values (35–70%)
making its usefulness in clinical decision making somewhat
limited [23,34].

Although there are several ways to determine the AT 
non-invasively, none appears consistently superior. Cur-
rently, the modified V-slope method (VCO2 vs VO2 plot) is
most popular [65]. The AT, using the ventilatory equiva-
lents method, is defined as the lowest (nadir) for VE/VO2 and
end tidal partial pressure for oxygen (PETO2) before beginn-
ing to consistently increase, while VE/VCO2 and PETCO2

remain unchanged, and R is approximately 1.0. An approach
that combines the modified V-slope and the ventilatory

equivalents method is recommended [21]. Blood samples for
standard bicarbonate or lactates help avoid false-positive
non-invasive AT determinations that have been reported in
COPD [66]. The AT determination is helpful as an indicator
of level of fitness and to monitor the effect of physical train-
ing [67]. The AT is reduced in a wide spectrum of clinical
entities (e.g. heart disease, lung disease, deconditioning,
post lung and heart transplantation, muscle abnormalities
(metabolic myopathy)) and therefore may be of limited dis-
criminatory value in interpretative schemes [68].

Ventilatory efficiency (4E/4CO2 and 4E/4O2)
Ventilatory efficiency is determined by how much ventila-
tion is achieved for a given level of metabolic demand (i.e.
VE/VCO2 and/or VE/VO2). Because VE is more closely linked
to VCO2, the relationship of VE to VCO2 has typically been
reported [51]. In healthy subjects, it typically requires
approximately 25 L of ventilation for every 1 L of carbon
dioxide produced. VE/VCO2 and VE/VO2 are typically similar
until near where the AT occurs and then VE/VCO2 tends to
stay constant while VE/VO2 starts to rise [69]. The degree 
of ventilation produced is best described in the alveolar air
equation where VE = K × VCO2/(PaCO2 × (1 − VD/VT)) [54].
Thus, the relationship of VE/VCO2 is critically influenced by
dead space ventilation, and arterial CO2 levels. A high 
dead space ventilation increases the VE : VCO2 ratio as does
hyperventilation (reduced PaCO2 values). An inadequate
hyperventilation during exercise (high or rising PaCO2) may
result in a low VE : VCO2 particularly if the VD/VT is normal.
Various VE : VCO2 values have been reported, including, the
lowest point in an incremental test, at or near the AT, the
slope of VE relative to VCO2 and peak. For most purposes, the
VE/VCO2 nadir occurs near the AT where it is usually reported
since during heavy exercise, it is more susceptible to varia-
tion in the degree of hyperventilation, altered breathing
pattern, anxiety and the degree of acidosis [69]. Under some
circumstances, the peak values may be important as when a
relatively sudden increase in VE/VCO2 with heavier exercise
occurs in patients with pulmonary hypertension, likely
related to the high pulmonary pressures and the shunting
of blood through a patent foramen ovale [70]. Examining
the PETCO2, or preferably PaCO2 (if available), is useful in
distinguishing between a hyperventilation-induced increase
in VE/VCO2 versus that related to a high dead space.

Blood gases
In the clinical laboratory when more specific gas exchange
information is needed, direct arterial blood gas (ABG) 
sampling during exercise should be considered. This may 
be useful in a patient with significant oxygen desaturation
(< 85%) during a non-invasive cardiopulmonary exercise
test or in patients with a markedly elevated VE/VCO2. It may
also be of importance in patients where it is difficult to
obtain clean non-invasive gas exchange data because of
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problems with the mouthpiece or non-invasive estimates of
oxygen saturation. 

Measurements of PaO2, PaCO2, combined with ventil-
atory measurements also allows the assessment of the 
alveolar (PAO2)–arterial (PaO2) oxygen pressure difference
(AaDO2) and physiological dead space to tidal volume 
ratio (VD/VT) [71]. VD/VT determined non-invasively using
PETCO2 can often yield unreliable results [72]. Abnormal
widening of the AaDO2 with exercise, usually reflects 
ventilation–perfusion (V/Q) mismatching, but may also be a
result of diffusion abnormalities, anatomical shunt and/or
reduced O2 saturation in mixed venous blood (thereby
worsening the V/Q mismatching shunt effect) [73]. Failure
of VD/VT to decrease normally with exercise is indicative of
V/Q abnormalities caused by increases in physiological dead
space (wasted ventilation).

Pulse oximetry (SpO2)
SpO2 is only an estimation of the arterial O2 saturation
with actual SaO2 ± 4% of the pulse oximetry readings [74].
Each laboratory should validate its pulse oximeter(s) with
arterial oxygen saturation. This is important because some
pulse oximeters underestimate and others overestimate true
arterial oxygen saturation, especially at SaO2 < 88% [75].
Caution should be exercised in the use of pulse oximetry 
in darker skinned subjects, because the inaccuracies
reported in Caucasians appear to be exaggerated [76]. 
Pulse oximeters cannot be used in patients with high levels
of carboxyhaemoglobin, resulting from smoking or CO
exposure, as COHb is not measured. Pulse oximeters 
measure functional SaO2 and not fractional saturation as do
CO-Oximeters. Care should be exercised in interpreting
changes obtained by pulse oximetry alone. Significant
desaturation, defined as change in SpO2 > 5%, should be
confirmed with arterial blood gases [77].

Clinical signs and symptoms
In a symptom-limited test it is important to describe and
characterize signs and symptoms limiting the test (e.g. chest
pain, breathlessness, leg fatigue, wheezing, diaphoresis,
arrhythmia) [43]. Ratings of perceived exertion symptoms
(breathlessness, fatigue, chest pain) using the Borg Scale
(0–10) or other rating scores including visual analogue
scales should be noted with the physiological measure-
ments [78–81] (see section on Dyspnoea under Exercise
limitations in COPD below).

As COPD progresses, there is a gradual loss of lung elastic
recoil, a destruction of lung parenchyma and inhomo-
geneities in the compliance characteristics of the lung. This

Exercise limitations in COPD

leads to airway narrowing or collapse (airflow limitation) at
higher and higher lung volumes, progressive air trapping, a
maldistribution of ventilation, areas of hypoxic pulmonary
vasoconstriction, pulmonary hypertension and ventilation–
perfusion mismatching resulting in a high dead space ventila-
tion and areas of effective shunt, leading to progressive
hypoxaemia. In mild to moderate disease, blood gas homo-
eostasis may be preserved, while the dominant effect is the
altered lung mechanics. Given the large reserves of the 
pulmonary system, at rest many of these changes may not
render the patient particularly symptomatic; however, with
activity and the increased ventilatory demands required to
maintain arterial PO2 and eliminate metabolic CO2, patients
become symptomatic. Table 4.2 summarizes factors involved
in limiting exercise tolerance in patients with COPD.
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Table 4.2 Factors contributing to exercise limitations in
patients with COPD.

Lung mechanics
Tissue destruction (alveolar)
Loss of parenchymal elastic recoil
• Expiratory flow limitation
• Hyperinflation
• Increased inspiratory elastic load
• High work and cost of breathing

Gas exchange
Tissue destruction (alveolar–capillary)
Loss of elastic recoil
Ventilation–perfusion abnormalities
• High dead space ventilation
• Widened alveolar–arterial difference
• Hypoxaemia

Cardiovascular
Hyperinflation
Reduced intrathoracic space
Reduced venous return
• Reduced cardiac output

Hypoxaemia
Pulmonary hypertension
• Reduced cardiac output

Peripheral muscles
Deconditioning
Inflammation
Competition for blood flow

Dyspnoea
Respiratory drive
Central perception
Inspiratory muscles
Chemoreceptors



Lung mechanics

In health, with large pulmonary reserves, the ventilatory
demands of exercise (required to maintain blood gas
homoeostasis) are met with a fairly efficient breathing 
pattern and strategy, which minimizes the work and cost 
of breathing [54]. The ventilatory response to exercise in
young and older healthy subjects is shown in Figure 4.4.
Classically tidal volume increases and EELV falls as expir-
atory muscles are recruited, optimizing inspiratory muscle
length. As exercise intensity increases, tidal volume con-
tinues to increase up to approximately 50% of the vital
capacity (VC), which is followed by predominantly a
breathing frequency response. EELV may drop further
(0.5–1 L) and there is some encroachment on the inspir-
atory reserve volume (IRV); however, the alinear portions
of the pressure–volume relationship of the lungs and chest
wall are avoided and, even at maximal exercise, expiratory
flow rates typically only approach the maximal available
flow rate near EELV. Inspiratory pleural pressures continue
to become more negative and approach –20 to –30 cm H2O
and only approach a small percentage of the available
capacity for producing inspiratory pressure [60]. Even with
maximal exercise, the cost of breathing is estimated to only
approach 5–7% of the whole body VO2 in the average fit
young adult [59,82]. 

With healthy ageing, there is some loss in pulmonary
reserves so that the typical 70-year-old male will have an
approximately 25–30% decline in VC and a similar decline
in maximal expiratory flow rates (FEF25–75), primarily
because a loss of lung elastic recoil [83]. Despite this loss 

in ventilatory reserve, the healthy older adult is able to
increase ventilation with exercise with minimal increments
in ventilatory cost relative to the younger adult. Only 
with very heavy exercise and with sustained high levels 
of physical training (increased metabolic demands), might
the older adult reach significant mechanical limitations 
to breathing, typically associated with a mild to moderate
degree of dynamic hyperinflation and expiratory flows that
approach or reach the maximal available flows over a por-
tion of the tidal breath (typically over the later half of the
tidal breath, near EELV) [55]. 

The aged adult would therefore develop a breathing 
pattern and strategy that would be similar to a younger 
person with mild COPD (e.g. 15–30% reduction in FEV1).
Typically, older subjects will approach expiratory flow lim-
itation at a VE of approximately 50–70 L/min and will need
to increase EELV slightly to produce ventilations beyond 
70 L/min. With more moderate lung disease, 40–50%
reductions in FEV1, patients will approach expiratory flow
limitation over a portion of the tidal breath even at rest.
Thus, with exercise, to be able to increase ventilation, they
will need to dynamically hyperinflate almost immediately
to take advantage of the shape of the maximal expiratory
flow–volume envelope and the available flows at the higher
lung volumes [84,85]. However, as EELV starts to rise, it
becomes more difficult to maintain tidal volume because of
a shrinking IRV. As end inspiratory lung volume approaches
TLC, the elastic load begins to rise as patients move away
from the linear portion of the pressure–volume character-
istics of the lung and chest wall. In addition, expiratory 
muscles need to be heavily recruited to produce large 
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expiratory flows early in expiration and thus the work 
and cost of breathing begins to rise substantially. Previous 
studies have suggested that this cost of breathing may
approach approach 15% of the whole body VO2 in older,
relatively fit adults and as much as 30–50% of the whole
body VO2 in patients with severe COPD at ventilations of
30–40 L/min [85]. In terms of cardiac output and blood
flow distribution, this would be a large percentage of blood
flow unavailable to the muscles of locomotion, as previ-
ous work in animals and humans have suggested that the
respiratory muscles will preferentially recruit blood flow 
at the expense of the locomotor muscles [86,87]. This 
reflex reduction in blood flow to locomotor muscles, along
with the deconditioning process, may contribute to the
symptoms of leg fatigue rather than dyspnoea as a primary
limiting factor during exercise. Figure 4.5 is an example of
the flow–volume responses to exercise in a relatively active
older patient with moderate COPD.

Gas exchange

In healthy humans, the partial pressure of oxygen in the
arterial blood (PaO2) generally remains close to resting 

values, even during heavy exercise [88]. Arterial CO2 (PaCO2)
also is maintained relatively close to resting values through
precise ventilatory control mechanisms. Only with heavy
exercise is there a compensatory increase in ventilation that
is out of proportion to the CO2 produced resulting in a fall
in PaCO2 [54]. The alveolar (PAO2) to arterial oxygen differ-
ence (AaDO2) tends to remain constant or in some cases fall
slightly with very light exercise and then increases prim-
arily as a result of a rise in PAO2 [89]. In some healthy, 
typically endurance trained subjects with heavier exercise,
PaO2 may fall despite a rising PAO2 [60]. The widening of the
AaDO2 in these healthy subjects has been considered to be
related to a lack of time for end-capillary diffusion (result-
ing from a high cardiac output), interregional ventilation
perfusion inhomogeneities and a 1–2% shunt due to the
thebesian and bronchial circulations, which becomes more
prominent as the mixed venous PO2 falls [89]. The ventil-
atory dead space to tidal volume ratio (VD/VT) in healthy
younger adults is approximately 0.20–0.30 and falls with
exercise as the tidal volume increases. With healthy ageing,
there tends to be a decline in resting PaO2 values likely
resulting from more inhomogeneities in ventilation–
perfusion relationships [83]. There is also a rise in VD/VT.
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However, during exercise older healthy adults tend to do a
relatively good job at maintaining PaO2 values, although the
AaDO2 tends to widen at a lower intensity of exercise than
in young adults [90].

COPD is associated with relatively variable blood gas
responses, with some patients having a well-preserved
response to exercise and others with marked declines in
PaO2 [91,92]. In general, however, there is a much greater
widening of the AaDO2 at much lower work intensities than
in age- and gender-matched controls. CO2 elimination is also
variable, from a relatively normal fall in PaCO2 with heavy
exercise to a rise in PaCO2, likely because subjects cannot
increase alveolar ventilation enough to achieve adequate
CO2 removal. VD/VT can be quite high in patients with COPD
so that they need to attain a much higher total ventila-
tion than in healthy subjects to achieve a similar level of
alveolar ventilation. Arterial hypoxaemia during exercise 
is primarily a result of ventilation–perfusion mismatching,
with a contribution in some subjects from a diffusion lim-
itation as well as increased shunt [89]. The hypoxaemia not
only contributes to the sensation of dyspnoea, but may also
result in worsening pulmonary hypertension that in turn
may influence cardiac function and contribute to a reduced
exercise tolerance. Previous studies have suggested that
treadmill walking may be associated with more exercise-
induced hypoxaemia than cycling [93].

Dyspnoea

Clinically, dyspnoea is a term for shortness of breath that is
commonly found in COPD patients. The American Thoracic
Society defines dyspnoea as ‘a term used to characterize 
a subjective experience of breathing discomfort that is 
comprised of qualitatively distinct sensations that vary in
intensity’ [94]. The experience derives from interactions
among multiple physiological, psychological, social and
environmental factors, and may induce secondary physio-
logical and behavioural responses. Dyspnoea is extremely
distressing for the patient and is typically described as 
‘having to fight for every breath’ or ‘a sense of impending
doom’.

Many patients with COPD fall into a spiral of increasing
levels of dyspnoea and decreasing levels of physical activ-
ity (Fig. 4.6). As the spiral progresses, dyspnoea arises at
increasingly lower levels of exertion, and patients decrease
the level of physical activity in an effort to avoid the sensa-
tion of dyspnoea. This decrease in the level of activity leads
to further deconditioning. Eventually, this spiral will lead 
to dyspnoea impacting on activities of daily living (ADL)
including basic functions such as washing and dressing. As
a result, patients have a significant loss of quality of life.
Interventions for COPD patients focus on dyspnoea as a key
outcome measure often over and above any improvement
in functional capacity [95,96].

Pathophysiology
The recent evolution of functional brain mapping tech-
niques of positron emission tomography (PET) and func-
tional magnetic resonance imaging (fMRI) have provided
new insights into dyspnoea perception. Using different
technologies, these brain mapping techniques have sug-
gested that the sensation of dyspnoea is associated with a
pattern of activation of phylogenically ancient limbic and
paralimbic cortical structures (e.g. anterior insular cortex,
anterior cingulate gyrus and amygdala) [97–101]. 

As far as the respiratory system is concerned it seems that
dyspnoea perception depends more on the degree to which
the brainstem respiratory complex is stimulated than on
the movement of the ventilatory apparatus. Thus, increases
in ventilation associated with exercise, hypoxia, hyper-
capnia and metabolic acidosis are associated with dyspnoea
while volitional ventilation is not [102]. Most interest-
ingly, this is the case even in patients with severe COPD
[103,104]. In addition, dyspnoea accompanies central 
respiratory stimulation in the absence of a ventilatory
response in subjects with high spinal cord transection [105]
or following experimental respiratory muscle paralysis
[106,107]. For patients with COPD, one may hypothesize
that exertional dyspnoea could be a manifestation of the
increased central respiratory activity necessary to achieve
adequate ventilation in the face of respiratory mechanical
impairment. This hypothesis fits with the finding that pro-
gressive hyperinflation in COPD patients leads to increasing
dyspnoea as greater respiratory muscle activity is required
to ventilate at high lung volumes where compliance is 
low [108]. Support for this idea is provided in the study 
by Lahrmann et al. [109] who showed that a decrease in
dyspnoea following LVRS was accompanied by a decrease
in lung hyperinflation and a reduced neural activity in the
diaphragm. It also could explain the observation that exer-
tional dyspnoea in COPD patients is lessened when non-
invasive ventilatory support is provided [110].

An individual’s personality, emotional state and cogni-
tive function seem likely to impact on their experience 
of dyspnoea [111]. Dyspnoea has been reported in both
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hyperventilation syndrome and in those individuals prone
to panic attacks [112,113]. There is evidence that patients
with airflow limitation perceive dyspnoea less intensively
when they become familiar with the situation that is giving
rise to their dyspnoea [112].

Assessment scales that rate dyspnoea
A number of instruments are available that allow reason-
ably reproducible rating of the intensity of dyspnoea during
exercise or in response to specific questions. Two of the
most common scales used to rate dyspnoea are the visual
analogue scale (VAS) and the Borg scale. VAS is a horizon-
tal or a vertical line, usually 10 cm long, anchored at either
end with words such as ‘no dyspnoea’ and ‘maximal dysp-
noea’. In response to a question (e.g. ‘How short of breath
are you?’), the subject marks a point along the line so that
the length reflects the intensity of the sensation [114,115].
This scale was first used for rating the sensation associated
with increased airway resistance and was only later adopted
for the quantification of breathlessness [80,116]. 

The Borg scale is a 12-point category scale with extremes
of ‘nothing at all’ and ‘maximal’ [79]. Unlike the VAS, the
Borg scale includes verbal descriptors (e.g. ‘slight’, ‘severe’)
to assist in rating the symptom. Like the VAS, the Borg scale
has good reproducibility but the proximity of the terms
‘slight’ and ‘severe’ in the Borg scale may reduce its sensit-
ivity and discourage subjects from using the whole scale as
they do the VAS [114,115,117]. Although researchers have
utilized the Borg and the VAS scales, clinicians often rely 
on a simple verbal numerical rating scale ranging from zero
to 10 [118].

Importantly, there appears to be good correlation among
the various rating scales, even when used in mechanically
ventilated patients [119]. Moreover, it has been shown that
patients can reliably use such dyspnoea ratings to reach a
predetermined level of exercise and oxygen consumption
[120]. Notably, there has been some development of new
scales to assess dyspnoea such as the word-labelled visual
analogue scale (LVAS) [121]. 

Exercise performance as an assessment 
of dyspnoea
In patients with COPD, exercise testing is used to quantify
the degree of functional impairment. It has been presumed

that there is an association between functional capacity 
and the severity of dyspnoea, with those individuals with
the poorest exercise capacity having the highest ratings of
dyspnoea. However, such a presumption may be some-
what simplistic and the performance in such a test is likely
to reflect a complex interaction of physiological limitations,
associated symptoms and cognitive factors, especially moti-
vation. Simple questionnaires designed to assess dyspnoea
severity have required patients to assess their own exercise
tolerance compared with their peers (e.g. Medical Research
Council American Thoracic Society (ATS) scale) [122].
Although such scales are simple and widely used, they are
insensitive, require individuals to make comparisons with
others, and cannot measure changes with therapeutic
interventions. The traditional test is the Baseline Dyspnoea
Index, a rate-administered test, developed to rate patients
with regard not only to the ‘magnitude of the task’ that elic-
its dyspnoea (e.g. hills compared with level ground) but
also to the impact of dyspnoea on activities of daily living
and the effort expended before dyspnoea occurs [123].
Similar and easier to use self-administered questionnaires
have been developed, but these have not been widely 
used [124]. 

Peripheral muscle dysfunction

For patients with COPD, limited exercise capacity is a major
cause of morbidity. While many early studies in patients
with COPD focused on the central limitations to exercise
capacity such as ventilation and gas exchange, the large
degree of variation in exercise capacity for given level 
of airflow limitation and the reduced exercise tolerance 
following lung transplantation suggests that peripheral 
factors such as skeletal muscle dysfunction may also have 
a role (Fig. 4.7) [125]. In particular, there appears to be
either impaired oxygen utilization associated with a greater
reliance on glycolytic activity and/or an abnormal redis-
tribution of blood flow to the exercising muscle in these
patients [126,127]. 

Changes in skeletal muscle structure and function
with COPD
Muscle mass and cross-sectional area
Compared with healthy age-matched controls, patients with
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COPD have a reduced skeletal muscle fat-free mass (FFM)
and cross-sectional area of type I and IIa fibres [128–131].
Using dual-energy X-ray absorptiometry (DEXA), Gosker et al.
[132] reported a lower FFM in 15 patients with COPD (49.5
± 8.2 kg) compared with 15 age-matched controls (58.7 ±
10.8 kg; P = 0.03). Moreover, COPD patients had a lower
mean fibre cross-sectional area (CSA) than healthy sub-
jects (COPD patients 3839 μm2; healthy controls 4428 μm2;
P = 0.037).

The reduction in FFM has been cited as a strong predictor
of decreased exercise capacity (VO2peak) and muscle strength
of individuals with COPD [133]. In a group of 25 subjects
with severe COPD (FEV1 = 32 ± 11% predicted), VO2peak was
significantly correlated with FFM (r = 0.56; P < 0.005)
[129,132]. However, this study reported that the relation-
ship was weaker in the COPD group than for healthy 
age- and gender-matched controls (r = 0.84; P < 0.001 for
controls), suggesting that other factors apart from the loss
of FFM are involved in the decreased exercise capacity in
COPD patients. 

Skeletal muscle morphology
Morphological changes in skeletal muscle have tradition-
ally been determined using needle biopsy techniques.
Recent studies of needle biopsy samples taken from the 
vastus lateralis muscle in COPD patients have shown
significant muscle fibre atrophy [131,132,134], changes in
fibre composition with a selective loss of type I fibres
[132,134–137], reduced capillary to fibre ratio [131,138]
and a reduction in oxidative enzyme capacity [139–141]
compared with healthy controls. 

In one of the original investigations of skeletal muscle
dysfunction in patients with COPD, Jakobsson et al. [135]
found atrophy and loss of type I fibres in 18 patients with
COPD, eight of whom had severe COPD with chronic respir-
atory failure. These results were supported in a later study
by Whittom et al. [131] who reported a selective loss of type
I fibres in patients with COPD compared with controls and a
decrease in the cross-sectional area of type I, IIa and IIab
fibres. However this finding has not been a universal, with
others reporting selective decrease in the cross sectional
area of Type IIa and IIX fibres in COPD patients [132]. In
addition, Whittom et al. [131] reported that the percentage
of type IIb fibres (fast twitch glycolytic) was higher in COPD
patients compared with controls and that cross-sectional
area of the IIb fibres was retained. The results of these 
studies suggest that there is selective loss of the oxidative
fibres of the vastus lateralis in patients with COPD (type I
and IIa fibres) with a concomitant loss of cross-sectional
area. At the same time, there appears to be an increase in
the size and percentage of IIb fibres with COPD. 

The change in the skeletal muscle fibre type with 
COPD appears consistent with the changes in activities of
enzymes associated with ATP production. Several studies

have reported a decrease in the activity of mitochondrial
enzymes such as citrate synthase (CS) and β-hydroxyacyl
CoA-dehydrogenanse (HAD) [127,137,139,141] in COPD
patients. While there has been some evidence to suggest
that the decrease in the activity of oxidative enzymes is
associated with an increase in the activity of enzymes 
associated with glycolysis such as phosphofuctokinase
(PFK) and lactate dehydrogenase (LDH), this finding has not
been universal [137,139]. For example, Maltais et al. [127]
reported that there was a decrease in the activity of CS and
HAD in COPD patients compared with healthy controls.
However, there was no reported change in the activity 
glycolytic enzymes such as PFK, LDH and hexokinase.

Interestingly, the functional and morphological changes
in skeletal muscle with COPD appear to be confined to 
the lower limb. The study by Gea et al. [142] examined the
metabolic characteristics of the deltoid muscle in the upper
limb of 10 patients with COPD and nine healthy age-
matched controls. While finding that exercise capacity
(measured using cycle ergometry) was significantly reduced
in COPD patients, these authors found that handgrip
strength was essentially preserved in COPD patients when
compared with healthy subjects. In addition, this study
reported the activities of CS and PFK were the same in
COPD and control subjects and that the activity of LDH was
elevated in COPD patients compared with controls. These
authors concluded that the upper limbs of patients with
COPD had an essentially unchanged metabolic profile
whereas (based on the findings in other studies) the lower
limb had an altered metabolic profile with lower levels of
oxidative enzymes. 

In addition to impaired oxygen utilization of oxygen,
COPD patients have altered delivery of oxygen at the level
of the skeletal muscle. Jobin et al. [138] reported a decrease
in the number of capillaries to fibre ratio in COPD subjects
compared with controls (0.83 ± 0.05 COPD, 1.56 ± 0.10
controls; P < 0.001). Another study reported a trend for
lower capillary to fibre ratio (P = 0.15) and a reduction in
the number of capillaries in contact with skeletal muscle
fibres in patients with COPD compared with healthy indi-
viduals [131]. The reduction in the number of capillaries in
contact was greatest in the more oxidative fibres (type I, IIa)
in the COPD patients. However, this study correctly noted
that when the number of capillaries in contact was corrected
for the differences in cross-sectional area the differences
between the healthy and COPD patients was removed. 

It is not clear what impact COPD has on the maximal
vasodilatory capacity of the lower limb in COPD patients.
The maximal vasodilatory capacity is an indicator of the ability
to vasodilatate the local vascular bed following during react-
ive hyperaemia. In healthy older individuals, vasodilatory
capacity tends to decrease with age and is correlated with
exercise capacity [143]. Moreover, vasodilatory capacity
has been shown to increase with endurance training in
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young and older individuals [144]. While it may be hypo-
thesized that the decline in physical activity with COPD
may in turn result in a decrease in the vasodilatory capacity,
Sabapathy et al. [145] have recently reported no significant
difference in the peak calf blood flow responses between
age- and gender-matched controls and COPD patients. This
may suggest that there is a time lag for the reduction in
peak calf blood flow responses and while not present in
patients with moderate COPD, individuals with severe
COPD may well have reduced vasodilatory capacity in asso-
ciation with significant reductions physical activity levels. 

Recent studies have suggested that COPD patients
develop a greater degree of fatigue in skeletal muscle during
endurance exercise when compared with healthy controls
[146,147]. Endurance cycle ergometry induces quadriceps
twitch muscle fatigue and a locus of symptom limitation
(legs) that is different from the predominance of dyspnoea
and absence of quadriceps twitch leg fatigue reported in
COPD with walking which may partially explain the differ-
ence [7,9]. There appears to be some debate on the actual
mechanism for greater development of fatigue in skeletal
muscle in COPD. Allaire et al. [148] suggested that the limi-
tation in skeletal muscle endurance in COPD patients 
was related to lower levels of oxidative enzymes (CS) and
independent of the cross-sectional area of the skeletal 
muscle. Most recently, Saey et al. [149] have suggested that
the greater contractile fatigue found in some COPD patients 
following constant work cycling exercise is because of the
greater reliance on glycolytic (non-aerobic) metabolism
during exercise. 

Proposed mechanisms of skeletal muscle
dysfunction in COPD
While it is now accepted that COPD is associated with 
an inherent skeletal muscle dysfunction, the underlying
mechanism for this dysfunction has yet to be elucidated. 
It has been suggested that skeletal muscle dysfunction 
associated with COPD may be the result of several factors
including deconditioning, malnutrition, skeletal muscle
myopathy and low levels of circulating anabolic hormones
[150–152].

Generally speaking, the changes in skeletal muscle 
morphology with deconditioning are similar to those seen
with COPD. Following a period of bedrest, microgravity 
or detraining, there is a reported decrease in the number
and CSA of type I fibres and a decrease in the activity of
mitochondrial enzymes CS, HAD and succinate dehydrogen-
anse (SDH) [153–155]. However, unlike COPD patients,
deconditioning in healthy individuals is not typically asso-
ciated with an increase in the activity of glycolytic enzymes
PFK and LDH. Indeed, some studies examining the changes
in enzyme activity following a period of leg immobilization
reported a decrease in both CS and LDH [154,156].

Poor nutritional status is common in COPD patients, with
one pulmonary rehabilitation programme reporting that
35% of patients entering the programme were nutritionally
depleted [157]. This reduction in nutritional status in COPD
patients has been associated with a decreased skeletal 
muscle strength and endurance [158]. 

Prolonged exposure to high-dose corticosteriods can
result in significant myopathy in COPD patients [159].
While the role of prolonged hypoxia, hypercapnia and
oxidative stress are less clear, there is emerging evidence
that some if not all of these factors may combine to result 
in significant myopathic changes in skeletal muscle for
patients with COPD [150]. 

It should be noted that not all studies have reported
significant myopathic changes in COPD patients. Recently,
Heijdra et al. [160] reported that a group (n = 32) of COPD
subjects (FEV1 38 ± 11% predicted) had a similar FFM 
index (FFMI) as age-matched controls (n = 36). Moreover,
these authors reported similar phase II steady-state oxygen
uptake kinetics (τ = 72 ± 32 s COPD patients; τ = 78 ± 37 s
controls). These authors questioned the existence of under-
lying skeletal muscle myopathy in COPD patients given
that normal and healthy groups had similar oxygen uptake
kinetics.

The role of oxidative stress as a causative factor for the
myopthatic changes in skeletal muscle in patients with
COPD has received recent attention. Couillard et al.
[161,162] examined whether oxidative stress was involved
in the myopathy typically associated with COPD. These
authors found that local muscle activity induced oxidative
stress in COPD patients and that this in turn was associated
with decreased muscle endurance. Local exercise-induced
oxidative stress failed to raise antioxidant activity in COPD
patients, in contrast to controls where an elevation of
antioxidants was observed. These observations are consist-
ent with increased oxidative stress in the mypopathic
changes in skeletal muscle in COPD. 

There is evidence to suggest that the level of circulating
anabolic hormones, such as insulin-like growth factor 
(IGF)-I and testosterone, are low in patients with COPD
[163,164]. Recently, Debigare et al. [134] reported that
there was a significant disturbance in catabolic–anabolic
metabolism in COPD, with a distinct shift toward catabol-
ism, which may contribute to skeletal muscle wasting in
patients with COPD. 

Cardiovascular abnormalities

Although the progressive loss of lung function remains the
primary limitation in COPD, there is also evidence that
significant cardiovascular limitations exist in this popula-
tion, particularly in more severe patients [165]. A study by
Montes de Oca et al. [166] found oxygen pulse measured
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during exercise to be the best predictor of peak VO2 in
patients with an average FEV1 of 0.79 L. Oelberg et al. [167]
found a blunted cardiac output during exercise in patients
with COPD relative to normal subjects. During activity,
patients with COPD experience increased expiratory loads
as well as progressive hyperinflation as ventilatory demands
increase. In the resting state, expiratory loads created by
positive pressure breathing reduce cardiac output likely 
via an effect of increasing pleural pressure and right atrial
pressure and subsequently reducing venous return [168].
We recently studied healthy subjects to determine the
influence of a small expiratory load (10 cm H2O) on cardiac
function during exercise (Fig. 4.8) [169]. We found a small
but consistent drop in cardiac output (15–20%) resulting
from a fall in stroke volume without complete compensa-
tion in heart rate. In COPD patients during exercise, studies
have suggested some subjects may produce expiratory pres-
sures > 20–30 cm H2O [170]. Thus, it would be expected
that these loads may further inhibit increases in stroke 
volume and possibly cardiac output during exercise. 

There is also the potential separate influence of a chronic
hyperinflation combined with a dynamic hyperinflation
during exercise on cardiac output [170]. Because the heart
and lungs share a common surface area, a progressive
hyperinflation with chronic disease or dynamically with
exercise may increase competition for intrathoracic space
and inhibit cardiac filling via a change in cardiac compli-
ance. We previously observed a significant fall in cardiac
output with chest wall restriction (40% decline in VC) in
healthy subjects [171]. This level of heart and lung com-
petition for intrathoracic space may be similar to that
observed in patients with severe COPD and hyperinflation.

Other changes associated with COPD also occur that 
may further reduce cardiac output responses to exercise 
in COPD patients. This includes a progressive pulmonary
hypertension and right heart failure, polycythaemia and
ineffective negative intrathoracic pressure generation by
the diaphragm muscles [172,173].

Lung volume reduction surgery

The potential utility of CPET is highlighted by its emergence
as an important tool in the evaluation of patients being 
considered for LVRS. The range of application of CPET in
this patient group includes the determination of cardio-
pulmonary functional status and assessment of potential
operative risk prior to surgery; the determination of exercise
training prescription before and after LVRS; quantification
and monitoring of the clinical response to surgery; and also
definition of the underlying pathophysiologic mechanisms
responsible for improvements in exercise performance
resulting from LVRS [16,174–177]. 

In several studies, exercise capacity has been shown to
improve after LVRS. This has been attributed to reduced
hyperinflation, improved inspiratory muscle pressure gen-
eration (reduced drive to breathe), reduced oxygen cost 
of breathing and/or improved blood gas homoeostasis, 
all leading to reductions in the perception of dyspnoea
[15,178]. The NETT was a large National Institutes of
Health (NIH) funded trial of a total of 1218 patients with
severe emphysema who underwent pulmonary rehabilita-
tion and were randomly assigned to undergo LVRS or to
receive continued medical treatment [16]. Overall in this
trial, LVRS increased the chance of improved exercise
capacity but did not bestow a survival advantage over med-
ical therapy. It did yield a survival advantage for patients
with both predominantly upper lobe emphysema and low
baseline exercise capacity. Patients previously reported to
be at high risk and those with non-upper-lobe emphysema

CPET in evaluation of therapeutic
interventions
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Figure 4.8 Influence of an expiratory load on stroke volume
(SV) and cardiac output (CO) in healthy subjects. SV and 
CO are shown for each breathing condition (CTL, control; 
EL, expiratory loading; ELH, expiratory loading + voluntary
hyperinflation) at three workloads. Vertical dotted lines
indicate change in workload. Significance P < 0.05.
(+) Average of two CTL conditions compared to EL (rest) 
or average EL conditions (exercise). (*) EL condition (rest) 
or average of EL conditions (exercise) compared with ELH
condition. (#) ELH condition compared with average of two
CTL conditions. (^) EL1 compared with EL2 (exercise) [169].



and high baseline exercise capacity were considered poor
candidates for LVRS because of increased mortality and
insignificant functional gain. A 10-W change in cycle ergo-
metry work rate was determined as a minimally clinically
significant difference in this study in determining the impact
of pulmonary rehabilitation on exercise tolerance.

Exercise training

Exercise training is a recommended, integral component of
comprehensive pulmonary rehabilitation in patients with
COPD and other chronic lung diseases [31,152,179,180].
CPET provides valuable information prior to exercise train-
ing to determine exercise capacity, anaerobic threshold,
safety (ischaemia, arrhythmias, O2 desaturation) and train-
ing intensity [181,182], and can be repeated following
training to document improvement objectively and to
refine training levels.

Exercise training to relieve dyspnoea
The goal of exercise training in lung disease patients is to
carry improvement in performance and dyspnoea that is
achieved with one form of exercise (e.g. treadmill walking)
into activities of daily living. However, only since 1989
have controlled trials of rehabilitation regularly included
measures of dyspnoea [183,184]. Exercise training appears
to be a critical part of pulmonary rehabilitation programmes
for reduction in dyspnoea [184,185].

Importantly, exercise training may decrease dyspnoea
even when it does not improve exercise performance or
mechanical efficiency [186]. Although most studies have
utilized treadmills or cycles, weight training is also effective.
Home-based exercise training has also been shown to
improve dyspnoea and exercise performance [187].

Most commonly, exercise training for COPD patients is
incorporated into a pulmonary rehabilitation programme
that includes an education as well as an exercise compon-
ent. A programme of dyspnoea management (including
relaxation, breathing retraining, pacing, self-talk and panic
control) without an exercise component was compared
with general health education; neither improved dyspnoea
nor 6-minute walking distance [188]. One study showed
that treadmill training with or without nurse coaching 
was equally effective in reducing dyspnoea during exercise
testing and with activities of daily living [189]. 

Several studies have recently explored intermittent 
exercise training as an alternative to continuous exercise
training for COPD patients [190,191]. Healthy older indi-
viduals performing intermittent or continuous exercise train-
ing at the same absolute intensity with the same total work
completed resulted in similar training adaptations [192].
Intermittent exercise performed at the same intensity as
continuous exercise has been associated with lower ratings

of perceived exertion and degree of dynamic hyperinflation
in COPD patients [193]. It remains to be seen if intermittent
exercise is a better mode of endurance exercise training 
in COPD patients. Two recent studies compared training 
adaptations with high-intensity intermittent (90 and 100%
of Wmax, respectively) with low-intensity continuous (60
and 50% of Wpeak, respectively [190,191]). Both studies
reported that both intermittent and continuous exercise
training resulted in similar reductions in ratings of breath-
lessness during submaximal exercise.

Exercise training and skeletal muscle
Given that deconditioning of the skeletal muscle as a result
of disuse is believed to be a major contributing factor to
skeletal muscle dysfunction, it is no surprise that endurance
exercise training is a significant component of any pul-
monary rehabilitation programme. However, endurance
training as a method of reversing skeletal muscle decondi-
tioning has not always been an accepted part of pulmonary
rehabilitation and has only recently become accepted 
practice (ATS guidelines) [31]. Indeed, in an early study of
only seven COPD patients, Belman and Kendregan [194]
reported that there were no significant changes in lower
limb skeletal muscle enzymes following 6 weeks of
endurance training (leg cycling). This led these authors to
conclude that COPD patients were unable to exercise at an
intensity high enough to induce a classic training response. 

However, more recent studies have clearly demonstrated
that endurance exercise training improves both the max-
imal and the submaximal exercise response in COPD patients
[67,195,196]. In addition, endurance exercise training 
has been shown to alter both the morphological and 
histochemical properties of skeletal muscle [131,197]. In 
an important study, Maltais et al. [197] reported that 11
patients with severe COPD (36 ± 11% FEV1 % predicted)
had a significant increase in the activity of CS and HAD 
following 12 weeks of cycle training (30 min, three times
per week). The activity of other glycolytic enzymes PFK,
LDH and HK did not change with endurance training.

In a similar study, Whittom et al. [131] examined the
changes in fibre type proportions, the CSA of muscle 
fibres and the capillary to fibre ratio following 12 weeks of
endurance training in 12 patients with COPD (37 ± 11%
FEV1 % predicted). This study reported an 11% increase in
VO2peak and a significant increase in the CSA of the type I
and IIa fibres. However, the proportion of type I, IIa, IIb,
IIab fibres remained unchanged and there was no signi-
ficant change in the number of capillaries per fibre. 

Given the well-documented reductions in lower limb
muscle strength with COPD, there have been few studies
examining the effect of strength training in patients with
COPD. In an early study, Simpson et al. [186] reported that
8 weeks of lower limb strength training in a group of 14
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COPD patients resulted in a 16–44% increase in the max-
imal voluntary contraction (MVC). The resistance training
consisted of three sets of 10 repetitions of three lower limb
exercises. Subjects commenced training at 50% of one-
repetition maximum (1-RM) and progressed to 85% of 
1-RM in the final weeks. There were no significant changes
in the MVC of 18 COPD patients who acted as a control. 

Bernard et al. [198] compared the impact of 12 weeks of
aerobic training with 12 weeks of strength and aerobic
training in two groups of patients with moderate to severe
COPD. Each training group completed 30 min of cycling
exercise at 80% of the peak power achieved during the 
pretraining peak exercise test. The strength and aerobic
training group completed an additional four strengthening
exercises (two upper and two lower limb). While each
group had a similar and significant increase in VO2peak and
6-minute walking distance, the aerobic plus strengthening
exercise group had a greater increase in quadriceps strength
and cross-sectional area compared with the aerobic training
alone group. These authors noted that strength training
was well tolerated and elicited less dyspnoea than aerobic
training in the subjects who participated in the study.
Importantly, strength training provided some diversity to
the training programme and tended to maintain motivation
and interest in the participants.

A recent interesting study by Casuburi et al. [199] exam-
ined the effect of strength training in 47 men with COPD
with and without testosterone supplementation. Subjects
all had low testosterone levels prior to commencing the
study. Subjects completed either 10 weeks of strength
training or control (no strength training) with or without
testosterone supplementation. The authors reported that
the testosterone injections were well tolerated by all sub-
jects. Testosterone injections alone resulted in a 2.3-kg
increase in lean body mass (as measured using DEXA) and a

17% increase in the lower limb 1-RM (leg press). On the
other hand, testosterone plus strength training resulted in a
significantly greater increase in lean body mass (3.3 kg) and
lower limb 1-RM (26.8%). 

Bronchodilators

A number of studies have used CPET as a measure if 
effectiveness of pharmacological treatment [12–14,28,84,
200–203]. Both short- and long-acting β-agonists as well 
as short- and long-acting anticholinergic agents have 
been shown to improve exercise tolerance. This appears to
be particularly true for the long-acting anticholinergic
agents while the evidence for improved exercise capacity
regarding the use of long-acting β2-mimetics is not as clear
[12]. In a randomized, double-blind, placebo-controlled,
parallel group study, the long-acting anticholinergic agent
tiotropium was shown to reduce chronic hyperinflation,
allow for greater tidal volumes during exercise, reduce 
dyspnoea and improve endurance time (Fig. 4.9) [14,28].
At a standardized time point (isotime), IC was also greater
consistent with reduced dynamic hyperinflation, despite an
increase in VE. A second study has confirmed these data 
for improvements in chronic and exercise-induced dyn-
amic hyperinflation, dyspnoea, endurance time and IC
measured at isotime as well as demonstrating a sustained
effect over 8 h [203]. Improvements in lung mechanics and
the ventilatory responses to exercise were also observed 
in a study by O’Donnell et al. [13] using salmeterol and 
are also consistent with earlier work using shorter acting
agents [84]. 

Interestingly, tiotropium combined with classic pulmon-
ary rehabilitation has been shown to improve and, further-
more, enabled sustained (3 months after cessation of a 25-
week pulmonary rehabilitation programme) improvement
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Figure 4.9 Operating lung volumes at rest and during exercise at baseline (n---) and after 42 days (l—) of treatment with 
placebo (a; n = 91) and tiotropium (b; n = 96). EELV, end-expiratory lung volume; EILV, end-inspiratory lung volume; 
IC, inspiratory capacity; IRV, inspiratory reserve volume; TLC, total lung capacity; VT, tidal volume [14]. 



in exercise capacity (treadmill endurance time) beyond 
that achieved by rehabilitation by itself with usual treat-
ment [204]. Presumably, more consistent management 
of airway patency attributed to longer acting anticholinergic
agents appears to facilitate training by allowing higher
intensity training associated with greater physiological
benefit and then sustaining its effect at least in the short
term after cessation of formal pulmonary rehabilitation in
this challenging patient population. Future exercise train-
ing studies should evaluate the pharmacological agents
providing maximal bronchodilatation combined with treat-
ments described below in order to optimize therapeutic
strategies.

Oxygen and low-density gas therapy

Oxygen therapy reduces pulmonary vascular resistance (in
patients with hypoxaemia and pulmonary hypertension),
reduces minute ventilation and likely reduces the peri-
pheral chemoreceptor stimulation resulting from hypoxia
[17,167,205–207]. All of these appear to lead to a sub-
stantial improvement in exercise capacity. There is also 
evidence that supplemental oxygen during exercise may be
beneficial in non-hypoxaemic COPD patients [208,209].
This may also be because of a reduction in ventilation and
dyspnoea, a blunting of respiratory drive as well as a mild
bronchodilatation. By reducing VE demand, the degree 
of expiratory flow limitation and lung hyperinflation is
reduced [206]. 

Helium gas (79%) combined with oxygen (21%, heliox),
results in a gas density that is approximately one-third 
that of air. Flow increases, particularly at the higher lung
volumes, as a result of decreased turbulence with the large 
airways. This leads to a general reduction in the resistive
work of breathing and increases the size of the maximal
flow volume envelope in most patients with COPD. Palange
et al. [30] found that, in a group of moderate to severe
COPD patients exercising at 80% of their maximum power
output, heliox resulted in a twofold increase in exercise
endurance capacity. This was because of an increase in VE

and tidal volume during exercise and to a significant reduc-
tion in lung hyperinflation and dyspnoea at isotime. Other
studies have combined increased inspired oxygen gases
with low-density gases in an attempt to optimize benefits
from both gases with beneficial results. Such a strategy used
during rehabilitation may help achieve a greater skeletal
muscle stimulus for training [17].

Pressure support ventilation

The application of inspiratory pressure support during 
exercise increases endurance, reduces dyspnoea, unloads
the respiratory muscles and prolongs the development of

exercise-induced lactataemia [210,211]. Proportional assist
ventilation (PAV), a mode of ventilation that matches ven-
tilator output to patient effort, is more tolerable for patients
with COPD and is as effective at prolonging exercise as 
conventional inspiratory pressure support [212]. Hawkins
et al. [213] used PAV as an aid to exercise training in
patients with severe COPD and found that mean training
intensity was 15% higher in the group that used ventilatory
assistance vs subjects training without assistance. In addi-
tion, the group with PAV had a 33% increase in exercise
capacity vs the non-PAV group which had a 15% increase
post training. Although the number of subjects in this study
was limited and it is difficult to perform a blinded study
with this type of intervention, the findings of this study and
previous work on exercise capacity with pressure support
breathing suggest this may (along with oxygen, pharmaco-
logical treatment and low-density gases) provide a method
to help minimize the cycle of decline in patients with
COPD.

CPET has an integral role in assessing the health status 
of patients with COPD. Exercise tolerance may decline
rapidly, and CPET provides important prognostic informa-
tion as well as practical information regarding primary
sources of limitation, degree of mechanical constraint,
hypoxaemia and guidelines for exercise training. It also
plays an important part in evaluating response to therapy
using endurance cycle and treadmill protocols; however,
future clinical trials may also use endurance shuttle walk
tests as an assessment tool as they are sufficiently sensitive
in discerninig response to bronchodilatator therapy in pati-
ents with COPD. Although patients with COPD are limited
by marked reductions in maximal expiratory airflows, a
progressive hyperinflation, ineffective inspiratory muscles
and a rising elastic load (work and cost of breathing), 
the illness becomes a systemic syndrome resulting in 
deterioration of skeletal muscle function and cardiac lim-
itations to exercise. Pharmacological management aimed 
at maximally maintaining airway patency and reducing
hyperinflation, exercise training as a part of a compre-
hensive pulmonary rehabilitation programme, oxygen
therapy and, finally, surgical therapies help to improve
exercise capacity in this population and limit the rapid
decline in functional capacity.

1 Wolkove N, Dajczman E, Colacone A et al. The relationship
between pulmonary function and dyspnea in obstructive
lung disease. Chest 1989;96:1247–51.

References

Conclusions

56 CHAPTER 4



2 Hodgev VA, Kostianev SS, Torosian AA et al. Long-term
changes in dyspnea lung function and exercise capacity in
COPD patients. Folia Med (Plovdiv) 2004;46:12–7.

3 Pitcher WD, Cunningham HS. Oxygen cost of increasing
tidal volume and diaphragm flattening in obstructive pul-
monary disease. J Appl Physiol 1993;74:2750–6.

4 Gibson GJ. Pulmonary hyperinflation a clinical overview.
Eur Respir J 1996;9:2640–9.

5 Agusti AG. Systemic effects of chronic obstructive pulmonary
disease. Novartis Found Symp 2001;234:242–9; discussion
250–4.

6 Bernard S, LeBlanc P, Whittom F et al. Peripheral muscle
weakness in patients with chronic obstructive pulmonary
disease. Am J Respir Crit Care Med 1998;158:629–34.

7 Man WD, Soliman MG, Nikoletou D et al. Non-volitional
assessment of skeletal muscle strength in patients with chronic
obstructive pulmonary disease. Thorax 2003;58: 665–9.

8 Zeballos R, Weisman I. Modalities of clinical exercise testing.
In: Weisman IM, Zeballos RJ, eds. Clinical Exercise Testing.
Basel: Karger, 2002.

9 Pepin V, Saey D, Whittom F, LeBlanc P, Maltais F. Walking
versus cycling: sensitivity to bronchodilation in chronic
obstructive pulmonary disease. Am J Respir Crit Care Med
2005;172:1517–22.

10 Jones NL. Clinical Exercise Testing, 3rd edn. Philadelphia:
Saunders, 1988: 325.

11 Johnson BD, Weisman IM, Zeballos RJ, Beck KC. Emerging
concepts in the evaluation of ventilatory limitation during
exercise: the exercise tidal flow–volume loop. Chest 1999;
116:488–503.

12 Liesker JJ, Wijkstra PJ, Ten Hacken NH et al. A systematic
review of the effects of bronchodilators on exercise capacity
in patients with COPD. Chest 2002;121:597–608.

13 O’Donnell DE, Voduc N, Fitzpatrick M, Webb KA. Effect of
salmeterol on the ventilatory response to exercise in chronic
obstructive pulmonary disease. Eur Respir J 2004;24:86–94.

14 O’Donnell DE, Fluge T, Gerken F et al. Effects of tiotropium
on lung hyperinflation dyspnoea and exercise tolerance in
COPD. Eur Respir J 2004;23:832–40.

15 Tschernko EM, Gruber EM, Jaksch P et al. Ventilatory
mechanics and gas exchange during exercise before and
after lung volume reduction surgery. Am J Respir Crit Care
Med 1998;158:1424–31.

16 Fishman A, Martinez F, Naunheim K et al. A randomized
trial comparing lung-volume-reduction surgery with medical
therapy for severe emphysema. N Engl J Med 2003;348:
2059–73.

17 Palange P, Crimi E, Pellegrino R, Brusaco V. Supplemental
oxygen and heliox: ‘new’ tools for exercise training in
chronic obstructive pulmonary disease. Curr Opin Pulm Med
2005;11:145–8.

18 Beck KC, Weisman IM. Methods for cardiopulmonary 
exercise testing. In: Weisman IM, Zeballos RJ, eds. Clinical
Exercise Testing.  Basel: Karger 2002: 43–59.

19 Beaver WL, Wasserman K, Whipp BJ. On-line computer
analysis and breath-by-breath graphical display of exercise
function tests. J Appl Physiol 1973;34:128–34.

20 Jones NL. Clinical Exercise Testing, 4th edn. Philadelphia:

Saunders, 1997: xi; 259.
21 Zeballos RJ, Weisman IM. Behind the scenes of cardiopul-

monary exercise testing. Clin Chest Med 1994;15:193–213.
22 Marciniuk DD, Watts RE, Gallagher CG. Reproducibility of

incremental maximal cycle ergometer testing in patients
with restrictive lung disease. Thorax 1993;48:894–8.

23 American Thoracic Society, American College of Chest
Physicians. ATS/ACCP statement on cardiopulmonary exer-
cise testing. Am J Respir Crit Care Med 2003;167:211–77.

24 Åstrand P-O, Rodahl K. Textbook of Work Physiology: Physio-
logical Bases of Exercise, 3rd edn. McGraw-Hill series in health
education physical education and recreation. New York:
McGraw Hill, 1986: xii; 756.

25 Åstrand P-O, Rodahl K. Textbook of Work Physiology: Physio-
logical Bases of Exercise, 2nd edn. New York: McGraw Hill,
1977: xviii; 681.

26 Jones NL, Makrides L, Hitchcock C, Chypchar T, McCartney
N. Normal standards for an incremental progressive cycle
ergometer test. Am Rev Respir Dis 1985;131:700–8.

27 O’Donnell DE, Lam M, Webb KA. Spirometric correlates of
improvement in exercise performance after anticholinergic
therapy in chronic obstructive pulmonary disease. Am J Respir
Crit Care Med 1999;160:542–9.

28 O’Donnell DE, Magnussen H, Aguilaniu B et al. Spiriva
(Tiotropium) improves exercise tolerance in COPD. Am J
Resp Crit Care Med 2002;165:A227.

29 Oga T, Nishimura K, Tsukino M et al. The effects of oxitro-
pium bromide on exercise performance in patients with stable
chronic obstructive pulmonary disease: a comparison 
of three different exercise tests. Am J Respir Crit Care Med
2000;161:1897–901.

30 Palange P, Valli G, Onorati P et al. Effect of heliox on lung
dynamic hyperinflation dyspnea and exercise endurance
capacity in COPD patients. J Appl Physiol 2004;97:1637–42.

31 American Thoracic Society. Pulmonary rehabilitation – 1999.
Am J Respir Crit Care Med 1999;159:1666–82.

32 ACC/AHA panel prepares guidelines for exercise testing. Am
Fam Physician 1998;57:563–5.

33 European Respiratory Society. Clinical exercise testing. 
In: Roca J, Whipp BJ, eds. European Respiratory Monograph
1997: 164.

34 ERS Task Force on Standardization of Clinical Exercise
Testing. Clinical exercise testing with reference to lung dis-
eases: indications standardization and interpretation stra-
tegies. Eur Respir J 1997;10:2662–89.

35 Meyer T, Broocks A. Therapeutic impact of exercise on 
psychiatric diseases: guidelines for exercise testing and pre-
scription. Sports Med 2000;30:269–79.

36 American College of Sports Medicine. ACSM’s Guidelines 
for Exercise Testing and Prescription, 6th edn. Baltimore, MD:
Williams & Wilkins, 2000: xvi; 368.

37 American College of Sports Medicine. ACSM’s Guidelines for
Exercise Testing and Prescription, 4th edn. Philadelphia: Lea &
Febiger, 1991: xv; 314.

38 ACC/AHA guidelines for exercise testing: executive summary.
A report of the American College of Cardiology/American
Heart Association Task Force on Practice Guidelines (Com-
mittee on Exercise Testing) Circulation 1997;96:345–54.

EXERCISE LIMITATIONS AND CARDIOPULMONARY EXERCISE TESTING 57



39 Cotes JE. Lung Function: Assessment and Application in Medicine,
5th edn. Oxford: Blackwell Scientific Publications, 1993:
54–8.

40 Shepard RJ. Tests of maximum oxygen intake: a critical
review. Sports Med 1984;1:99–124.

41 Cumming GR, Borysyk LM. Criteria for maximum oxygen
uptake in men over 40 in a population survey. Med Sci Sports
1972;4:18–22.

42 Dempsey JA, Babcock MA. An integrative view of limita-
tions to muscular performance. Adv Exp Med Biol 1995;384:
393–9.

43 Hamilton AL, Killian KJ, Summers E, Jones NL. Muscle
strength symptom intensity and exercise capacity in patients
with cardiorespiratory disorders. Am J Respir Crit Care Med
1995;152:2021–31.

44 Jones NL, Killian KJ. Exercise limitation in health and 
disease. N Engl J Med 2000;343:632–41.

45 Wasserman K et al. Principles of Exercise Testing and Interpreta-
tion: Including Pathophysiology and Clinical Applications, 3rd edn.
Philadelphia: Lippincott Williams & Wilkins, 1999: 556.

46 Weisman IM, Zeballos RJ. Cardiopulmonary exercise test-
ing. Pulm Crit Care Update 1995;11:1–9.

47 O’Donnell DE, Sanii R, Anthonisen NR, Younes M. Effect 
of dynamic airway compression on breathing pattern and
respiratory sensation in severe chronic obstructive pulmon-
ary disease. Am Rev Respir Dis 1987;135:912–8.

48 Wasserman K. Principles of Exercise Testing and Interpretation,
2nd edn. Philadelphia: Lea & Febiger, 1994: 479.

49 Flaherty KR, Wald J, Weisman IM et al. Unexplained 
exertional limitation: characterization in a large cohort 
discovered to have mitchondrial myopathy. Am J Respir 
Crit Care Med 2001;164:425–32.

50 Moser C, Tirakitsoontorn P, Nussbaum E, Newcomb R,
Cooper DM. Muscle size and cardiorespiratory response to
exercise in cystic fibrosis. Am J Respir Crit Care Med 2000;
162:1823–7.

51 Wasserman K, Hansen JE, Sue DY, Whipp BJ, Casaburi R.
Principles of Exercise Testing and Interpretation. Philadelphia:
Lea & Febiger, 1987: 274.

52 Wasserman K. Coupling of external to cellular respiration
during exercise: the wisdom of the body revisited. Am J
Physiol 1994;266:E519–39.

53 American College of Sports Medicine, ACSM’s Guidelines for
Exercise Testing and Prescription, 5th edn. Baltimore: Williams
& Wilkins, 1995: 373.

54 Johnson BD, Beck KC. Respiratory system responses to
dynamic exercise. In: Weiler JM, ed. Allergic and Respiratory
Disease in Sports Medicine. New York: Marcel Dekker, 1997:
1–34.

55 Johnson BD, Reddan WG, Seow KC, Dempsey JA. Mech-
anical constraints on exercise hyperpnea in a fit aging 
population. Am Rev Respir Dis 1991;143:968–77.

56 Johnson BD, Scanlon PD, Beck KC. Regulation of ventila-
tory capacity during exercise in asthmatics. J Appl Physiol
1995;79:892–901.

57 Babb TG. Mechanical ventilatory constraints in aging lung
disease and obesity: perspectives and brief review. Med Sci
Sports Exerc 1999;31:S12–22.

58 Klas JV, Dempsey JA. Voluntary versus reflex regulation 
of maximal exercise flow: volume loops. Am Rev Respir Dis
1989;139:150–6.

59 Aaron EA, Johnson BD, Seow CK, Dempsey JA. Oxygen
cost of exercise hyperpnea: measurement. J Appl Physiol
1992;72:1810–7.

60 Johnson BD, Saupe KW, Dempsey JA. Mechanical con-
straints on exercise hyperpnea in endurance athletes. J Appl
Physiol 1992;73:874–86.

61 Babb TG, Viggiano R, Hurley B, Staats B, Rodarte JR. Effect
of mild-to-moderate airflow limitation on exercise capacity.
J Appl Physiol 1991;70:223–30.

62 Brooks GA. Anaerobic threshold: review of the concept and
directions for future research. Med Sci Sports Exerc 1985;17:
22–34.

63 Brooks GA. Current concepts in lactate exchange. Med Sci
Sports Exerc 1991;23:895–906.

64 Myers J, Ashley E. Dangerous curves: a perspective on exercise
lactate and the anaerobic threshold. Chest 1997;111:787–95.

65 Sue DY, Wasserman K, Moricca RB, Casaburi R. Metabolic
acidosis during exercise in patients with chronic obstructive
pulmonary disease: use of the V-slope method for anaerobic
threshold determination. Chest 1988;94:931–8.

66 Wagner PD. Determinants of maximal oxygen transport and
utilization. Annu Rev Physiol 1996;58:21–50.

67 Casaburi R, Patessio A, Ioli F et al. Reductions in exercise 
lactic acidosis and ventilation as a result of exercise training
in patients with obstructive lung disease. Am Rev Respir Dis
1991;143:9–18.

68 Weisman IM, Zeballos RJ. Integrative approach to the inter-
pretation of cardiopulmonary exercise testing in clinical
exercise testing progress. In: Weisman IM, Zeballos RJ, eds.
Respiratory Research, vol 32. Basel: Karger, 2002: 300–22.

69 Sun XG, Hansen JE, Garatachea N, Storer TW, Wasserman
K. Ventilatory efficiency during exercise in healthy subjects.
Am J Respir Crit Care Med 2002;166:1443–8.

70 Sun XG, Hansen JE, Oudiz RJ, Wasserman K. Gas exchange
detection of exercise-induced right-to-left shunt in patients
with primary pulmonary hypertension. Circulation 2002;
105:54–60.

71 Anthonisen NR, Fleetham JA. Ventilation: total alveolar
and dead space. In: Fishman AP, ed. Handbook of Physiology:
The Respiratory System: Gas Exchange. Bethesda MD: American
Physiological Society, 1987: 113–7.

72 Lewis DA, Sietsema KE, Casaburi R, Sue DY. Inaccuracy of
noninvasive estimates of VD/VT in clinical exercise testing.
Chest 1994;106:1476–80.

73 Wagner PD. Ventilation–perfusion matching during exer-
cise. Chest 1992;101:192S–8S.

74 Ries AL, Farrow JT, Clausen JL. Accuracy of two ear oxi-
meters at rest and during exercise in pulmonary patients.
Am Rev Respir Dis 1985;132:685–9.

75 Severinghaus JW, Naifeh KH, Koh SO. Errors in 14 pulse
oximeters during profound hypoxia. J Clin Monit 1989;5:
72–81.

76 Zeballos RJ, Weisman IM. Reliability of noninvasive oxi-
metry in black subjects during exercise and hypoxia. Am Rev
Respir Dis 1991;144:1240–4.

58 CHAPTER 4



77 American Association for Respiratory Care. AARC Clin-
ical Practice Guideline. Exercise testing for evaluation of 
hypoxemia and/or desaturation. Respir Care 1992;37:907–
12.

78 Borg G. Subjective effort and physical activities. Scand J
Rehab Med 1978;6:108–13.

79 Borg GA. Psychophysical bases of perceived exertion. Med
Sci Sports Exerc 1982;14:377–81.

80 Aitken RC. Measurement of feelings using visual analogue
scales. Proc R Soc Med 1969;62:989–93.

81 Mahler DA, Guyatt GH, Jones PW. Clinical measurement 
of dyspnea in dyspnea lung biology. In: Mahler DA, ed.
Health and Disease, vol III. New York: Marcel Dekker, 1998:
149–98.

82 Aaron EA, Seow KC, Johnson BD, Dempsey JA. Oxygen
cost of exercise hyperpnea: implications for performance. 
J Appl Physiol 1992;72:1818–25.

83 Johnson BD, Dempsey JA. Demand vs capacity in the aging
pulmonary system. Exerc Sport Sci Rev 1991;19:171–210.

84 Belman MJ, Botnick WC, Shin JW. Inhaled bronchodilators
reduce dynamic hyperinflation during exercise in patients
with chronic obstructive pulmonary disease. Am J Respir Crit
Care Med 1996;153:967–75.

85 O’Donnell DE, Lam M, Webb KA. Measurement of symp-
toms lung hyperinflation and endurance during exercise in
chronic obstructive pulmonary disease. Am J Respir Crit Care
Med 1998;158:1557–65.

86 Musch TI. Elevated diaphragmatic blood flow during sub-
maximal exercise in rats with chronic heart failure. Am J
Physiol 1993;265:H1721–6.

87 Harms CA, Wetter TJ, St Croix CM, Pegelow DF, Dempsey
JA. Effects of respiratory muscle work on exercise per-
formance. J Appl Physiol 2000;89:131–8.

88 Dempsey JA, Johnson BD. Demand vs capacity in the
healthy pulmonary system. Schweiz Z Sportmed 1992;40:
55–64.

89 Dempsey JA. JB Wolffe Memorial Lecture: Is the lung built
for exercise? Med Sci Sports Exerc 1986;18:143–55.

90 Johnson BD, Badr MS, Dempsey JA. Impact of the aging
pulmonary system on the response to exercise. Clin Chest
Med 1994;15:229–46.

91 Barbera JA, Roca J, Ramirez J et al. Gas exchange during
exercise in mild chronic obstructive pulmonary disease: 
correlation with lung structure. Am Rev Respir Dis 1991;
144:520–5.

92 Yamamoto T, Kimura H, Okada O et al. Arterial and mixed
venous oxygen desaturation during incremental exercise in
patients with chronic pulmonary disease. Intern Med 1998;
37:280–5.

93 Christensen CC, Ryg MS, Edvardsen A, Skjonsberg OH.
Effect of exercise mode on oxygen uptake and blood gases 
in COPD patients. Respir Med 2004;98:656–60.

94 American Thoracic Society. Dyspnea mechanisms assess-
ment and management: a consensus statement. Am J Respir
Crit Care Med 1999;159:321–40.

95 ZuWallack RL, Mahler DA, Reilly D et al. Salmeterol
plus theophylline combination therapy in the treatment of
COPD. Chest 2001;119:1661–70.

96 Gelb AF, McKenna RJ Jr, Brenner M, Epstein JD, Zamel N.
Lung function 5 yr after lung volume reduction surgery for
emphysema. Am J Respir Crit Care Med 2001;163:1562–6.

97 Corfield DR, Fink GR, Ramsey SC et al. Evidence for limbic
system activation during CO2-stimulated breathing in man.
J Physiol 1995;488:77–84.

98 Liotti M, Brannan S, Egan G et al. Brain responses associated
with consciousness of breathlessness (air hunger). Proc Natl
Acad Sci U S A 2001;98:2035–40.

99 Peiffer C et al. Neural substrates for the perception of acutely
induced dyspnea. Am J Respir Crit Care Med 2001;163:951–7.

100 Brannan S, Liotti M, Egan G et al. Neuroimaging of cerebral
activations and deactivations associated with hypercapnia
and hunger for air. Proc Natl Acad Sci U S A 2001;98:2029–34.

101 Parsons LM, Egan G, Liotti M et al. Neuroimaging evidence
implicating cerebellum in the experience of hypercapnia
and hunger for air. Proc Natl Acad Sci U S A 2001;98:2041–6.

102 Lane R, Adams L. Metabolic acidosis and breathlessness 
during exercise and hypercapnia in man. J Physiol (Lond)
1993;461:47–61.

103 Freedman S, Lane R, Guz A. Breathlessness and respiratory
mechanics during reflex or voluntary hyperventilation in
patients with chronic airflow limitation. Clin Sci 1987;73:
311–8.

104 Lane R, Adams L, Guz A. Is low-level respiratory resistive
loading during exercise perceived as breathlessness? Clin Sci
1987;73:627–34.

105 Banzett RB, Lansing RW, Reid MB, Adams L, Brown R. 
‘Air hunger’ arising from increased PCO2 in mechanically
ventilated quadriplegics. Respir Physiol 1989;76:53–68.

106 Banzett RB, Lansing RW, Brown R et al. ‘Air hunger’ from
increased PCO2 persists after complete neuromuscular block
in humans. Respir Physiol 1990;81:1–17.

107 Gandevia SC, Killian K, McKenzie DK et al. Respiratory 
sensations cardiovascular control kinaesthesia and trans-
cranial stimulation during paralysis in humans. J Physiol
(Lond) 1993;470:85–107.

108 O’Donnell DE, Webb KA. Exertional breathlessness in
patients with chronic airflow limitation: the role of lung
hyperinflation. Am Rev Respir Dis 1993;148:1351–7.

109 Lahrmann H, Wild M, Wanke T et al. Neural drive to the
diaphragm after lung volume reduction surgery. Chest 1999
116:1593–600.

110 van’t Hul A, Kwakkel G, Gosselink R. The acute effects of
noninvasive ventilatory support during exercise on exercise
endurance and dyspnea in patients with chronic obstructive
pulmonary disease: a systematic review. J Cardiopulm Rehabil
2002;22:290–7.

111 Chetta A, Gerra G, Foresi A et al. Personality profiles and
breathlessness perception in outpatients with different grad-
ings of asthma. Am J Respir Crit Care Med 1998;157:116–22.

112 Belman MJ, Brooks LR, Ross DJ, Mohsenifar Z. Variability
of breathlessness measurement in patients with chronic
obstructive pulmonary disease. Chest 1991;99:566–71.

113 Smoller JW, Pollack MH, Otto MW, Rosenbaum JF, Kradin
RL. Panic anxiety dyspnea and respiratory disease: theoret-
ical and clinical considerations. Am J Respir Crit Care Med
1996;154:6–17.

EXERCISE LIMITATIONS AND CARDIOPULMONARY EXERCISE TESTING 59



114 Muza SR, Silverman MT, Gilmore GC, Hellerstein HK,
Kelasen SG. Comparison of scales used to quantitate the
sense of effort to breathe in patients with chronic obstruc-
tive pulmonary disease. Am Rev Respir Dis 1990;141:909–13.

115 Wilson RC, Jones PW. A comparison of the visual analogue
scale and modified Borg scale for the measurement of 
dyspnoea during exercise. Clin Sci 1989;76:277–82.

116 Adams L, Lane R, Shea SA, Cockcroft A, Guz A. Breathless-
ness during different forms of ventilatory stimulation: a
study of mechanisms in normal subjects and respiratory
patients. Clin Sci 1985;69:663–72.

117 Wilson RC, Jones PW. Long-term reproducibility of Borg
scale estimates of breathlessness during exercise. Clin Sci
(Colch) 1991;80:309–12.

118 Gift AG. A dyspnea assessment guide. Crit Care Nurse 1989;
9:79; 82–8.

119 Powers J, Bennett SJ. Measurement of dyspnea in patients
treated with mechanical ventilation. Am J Crit Care 1999;8:
254–61.

120 Milot J, Perron J, Lacasse Y et al. Incidence and predictors of
ARDS after cardiac surgery. Chest 2001;119:884–8.

121 Lansing RW, Moosavi SH, Banzett RB. Measurement of 
dyspnea: word labeled visual analog scale vs verbal ordinal
scale. Respir Physiolo Neurobiol 2003;134:77–83.

122 Comstock GW, Tockman MS, Helsing KJ, Hennesy KM.
Standardized respiratory questionnaires: comparison of the
old with the new. Am Rev Respir Dis 1979;119:45–53.

123 Mahler DA, Weinberg DH, Wells CK, Feinstein AR. The
measurement of dyspnea: contents inter-observer agree-
ment and physiological correlates of two new clinical
indexes. Chest 1984;85:751–8.

124 Lareau SC, Meek PM, Roos PJ. Development and testing of
the modified version of the pulmonary functional status 
and dyspnea questionnaire (PFSDQ-M). Heart Lung 1998;27:
159–68.

125 Krieger AC, Szidon P, Kesten S. Skeletal muscle dysfunction
in lung transplantation. J Heart Lung Transplant 2000;19:
392–400.

126 Maltais F, Jobin J, Sullivan MJ et al. Metabolic and hemo-
dynamic responses of lower limb during exercise in patients
with COPD. J Appl Physiol 1998;84:1573–80.

127 Maltais F, Simard AA, Simard C et al. Oxidative capacity of
the skeletal muscle and lactic acid kinetics during exercise in
normal subjects and in patients with COPD. Am J Respir Crit
Care Med 1996;153:288–93.

128 Engelen MP, Schols AMWJ, Does JD, Wouters EFM.
Skeletal muscle weakness is associated with wasting of
extremity fat-free mass but not with airflow obstruction in
patients with chronic obstructive pulmonary disease. Am J
Clin Nutr 2000;71:733–8.

129 Gosker HR, Lencer NH, Franssen FM et al. Striking similar-
ities in systemic factors contributing to decreased exercise
capacity in patients with severe chronic heart failure or
COPD. Chest 2003;123:1416–24.

130 Wuyam B, Payen JF, Levy P et al. Metabolism and aerobic
capacity of skeletal muscle in chronic respiratory failure
related to chronic obstructive pulmonary disease. Eur Respir
J 1992;5:157–62.

131 Whittom F, Jobin J, Simard PM et al. Histochemical and
morphological characteristics of the vastus lateralis muscle
in patients with chronic obstructive pulmonary disease. 
Med Sci Sports Exerc 1998;30:1467–74.

132 Gosker HR, Engelen MP, van Mameren H et al. Muscle fiber
type IIX atrophy is involved in the loss of fat-free mass 
in chronic obstructive pulmonary disease. Am J Clin Nutr
2002;76:113–9.

133 Schols AMWJ, Soeters PB, Dingemans AM et al. Preval-
ence and characteristics of nutritional depletion in patients
with stable COPD. Am J Respir Crit Care Med 1993;147:
1151–6.

134 Debigare R, Marquis K, Cote CH et al. Catabolic/anabolic
balance and muscle wasting in patients with COPD. Chest
2003;124:1–4.

135 Jakobsson P, Jorfeldt L, Brundin A. Skeletal muscle meta-
bolites and fibre types in patients with advanced chronic
obstructive pulmonary disease (COPD) with and without
chronic respiratory failure. Eur Respir J 1990;3:192–6.

136 Maltais F, Sullivan MJ, LeBlanc P et al. Altered expression of
myosin heavy chain in the vastus lateralis muscle in patients
with COPD. Eur Respir J 1999;13:850–4.

137 Wang XN, Williams TJ, McKenna MJ et al. Skeletal muscle
oxidative capacity fiber type and metabolites after lung
transplantation. Am J Respir Crit Care Med 1999;160:57–63.

138 Jobin J, Maltais F, Doyon JF et al. Chronic obstructive pul-
monary disease: capillarity and fiber-type characteristics of
skeletal muscle. J Cardiopulm Rehabil 1998;18:432–7.

139 Jakobsson P, Jorfeldt L, Henriksson J. Metabolic enzyme
activity in the quadriceps femoris muscle in patients with
severe chronic obstructive pulmonary disease. Am J Respir
Crit Care Med 1995;151:374–7.

140 Sauleda J, Garcia-Palmer F, Wiesner RJ et al. Cytochrome
oxidase activity and mitochondrial gene expression in skele-
tal muscle of patients with chronic obstructive pulmonary
disease. Am J Respir Crit Care Med 1998;157:1413–7.

141 Maltais F, LeBlanc P, Whittom F et al. Oxidative enzyme
activities of the vastus lateralis muscle and the functional
status in patients with COPD. Thorax 2000;55:848–53.

142 Gea JG, Pasto M, Carmona MA et al. Metabolic character-
istics of the deltoid muscle in patients with chronic obstruc-
tive pulmonary disease. Eur Respir J 2001;17:939– 45.

143 Proctor DN, Le KU, Ridout SJ. Age and regional specificity 
of peak limb vascular conductance in men. J Appl Physiol
2005;98:193–202.

144 Martin WHI, Koht WM, Malley MT, Korte E, Stoltz S.
Exercise training enhances leg vasodilatory capacity of 65-
yr-old men and women. J Appl Physiol 1990;69:1804–9.

145 Sabapathy S, Awater MF, Schneider DA et al. Lower limb
vasodilatory capacity is not reduced in patients with moder-
ate COPD. Int J COPD 2006;1:73–81.

146 Mador JM, Kufel TJ, Pineda L. Quadriceps fatigue after cycle
exercise in patients with chronic obstructive pulmonary 
disease. Am J Respir Crit Care Med 2000;161:447–53.

147 Mador MJ, Bozkanat E, Kufel TJ. Quadriceps fatigue after
cycle exercise in patients with COPD compared with healthy
control subjects. Chest 2003;123:1104–11.

148 Allaire J, Maltais F, Doyon JF et al. Peripheral muscle

60 CHAPTER 4



endurance and the oxidative profile of the quadriceps in
patients with COPD. Thorax 2004;59:673–8.

149 Saey D, Michaud A, Couillard A et al. Contractile fatigue
muscle morphometry and blood lactate in chronic obstruct-
ive pulmonary disease. Am J Respir Crit Care Med 2005;171:
1109–15.

150 Casaburi R. Skeletal muscle dysfunction in chronic obstruct-
ive pulmonary disease. Med Sci Sports Exerc 2001;33(Suppl):
S662–70.

151 Marquis K, Debigare R, Lacasse Y et al. Midthigh muscle
cross-sectional area is a better predictor of mortality than
body mass index in patients with chronic obstructive 
pulmonary disease. Am J Respir Crit Care Med 2002;166:
809–13.

152 Troosters T, Casaburi R, Gosselink R, Decramer M.
Pulmonary rehabilitation in chronic obstructive pulmonary
disease. Am J Respir Crit Care Med 2005;172:19–38.

153 Henriksson J, Reitman JS. Time course of changes in human
skeletal muscle succinate dehydrogenase and cytochrome
oxidase activities and maximal oxygen uptake with physical
activity and inactivity. Acta Physiol Scand 1977;99:91–7.

154 Klausen K, Andersen LB, Pelle I. Adaptive changes in work
capacity skeletal muscle capillarization and enzyme levels dur-
ing training and detraining. Acta Physiol Scand 1981;113:9–16.

155 Larsson L, Ansved T. Effects of long term physical training
and detraining on enzyme histochemical and functional
skeletal muscle charactersitics in man. Muscle Nerve 1985;8:
714–22.

156 Jansson E, Sylven C, Arvidsson I, Eriksson E. Increases in
myoglobin content and decrease in oxidative enzyme activ-
ities by leg muscle immobilization in man. Acta Physiol Scand
1988;132:515–7.

157 Schols AM. Nutrition in chronic obstructive pulmonary dis-
ease. Curr Opin Pulm Med 2000;6:110–5.

158 Engelen MP, Schols AM, Baken WC, Wesseling GJ, Wouters
EF. Nutritional depletion in relation to respiratory and
peripheral skeletal muscle function in out-patients with
COPD. Eur Respir J 1994;7:1793–7.

159 Decramer M, de-Bock V, Dom R. Functional and histologic
picture of steroid-induced myopathy in chronic obstructive
pulmonary disease. Am J Respir Crit Care Med 1996;153:
1958–64.

160 Heijdra YF, Pinto-Plata V, Frants R et al. Muscle strength and
exercise kinetics in COPD patients with a normal fat-free
mass index are comparable to control subjects. Chest 2003;
124:75–82.

161 Couillard A, Koechlin C, Cristol JP, Varray A, Prefaut C.
Evidence of local exercise-induced systemic oxidative 
stress in chronic obstructive pulmonary disease patients. Eur
Respir J 2002;20:1123–9.

162 Couillard A, Maltais F, Saey D et al. Exercise-induced
quadriceps oxidative stress and peripheral muscle dysfunc-
tion in patients with chronic obstructive pulmonary disease.
Am J Respir Crit Care Med 2003;167:1664–9.

163 d’A-Semple P, Watson WS, Beastall GH et al. Diet absorption
and hormone studies in relation to body weight in obstruc-
tive airways disease. Thorax 1979;34:783–8.

164 Semple PD, Beastall GH, Watson WS, Hume R.

Hypothalamic–pituitary dysfunction in respiratory hypoxia.
Thorax 1981;36:605–9.

165 Stewart RI, Lewis CM. Cardiac output during exercise in
patients with COPD. Chest 1986;89:199–205.

166 Montes de Oca M, Rassulo J, Celli BR. Respiratory muscle
and cardiopulmonary function during exercise in very
severe COPD. Am J Respir Crit Care Med 1996;154:1284–9.

167 Oelberg DA, Kacmarek RM, Pappagianopoulos PP, Ginns
LC, Systrom DM. Ventilatory and cardiovascular responses
to inspired He-O2 during exercise in chronic obstructive 
pulmonary disease. Am J Respir Crit Care Med 1998;158:
1876–82.

168 Arborelius M Jr, Dahlback GO, Data PG. Cardiac output and
gas exchange during heavy exercise with a positive pressure
respiratory protective apparatus. Scand J Work Environ Health
1983;9:471–7.

169 Stark-Leyva KN, Beck KC, Johnson BD. Influence of expir-
atory loading and hyperinflation on cardiac output during
exercise. J Appl Physiol 2004;96:1920–7.

170 Potter WA, Olafsson S, Hyatt RE. Ventilatory mechanics and
expiratory flow limitation during exercise in patients with
obstructive lung disease. J Clin Invest 1971;50:910–9.

171 Miller JD, Beck KC, Joyner MJ, Brice AG, Johnson BD.
Cardiorespiratory effects of inelastic chest wall restriction. 
J Appl Physiol 2002;92:2419–28.

172 Barbera JA, Peinado VI, Santos S. Pulmonary hyperten-
sion in chronic obstructive pulmonary disease. Eur Respir
J 2003;21:892–905.

173 Milne N, Light RW, Chetty KG. Exercise-induced changes in
left ventricular function after phlebotomy in patients with
polycythemic COPD. J Thorac Imaging 1990;5:68–72.

174 Benditt JO, Lewis S, Wood DE, Klima L, Albert RK. Lung
volume reduction surgery improves maximal O2 consump-
tion maximal minute ventilation O2 pulse and dead space-
to-tidal volume ratio during leg cycle ergometry. Am J Respir
Crit Care Med 1997;156:561–6.

175 Cordova F, O’Brien G, Furukawa S et al. Stability of improve-
ments in exercise performance and quality of life following
bilateral lung volume reduction surgery in severe COPD.
Chest 1997;112:907–15.

176 Sciurba FC, Owens GR, Sanders MH et al. Evidence of an
altered pattern of breathing during exercise in recipients of
heart-lung transplants. N Engl J Med 1988;319:1186–92.

177 Ferguson GT, Fernandez E, Zamora MR et al. Improved
exercise performance following lung volume reduction
surgery for emphysema. Am J Respir Crit Care Med 1998;
157:1195–203.

178 Takayama T, Shindoh C, Kurokawa Y et al. Effects of lung
volume reduction surgery for emphysema on oxygen cost of
breathing. Chest 2003;123:1847–52.

179 American College of Chest Physicians, American Asso-
ciation of Cardiovascular and Pulmonary Rehabilitation.
Pulmonary rehabilitation: joint ACCP/AACVPR evidence-
based guidelines. ACCP/AACVPR Pulmonary Rehabilitation
Guidelines Panel. Chest 1997;112:1363–96.

180 American Thoracic Society. Statement by the American
Thoracic Society on pulmonary rehabilitation. Am J Respir
Crit Care Med 1999;159:1666–82.

EXERCISE LIMITATIONS AND CARDIOPULMONARY EXERCISE TESTING 61



181 Casaburi R, Porszasz J, Burns MR et al. Physiologic benefits
of exercise training in rehabilitation of patients with severe
chronic obstructive pulmonary disease. Am J Respir Crit Care
Med 1997;155:1541–51.

182 Casaburi R, Petty TL, eds. Principles and Practice of Pulmonary
Rehabilitation. Philadelphia: WB Saunders, 1993.

183 Goldstein RS, Gort EH, Stubbing D, Avendano MA, Guyatt
GH. Randomised controlled trial of respiratory rehabilita-
tion. Lancet 1994;344:1394–7.

184 Ries AL, Kaplan RM, Limberg TM, Prewitt LM. Effects of
pulmonary rehabilitation on physiologic and psychosocial
outcomes in patients with chronic obstructive pulmonary
disease. Ann Intern Med 1995;122:823–32.

185 Stulbarg MS, Carrieri-Kohlman V, Demir-Deviren S et al.
Exercise training improves outcomes of a dyspnea self-
management program. J Cardiopulm Rehabil 2002;22:109–21.

186 Simpson K, Killian K, McCartney N, Stubbing DG, Jones NL.
Randomised controlled trial of weightlifting exercise in
patients with chronic airflow limitation. Thorax 1992;47:
70–5.

187 Hernández MT, Rubio TM, Ruiz FO et al. Results of a 
home-based training program for patients with COPD. Chest
2000;118:106–14.

188 Sassi-Dambron DE, Eakin EG, Ries AL, Kaplan RM.
Treatment of dyspnea in COPD: a controlled clinical trial of
dyspnea management strategies. Chest 1995;107:724–9.

189 Carrieri-Kohlman V, Gormley JM, Douglas MK, Paul SM,
Stulbarg MS. Exercise training decreases dyspnea and the
distress and anxiety associated with it. Monitoring alone
may be as effective as coaching. Chest 1996;110:1526–35.

190 Coppoolse R, Schols AM, Baarends EM et al. Interval versus
continuous training in patients with severe COPD: a ran-
domized clinical trial. Eur Respir J 1999;14:258–63.

191 Vogiatzis I, Nanas S, Roussos C. Interval training as an 
alternative modality to continuous exercise in patients 
with COPD. Eur Respir J 2002;20:12–9.

192 Morris N, Gass G, Thompson M et al. Rate and amplitude of
adaptation to intermittent and continuous exercise in older
men. Med Sci Sports and Exerc 2002;34:471–7.

193 Sabapathy S, Kingsley RA, Schneider DA, Adams L, Morris
NR. Continuous and intermittent exercise responses in indi-
viduals with chronic obstructive pulmonary disease. Thorax
2004;59:1026–31.

194 Belman MJ, Kendregan BA. Exercise training fails to
increase skeletal muscle enzymes in patients with chronic
obstructive pulmonary disease. Am Rev Respir Dis 1981;123:
256–61.

195 Maltais F, LeBlanc P, Jobin J et al. Intensity of training and
physiologic adaptation in patients with chronic obstructive
pulmonary disease. Am J Respir Crit Care Med 1997;155:
555–61.

196 Sala E, Roca J, Marrades RM et al. Effects of endurance train-
ing on skeletal muscle bioenergetics in chronic obstructive
pulmonary disease. Am J Respir Crit Care Med 1999;159:
1726–34.

197 Maltais F, LeBlanc P, Simard C et al. Skeletal muscle 
adaptation to endurance training in patients with chronic

obstructive pulmonary disease. Am J Respir Crit Care Med
1996;154:442–7.

198 Bernard S, Whittom F, LeBlanc P et al. Aerobic and strength
training in patients with chronic obstructive pulmonary 
disease. Am J Respir Crit Care Med 1999;159:896–901.

199 Casaburi R, Bhasin S, Cosentino L et al. Effects of test-
osterone and resistance training in men with chronic
obstructive pulmonary disease. Am J Respir Crit Care Med
2004;170:870–8.

200 Parker CM, Voduc N, Aaron SD, Webb KA, O’Donnell DE.
Physiological changes during symptom recovery from mod-
erate exacerbations of COPD. Eur Respir J 2005;26:420–8.

201 Mahler DA. The effect of inhaled beta2-agonists on clinical
outcomes in chronic obstructive pulmonary disease. J Allergy
Clin Immunol 2002;110(Suppl):S298–303.

202 Casaburi R, Kukafta D, Cooper CB, Witek TJ Jr, Kesten S.
Improvement in exercise tolerance with the combination of
tiotropium and pulmonary rehabilitation in patients with
COPD. Chest 2005;127:809–17.

203 Maltais F, Hamilton A, Marciniuk D et al. Improvements in
symptom-limited exercise performance over 8 h with once-
daily tiotropium in patients with COPD. Chest 2005;128:
1168–78.

204 Casaburi R, Conoscenti CS. Lung function improvements
with once-daily tiotropium in chronic obstructive pulmon-
ary disease. Am J Med 2004;117(Suppl 12A):33S–40S.

205 Emtner M, Porszasz J, Burns M, Somfay A, Casaburi R.
Benefits of supplemental oxygen in exercise training in non-
hypoxemic chronic obstructive pulmonary disease patients.
Am J Respir Crit Care Med 2003;168:1034–42.

206 O’Donnell DE, D’Arsigney C, Webb KA. Effects of hypo-
eroxia on ventilatory limitation during exercise in advanced
chronic obstructive pulmonary disease. Am J Respir Crit Care
Med 2001:163:892–8.

207 Somfay A, Porszasz J, Lee SM, Casaburi R. Dose–response
effect of oxygen on hyperinflation and exercise endurance in
nonhypoxaemic COPD patients. Eur Respir J 2001;18:77–84.

208 Dean NC, Brown JK, Himelman RB et al. Oxygen may
improve dyspnea and endurance in patients with chronic
obstructive pulmonary disease and only mild hypoxemia.
Am Rev Respir Dis 1992;146:941–5.

209 Woodcock AA, Gross ER, Geddes DM. Oxygen relieves
breathlessness in ‘pink puffers’. Lancet 1981;i:907–9.

210 Maltais F, Reissmann H, Gottfried SB. Pressure support
reduces inspiratory effort and dyspnea during exercise in
chronic airflow obstruction. Am J Respir Crit Care Med
1995;151:1027–33.

211 Keilty SE, Ponte J, Fleming TA, Moxham J. Effect of inspir-
atory pressure support on exercise tolerance and breath-
lessness in patients with severe stable chronic obstructive
pulmonary disease. Thorax 1994;49:990–4.

212 Dolmage TE, Goldstein RS. Proportional assist ventilation
and exercise tolerance in subjects with COPD. Chest 1997;
111:948–54.

213 Hawkins P, Johnson LC, Nikoletou D et al. Proportional assist
ventilation as an aid to exercise training in severe chronic
obstructive pulmonary disease. Thorax 2002;57:853–9.

62 CHAPTER 4



CHAPTER 5

Clinical assessment of control of breathing

Joseph Milic-Emili and Antonia Koutsoukou

In this chapter no attempt is made to cover the vast 
literature available on the topic. Instead, this account is 
limited to a description of the clinically relevant advances
made using a simple approach for studying the control of
breathing. It is hoped that this account will provide a use-
ful framework for more clearly perceiving, defining and
explaining a range of breathing problems in patients 
with chronic obstructive pulmonary disease (COPD). More
detailed recent reviews can be found elsewhere [1,2].

Breathing involves the interaction of chemical, neural,
muscular and mechanical processes. Considering this com-
plexity, it is remarkable that normal individuals are able to
maintain a narrowly set range of blood gas tensions during
most of their daily activities, involving different metabolic
demands, respiratory loads and body posture. Even more
astonishing is the fact that most patients affected by various
respiratory diseases also exhibit essentially normal blood
gases, reflecting the substantive adaptive capacity of the
control system of breathing. In some patients, however, the
control system of breathing can be so disrupted that they
lose the ability to maintain an adequate alveolar ventilation
with a resultant impairment of blood gas tensions. Thus, an
increase in resting arterial PCO2 (PaCO2) beyond the normal
limits indicates a breakdown or adaptation of the control
system of breathing (ventilatory failure), the upper normal
value of PaCO2 amounting to approximately 43 mmHg [3].
This limiting value of PaCO2 applies over a wide range of
ages (up to 80 years) and is valid for both sitting and a
supine position [3,4].

Figure 5.1 depicts the classic relationship of PaCO2 to
forced expiratory volume in 1 second (FEV1) in COPD
patients described in 1965 by Lane et al. [5]. At FEV1 below
1.5 L, some patients exhibit hypercapnia (ventilatory fail-

General considerations

ure) while others maintain PaCO2 within or even below 
normal limits. Based on the mistaken assumption that FEV1

is a marker of the mechanical impediment to breathing, it
was proposed that hypercapnic patients were ‘non-fighters’
because their poor inspiratory drive did not allow them to
maintain an adequate alveolar ventilation in the face of
increased respiratory load, as reflected by the low FEV1 [6].
In contrast, the non-hypercapnic patients were defined as
‘fighters’ because they were thought to be endowed with a
good inspiratory drive, which allowed maintenance of an
adequate alveolar ventilation. These patients are also often
referred to as ‘blue bloaters’ and ‘pink puffers’, respectively.
This attractive hypothesis, however, has been disproved 
in studies based on measurement of mouth occlusion pres-
sure and analysis of breathing pattern [7]. In addition, 
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the nature of the mechanical impediment to breathing
which leads to ventilatory failure in COPD patients is now
better understood, and FEV1 is no longer considered a use-
ful marker of respiratory loading.

Mouth occlusion pressure

Responses to various stimuli are expressed quantitatively
by the ‘sensitivity’ or input–output relationship of the sys-
tem that controls breathing. The input can be simplified 
by carrying out experiments in which a single stimulus,
such as PCO2 or PO2, is the only important variable, but it has
been more difficult to find a good measure of the output of
the system. In general, however, the most commonly used
output variable is pulmonary ventilation. It has long been
recognized that in the presence of mechanical loading of
breathing (e.g. increased elastance and flow resistance of
the respiratory system), the ventilatory output reflects both
how much the patient ‘wants’ to breathe, an issue directly
involving respiratory control, and how much his or her
mechanical abnormality ‘allows’ him or her to breathe 
in response to a given level of respiratory stimulation, an
issue that involves control of breathing only indirectly. To 
circumvent this problem, responses to respiratory stimuli
have been assessed in terms of oxygen consumption of the
respiratory muscles, mechanical work rate of the respir-
atory muscles, pleural pressure swings and diaphragmatic
electromyography (EMG). All of these output variables
involve measurements that are technically complex and,
with the exception of the O2 cost of breathing, cause dis-
comfort to patients, for these measurements involve the
use of oesophageal balloons or electrodes. The mouth 
pressure generated by the inspiratory muscles against an
airway occluded at end-expiration has been proposed as a
useful alternative [8]. The subject is allowed to breathe
through a mouthpiece with a valve arranged so that he or
she breathes in through one tube and out through another.
Taking care that the subject cannot see them and is unable
to anticipate the manoeuvre, the operator closes off the
inspiratory tube while the subject is breathing out.
Unaware of this manoeuvre, the subject begins his or her
next inspiration in the usual way, but now generates 
negative pressure in the mouthpiece instead of taking in 
air. After a short interval he or she realizes that the tube 
is blocked and makes some abnormal movement, but the
pressure generated in the first 0.1 second (P0.1) is an expres-
sion of the force generated by his or her inspiratory muscles
in a more or less isometric contraction, under the same 
respiratory neural stimulus as the preceding unobstructed

Theory and methods of control 
of breathing

breaths. Reduced to its essentials, the apparatus required to
measure the mouth occlusion pressure consists only of a
mouthpiece, valve, pressure transducer and recorder, and it
can easily be brought to a patient on the ward. Unlike inspir-
atory work or diaphragm EMG it requires no oesophageal
balloons or electrodes, and a minimum of electronic 
apparatus and skill. In fact, it offers no more trouble than
the conventional spirometric methods.

A full account and critique of the mouth occlusion pres-
sure technique is provided elsewhere [8,9]. Briefly, P0.1

depends on both: (a) the neural drive to the inspiratory
muscles (a summation of the chemical, reflex, higher 
nervous, brainstem and spinal inputs which are eventually
integrated at the level of the inspiratory motor neurons in
the spinal cord); and (b) the effectiveness of the inspiratory
muscles as pressure generators. The latter depends on the
lung volume and geometry of the respiratory system [10].
In general, with increasing lung volume, the diaphragmatic
and extradiaphragmatic inspiratory muscle fibres become
shorter, and hence develop less force for a given neural
drive (force–length relationship). Furthermore, with in-
creasing lung volume, the radius of curvature (r) of the
diaphragm increases (flatter diaphragm) and hence, be-
cause of the Laplace relationship (P = 2T/r), for a given 
tension T (which is related to force) less pressure is devel-
oped. Thus, P0.1 is an index of neuromuscular inspiratory drive
representing the pressure available to produce the changes
in lung volume or ventilation.

Analysis of the respiratory cycle

The breathing movements can be regarded as a mechanical
event in the respiratory control mechanism, which is both
an expression of ‘output’ and a source of ‘input’ to the 
respiratory controller. The spirogram, simple as it looks, is
the result of an extremely complex process which, to some
extent, can be decoded by appropriate analysis. Further, it
is the manifestation of control of breathing that is most
accessible to clinical observation.

The respiratory cycle consists of an ascending limb, 
inspiration, and a descending limb, expiration. It can be
characterized schematically by the volume displaced (VT),
duration of inspiration (TI) and duration of expiration (TE),
as well as by the mean inspiratory flow (VT/TI). There is
ample evidence that TI, TE and VT/TI can be independently
controlled by various mechanisms such as reflexes and
chemoreceptor stimulation [11–16]. The interaction of
these mechanisms results in a given breathing cycle.
Although the nature of the interaction is not fully under-
stood, as a first useful approximation one can regard the
breathing cycle as the result of a ‘driving mechanism’
(inspiratory neurons firing) turned on and off by cyclic
‘timing mechanisms’ [14–16].
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Ventilation equations

The classic equation defines ventilation (VE) as the product
of tidal volume and respiratory frequency (f):

VE = VT × f (5.1)

However, considering the breathing cycle as being the
result of a ‘driving’ and a ‘timing’ mechanism, another
equation to partition ventilation has been proposed [17]:

VE = (VT/TI) × (TI/TTOT) (5.2)

where TI/TTOT is the ratio of inspiratory to total breathing
cycle duration and is commonly referred to as the inspiratory
duty cycle.

The advantage of analysing ventilation by equation 5.2 
is that it partitions ventilation into two components: one
related to neuromuscular inspiratory drive (VT/TI) and the
other (TI/TTOT) reflecting the timing mechanism. A change
in pulmonary ventilation can result from a change in VT/TI

or in TI/TTOT, or both.

Alveolar ventilation equation
Clinical evaluation of control of breathing has often been
based on measurement of the ventilatory response to CO2

[18], hypoxia [19] and muscular exercise. While these
responses provide useful information, assessment of con-
trol of breathing during air breathing at rest is the funda-
mental first step. In fact, having defined ventilatory failure
in terms of an increased PaCO2 during resting breathing, it
seems imperative to explain how this is brought about.
Clearly, this requires the study of control of breathing
under the conditions prevailing at the time when the blood
sample was taken to obtain the PaCO2.

The PaCO2 is given by the ratio of metabolic CO2 produc-
tion (VCO2) to alveolar ventilation, and can be expressed in
the following form:

PaCO2 = k × VCO2/VE (1 – VD/VT) (5.3)

where k is constant, VE is minute ventilation, VT is tidal 
volume and VD is physiological dead space. The latter can 
be computed from measurements of the other variables in
equation 5.3.

Inspection of equation 5.3 reveals that the breathing 
pattern plays an important part in determining PaCO2; for 
a given VE and VD, the alveolar ventilation will decrease 
the smaller the VT (and hence the higher the respiratory
frequency).

The problem in maintaining a normal PaCO2 in COPD is 
due to impaired respiratory mechanics. Implicit in the

Mechanical impediment to breathing

definition of this disease, there is initially increased inspir-
atory and expiratory flow-resistance, but the latter reverts
in time to tidal expiratory flow limitation with concurrent
dynamic pulmonary hyperinflation. It is this that causes the
main impediment to breathing in COPD. In this disease the
abnormalities in respiratory statics are not by themselves
severe, although with severe hyperinflation the compliance
may be reduced because tidal breathing occurs in the flat
upper portion of the static volume–pressure curve of the
respiratory system. Although the inspiratory flow-resistance
may be markedly increased, the resistive inspiratory work
during resting breathing is relatively low because at rest the
inspiratory flow is low. In COPD the main impediment to
breathing is neither elastic nor resistive but is represented
by an inspiratory threshold load (i.e. intrinsic positive end-
expiratory pressure, PEEPi), which is brought about by
dynamic hyperinflation. 

Dynamic hyperinflation (DH). In normal individuals at rest,
the end-expiratory lung volume (functional residual capa-
city, FRC) corresponds to the relaxation volume (Vr) of the
respiratory system (i.e. the lung volume at which the elastic
recoil pressure of the respiratory system is zero) [20].
Pulmonary hyperinflation, which is defined as an increase
in FRC above the predicted normal range, may be caused by
increased Vr as a result of loss of lung recoil (e.g. emphy-
sema) and/or dynamic pulmonary hyperinflation, which is
said to be present when the FRC exceeds Vr. Dynamic
hyperinflation exists whenever the duration of expiration
is insufficient to allow the lungs to deflate to Vr prior to the
next inspiration. This may occur when expiratory flow is
impeded (e.g. increased airway resistance) and/or expirat-
ory time shortened (e.g. increased breathing frequency).
Expiratory flow may also be reduced by other mechanisms,
such as persistent contraction of the inspiratory muscles
during expiration and expiratory narrowing of the glottic
aperture. In COPD patients hyperinflation is very common,
and is mainly caused by tidal expiratory flow limitation
[21–23].

Expiratory flow limitation (EFL). The term expiratory flow
limitation should be used only to describe a condition in
which expiratory flow cannot be augmented at a given lung
volume by further increasing pleural and therefore alveolar
pressure. This phenomenon is exhibited by both normal
subjects and patients with respiratory disorders during cor-
rectly performed maximal forced expiratory manoeuvres in
which, from peak expiratory flow, expiratory flow rates
cannot be increased by increasing the expiratory effort and,
thus, are maximal [24,25].

While normal subjects and athletes do not exhibit EFL
even during maximal exercise [26], in COPD patients tidal
EFL is commonly present even at rest [21,22]. 
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Two main mechanisms promote the occurrence of tidal
EFL: reduction of expiratory flow reserve and increase 
in ventilatory (flow) requirements. The expiratory flow
reserve in the tidal volume range is given by the difference
between the maximal flows available and the actual tidal
flows developed during expiration. In normal individuals 
at rest the expiratory flow reserve is very high (Fig. 5.2a),
while in patients with severe COPD there may not be any
flow reserve left even at rest (Fig. 5.2b). In the latter con-
dition, ventilation can only be increased by augmenting 
the operating lung volume with a concurrent increase in
expiratory flow reserve, or by decreasing the duration of
inspiration with a concurrent increase in time available 
for expiration.

Because the FRC is lower in the supine position than 
sitting [20], with a concomitant reduction in expiratory
flow reserve, tidal EFL is an earlier manifestation in the
supine position [21,22]. With ageing, there is a preferential
decrease of maximal expiratory flow at low lung volume
[28], which makes elderly individuals more susceptible to
developing tidal EFL, particularly in the supine position.

The increased ventilatory requirements of COPD patients
[7] augment the expiratory flow requirements because of
greater tidal volume and faster respiratory frequency, pro-
moting tidal EFL. In COPD patients who do not exhibit 

EFL at rest but have little expiratory flow reserve, EFL will
occur at relatively low levels of exercise, while patients
with larger flow reserve may achieve greater exercise levels
without developing EFL [23].

Effects of dynamic hyperinflation on inspiratory work. Figure 5.3
illustrates the pressure required to overcome the static
recoil of the respiratory system for the same tidal volume
(20% of vital capacity, VC) inhaled from Vr (34% VC) and
from an increased end-expiratory lung volume corres-
ponding to 67% VC. As shown by the hatched areas in
Figure 5.3, the static work increases approximately fivefold
when the breath is inhaled from 67% VC (case B) relative
to the breath taken from the Vr (case A). Clearly, dynamic
hyperinflation implies an increase in static work of breath-
ing (WOB). Furthermore, as lung volume increases, there 
is a decreased effectiveness of the inspiratory muscles as
pressure generators because their fibres become shorter
(force–length relationship) and their geometrical arrange-
ment changes [10]. Thus, in COPD patients there is a
vicious cycle: the inspiratory flow-resistive WOB is invari-
ably increased because of airway obstruction but, more
importantly, as a result of hyperinflation, there is increase
in WOB resulting from PEEPi (see below) and impairment
of the mechanical performance of the inspiratory muscles.
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This promotes dyspnoea and exercise limitation, and 
eventually leads to hypercapnic ventilatory failure and
inspiratory muscle fatigue [10,21,29].

Intrinsic positive end-expiratory pressure (PEEPi). Under normal
conditions, the end-expiratory elastic recoil pressure of the
respiratory system is zero (see Fig. 5.3, case A). In this case,
the alveolar pressure becomes sub-atmospheric and gas
flows into the lungs as soon as the inspiratory muscles 
contract. When breathing takes place at lung volumes
greater than Vr, the end-expiratory elastic recoil pressure 
of the respiratory system is positive (15 cm H2O in case B 
of Fig. 5.3). The elastic recoil pressure present at end-
expiration has been termed auto- or intrinsic positive end-
expiratory pressure (PEEPi) [30,31]. When PEEPi is present,
onset of inspiratory muscle activity and inspiratory flow are
not synchronous; inspiratory flow starts only when the pres-
sure developed by the inspiratory muscles exceeds PEEPi
and hence the alveolar pressure becomes sub-atmospheric.
In this respect, PEEPi acts as an inspiratory threshold load,
which increases the inspiratory effort. This places a major
burden on the inspiratory muscles. In fact, the work per-
formed by PEEPi in case B of Figure 5.3 is given by the product
of PEEPi and VT, which represents most of the hatched area.
The remainder of this area is elastic work.

Because the static volume–pressure relationship of the
respiratory system is approximately linear (see Fig. 5.3),
PEEPi is approximated by the product of the static elastance
of respiratory system (Est, rs, the reciprocal of the slope in
Fig. 5.3) and the magnitude of dynamic hyperinflation (i.e.
the increase of FRC above Vr):

PEEPi = Est, rs (FRC – Vr) (5.4)

This implies that dynamic hyperinflation (FRC – Vr) and
PEEPi are closely related indices. However, in actively
breathing subjects it is very difficult to determine PEEPi
[32], whereas the degree of dynamic hyperinflation can be
readily assessed from measurements of the inspiratory
capacity (see below).

Methods for assessing EFL. Comparison between maximal and
tidal flow–volume loops has been widely used to detect
EFL, which is assumed to be present when the tidal expira-
tory flow impinges on or exceeds the maximal expiratory
flow–volume curve (see Fig. 5.2b) [22,24]. However, this
method is not valid because of the different volume and
time history between resting breathing and the FVC
manoeuvre [21,22,33]. In fact, because the inflation volume
and speed of inspiration during resting breathing are neces-
sarily different from those obtained during the FVC
manoeuvre, it is axiomatic that detection of flow-limitation
based on comparison of tidal with maximal flow–volume
curves is not valid.

Recently, the negative expiratory pressure (NEP) method
has been introduced to detect EFL [22,34]. A small negative
pressure is applied during tidal expiration, thus widening
the pressure gradient between the alveoli and the airway
opening. In the absence of EFL, with NEP there is an
increase in expiratory flow compared with the preceding
control breath. In contrast, in the presence of EFL the expir-
atory flow does not increase throughout the entire or part
of the tidal expiration over that of the preceding control
expiration. With the NEP method the volume and time 
history is not a problem because these are necessarily the
same during the control and NEP test breaths.

Methods for assessing pulmonary hyperinflation. Pulmonary
hyperinflation is commonly assessed through the measure-
ment of the FRC with body plethysmography. In patients
with severe airway obstruction, however, this method may
overestimate the actual FRC because during the panting
manoeuvre the transmission of alveolar pressure to the
mouth is delayed by increased airway resistance [35]. On
the other hand, measurements with the nitrogen washout
or helium dilution methods may underestimate the FRC
because of gas trapping in the lung. However, in patients
with tidal EFL at rest the increase of FRC is accompanied by
a reduction in resting inspiratory capacity (IC). In contrast
to FRC, measurement of IC is simple, cheap and reliable,
providing a useful tool for the indirect assessment of 
pulmonary hyperinflation [36]. Indeed, in COPD patients 
a reduction of IC implies dynamic hyperinflation.

Stable patients at rest

Chronic obstructive lung disease is characterized by: (a) im-
paired pulmonary gas exchange; (b) changes in the mech-
anical properties of the ventilatory apparatus which
increase the load on the respiratory muscles; and (c) de-
creased effectiveness of the inspiratory muscles as pressure 
generators as a result of thoracic overinflation. Despite 
these disadvantages, some patients are able to maintain
adequate ventilation while others develop hypercapnia.
Originally, it was suggested that patients who do not
develop CO2 retention are ‘fighters’, because they increase
sufficiently the inspiratory drive to compensate for their
impaired respiratory function, while the ‘non-fighters’
have defective inspiratory drive, and hence exhibit CO2

retention [6]. If this hypothesis is correct, patients with CO2

retention should have high P0.1 values, while patients with
CO2 retention should exhibit P0.1 values lower than the non-
CO2 retainers. However, Sorli et al. [7] showed that there

Assessment of control of breathing 
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was no difference in P0.1 between hypercapnic and non-
hypercapnic patients (Table 5.1), both exhibiting higher
P0.1 values than normal individuals (P < 0.001). Why then
do some patients retain CO2? This can be answered by anal-
ysis according to equation 5.3. As shown in Table 5.1, 
there is no difference in VE, VD and VCO2 between patients
without and with CO2 retention, although the values are
higher than normal. Tidal volume, on the contrary, is
significantly lower in the hypercapnic patients (group B).
Thus, by use of equation 5.3, it is possible to conclude that
CO2 retention in COPD patients is closely associated with
decreased VT. A decreased VT, however, can be caused by
decreased inspiratory flow or shortened inspiratory dura-
tion, or both. As shown in Figure 5.4, the mean inspiratory
flow (VT/TI) does not differ between patients with and
without CO2 retention; in both it is higher than normal.

That VT is significantly smaller in hypercapnic compared
with non-hypercapnic patients has been confirmed by 
several cross-sectional studies [37–41]. Furthermore, in 
a longitudinal investigation it has been shown that the
increase in PaCO2 is associated with a decrease in VT, with no
significant change in respiratory frequency [42]. How-
ever, some evidence suggests that in patients with severe
hypercapnia (PaCO2 > 55 mmHg) a reduction of VE may
contribute to hypercapnia [40].

As shown in Figure 5.4, the reduction of VT in the hyper-
capnic patients (group B) is caused entirely by reduced 
TI, while VT/TI is actually higher than normal. This was 

initially attributed to vagally mediated reflexes originating
from the irritant and J-receptors within the lung [7]. While
such mediation is not excluded, it is likely that it mainly
reflects uncoupling of neuromuscular and spirometric tim-
ing resulting from the presence of DH and PEEPi [43]. As 
a result of PEEPi, there is a delay between the onset of 
inspiratory muscle activity, as reflected by negative swing
in pleural pressure, and the onset of inspiratory flow, the
time-lag depending on the time taken by the pressure
developed by the inspiratory muscles to balance PEEPi
[32,43]. Thus, spirometric TI underestimates the neuro-
muscular TI, and the opposite occurs in terms of TE. In 
contrast, in the absence of DH and PEEPi, the onset of 
neuromuscular and spirometric inspiration are essentially
synchronous, and the pressure developed by the inspir-
atory muscles is expended solely to overcome the elastance
and resistance offered by the respiratory system. Thus, in
patients with PEEPi, a large part of the inspiratory muscle
effort may be wasted in overcoming PEEPi and, as a result,
VT is reduced. In fact, Haluszka et al. [44] found a significant
correlation between PaCO2 and PEEPi in stable COPD
patients. In line with Sorli et al. [7], they also observed that
VT was significantly lower in the hypercapnic patients, and
interpreted their results as follows. Increasing severity of
COPD results in increased flow resistance leading eventu-
ally to tidal EFL, which in turn causes DH and PEEPi.
Pulmonary hyperinflation results not only in increased
work of breathing because of PEEPi but also in decreased
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Table 5.1 Mean values (± SD) of pulmonary gas exchange data in 15 stable COPD patients breathing air at rest. (From Sorli
et al. [7] with permission.)

PaCO2 (mmHg) 4E (L/min) VT (L) VD (L) 4CO2 (L/min) P0.1 (cm H2O)

Group A (n = 8) 38 ± 4 10.6 ± 1.8 0.71 ± 0.09 0.37 ± 0.07 0.26 ± 0.03 3.3 ± 0.10
Group B (n = 7) 50 ± 9 9.4 ± 1.0 0.56 ± 00.07 0.32 ± 0.05 0.28 ± 0.05 4.3 ± 0.13
Group A vs group B P < 0.005 NS P < 0.01 NS NS NS

P0.1, mouth occlusion pressure at 0.1 s; VCO2, carbon dioxide output; VD, physiologic dead space; VE, pulmonary ventilation; 
VT, tidal volume.
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Figure 5.4 Average spirograms
at rest in non-hypercapnic (a)
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patients compared with normal
subjects. Bars placed at peak
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effectiveness of the inspiratory muscles as a pressure 
generators [10]. When DH and PEEPi reach a critical level,
an adequate VT can no longer be maintained because of
impending inspiratory muscle fatigue [45]. Thus, patients
reduce tidal volume and alveolar ventilation, with a con-
comitant increase in PaCO2. If hypercapnic COPD patients
are asked to voluntarily restore VT to normal values, they
invariably develop diaphragmatic fatigue, suggesting that
shallow breathing may be an adaptive strategy used to
avoid inspiratory muscle fatigue. Regional differences in
PEEPi enhance maldistribution of pulmonary ventilation
and impaired gas exchange, contributing to increased PaCO2

and decreased PaO2 [46]. In short, DH and PEEPi have a 
pivotal role in causing hypercapnic ventilatory failure in
COPD.

In actively breathing subjects in whom assessment of
PEEPi is not feasible [32], the decrease in IC is commonly
used as a surrogate marker of DH and PEEPi. Because 
in COPD the respiratory elastance is essentially normal
(~10 cm H2O/L), according to equation 5.4 a decrease in 
IC of 1 L implies a PEEPi of approximately 10 cm H2O.

Diaz et al. [47] found a significant correlation of PaCO2

to IC in stable COPD patients at rest, and suggested that 
the difference between ‘blue bloaters’ and ‘pink puffers’ was
mainly caused by the presence or absence of DH and PEEPi.
This is supported by the highly significant linear correla-
tion of PaCO2 to PEEPi [44] and IC (% pred) [47] found in
COPD patients. In ‘blue bloaters’, the small VT (see Fig. 5.4)
reflects the ‘tip of the iceberg’, with most of the inspiratory
effort being expended against PEEPi. In contrast, in ‘pink
puffers’, PEEPi is absent and hence there is no ‘iceberg’
penalty. Nevertheless, the ‘pink puffers’ also exhibit an
increased P0.1 which is not chemoreceptor-mediated because
the PaCO2 is normal or below normal (see Table 5.1) and the
hypoxic drive is modest [7].

The premorbid response to CO2 has been advocated as a
determinant of hypercapnia in COPD. This is an attractive
hypothesis, based on the wide variation of ventilatory
response to CO2 observed among normal individuals [48].
Thus, individuals with low ventilatory response to CO2

when developing lung disease with mechanical impairment
should retain CO2, whereas those with high ventilatory
responses would avoid CO2 retention by increasing ventila-
tion. However, this theory does not explain why the PaCO2

is either normal or below normal in the ‘pink puffers’.

Relationship between PaCO2 and FEV1. Inspection of Figure 5.1
shows that FEV1 is not a good marker of hypercapnia. This 
is further confirmed by the fact that high PaCO2 values
can often be found in stable patients with FEV1 higher than
1.5 L (Fig. 5.5) [40]. Furthermore, in a longitudinal study of
COPD patients it was found that the variations in PaCO2

were independent of the evolution of FEV1 and VC [42].

This is not surprising because in COPD patients the FEV1

describes events that occur at volumes well above FRC (see
Fig. 5.2b) and hence is of little or no consequence in terms
of regulation of PaCO2 at rest.

Assessment of severity of COPD. The severity of COPD is com-
monly based on the value of FEV1, expressed as percentage
predicted. To the extent that ‘severity’ implies curtailment
of exercise capacity and increased dyspnoea, the choice of
FEV1 is not appropriate in view of the very poor correlation
of this parameter to both exercise capacity [49,50] and
chronic dyspnoea [21]. Assessment of severity of COPD
according to IC (% pred) or presence or absence of EFL at
rest appears to be more appropriate [47,49,50].

Stratification of COPD patients into two severity 
categories – those with and those without EFL sitting at 
rest – appears to be clinically very useful because the EFL
patients not only have severe curtailment of exercise 
capacity and marked chronic dyspnoea, but also exhibit
increased PaCO2 and decreased PaO2 both at rest and during
exercise [47,49]. Thus, this category of patients exhibits 
the altered blood gases that categorize the ‘blue bloaters’. 
It should also be noted that this stratification also reflects
patients with and without a reduction of resting IC [47].

Orthopnoea. In stable COPD patients with tidal EFL in sitting
and/or supine position at rest, there is a high prevalence of
orthopnoea, which mainly results from increased inspir-
atory effort resulting from PEEPi in the supine position
[51]. However, increased airway resistance in recumbency
also contributes to orthopnoea.
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Stable patients during exercise

A detailed description of exercise physiology is provided 
in Chapter 4 of this book. This brief account is designed to
provide a coherent link between the control of breathing at
rest and during exercise in COPD patients. During exercise
in normal subjects, VT increases at the expense of both the
inspiratory and expiratory reserve volumes (see Fig. 5.2a),
and hence the work of breathing is shared among the 
inspiratory and expiratory muscles. In contrast, in COPD
patients in whom EFL is present at rest, the increase in 
VT during exercise occurs entirely at the expense of the
inspiratory reserve volume with a concurrent increase in
FRC (see Fig. 5.2b). In this case all the work of breathing is
sustained solely by the inspiratory muscles, whose burden
is markedly increased through increased PEEPi and respir-
atory elastance, as patients now breathe along a flatter 
portion of the static volume–pressure curve (see Fig. 5.3).
Furthermore, the increase in lung volume during exercise
is associated with a further expansion of the thoracic cage to
a point where the inspiratory muscles may operate very
inefficiently [10]. More important, however, is the fact that
in such patients the maximal tidal volume during exercise
(VTmax) is limited by the reduced IC. This implies that 
exercise capacity and VTmax should be lower in COPD
patients with than those without tidal EFL at rest. This was
confirmed by Diaz et al. [47] who studied the breathing 
pattern and gas exchange at peak exercise in stable COPD
patients with (n = 29) and without (n = 23) tidal EFL at rest.
They did not measure P0.1 because this variable is not 
reliable during exercise [9]. The maximal oxygen uptake
(VO2max) was significantly lower in the EFL patients, and in
all of them was below the normal limits. In contrast, 35% of
the non-EFL patients had VO2max within the normal limits.
The lower VO2max in the EFL patients was associated with
lower ventilation, mainly as a result of lower VT. In fact,
there was a significant correlation of Vo2max to VTmax (r = 0.7,
P < 0.0001). Because TI was the same, the lower VTmax in
the patients with tidal EFL at rest was caused entirely by
lower VT/TI (Fig. 5.6). This is contrary to results obtained 
at rest (see Fig. 5.4), and suggests that in the EFL patients
the exercise-induced increase in inspiratory load resulting
from PEEPi becomes so large that an adequate VT/TI can
no longer be achieved [47].

In the above study, the EFL patients exhibited higher
PaCO2 and lower PaO2 at rest than the non-EFL patients. 
At peak exercise, the former subjects exhibited a further
significant increase in PaCO2 and decrease in PaO2, while in
the non-EFL patients these variables did not change.
Because VD and VCO2/VE were similar in the two groups of
patients, it follows from equation (5.3) that the increase in
PaCO2 during exercise was caused by lower VTmax.

The results of Diaz et al. [47] are similar to those obtained

on a smaller number of patients by Koulouris et al. [23],
who also showed that most COPD patients who were not
EFL at rest become EFL during exercise. One of the most
important findings by Diaz et al. [47,49] was a close correla-
tion of resting IC to VTmax (r = 0.77, P < 0.0001) and VO2max

(r = 0.75, P < 0.001). The latter implies that when cardio-
pulmonary exercise testing (CPET) is not available or is
contraindicated, the exercise capacity may be predicted to a
useful approximation by simple measurement of IC.

Inspiratory capacity and exercise tolerance

Because in COPD patients reduced exercise capacity shows
a weak link to FEV1 and forced vital capacity (FVC)
[47,49,50], it has been suggested that factors other than
lung function impairment (e.g. deconditioning and periph-
eral muscle dysfunction) are the predominant contributors
to reduced exercise tolerance [52–54]. Recent studies based
on assessment of IC and FEV1/FVC ratio, however, indicate
that lung function impairment is the major contributor to
reduced exercise tolerance in COPD [47,49,55]. In fact,
because the IC and FEV1/FVC ratio together account for
72% of the variance in VO2max [49], only 28% of the vari-
ance can be ascribed to other factors such as deconditioning
and peripheral muscle dysfunction, or decreased cardiac
output as a result of PEEPi [47]. These considerations 
pertain to average values; in individual patients the con-
tribution of these factors may be different.

Figure 5.7 illustrates the relationship between VO2max

during incremental, symptom-limited exercise on a cycle
ergometer and IC in ambulatory COPD patients [47]. 
The patients were stratified according to the presence or
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absence of EFL during resting breathing in a sitting position.
In the absence of EFL the IC was within normal limits 
and, with two exceptions, the VO2max was either normal or
the reduction was mild to moderate (VO2max between 77
and 56% pred) [56]. In contrast, in all EFL patients IC 
was below the normal limits and the reduction in VO2max

was severe to very severe. Figure 5.7 also shows that in EFL 
subjects the VO2max decreases approximately linearly with
increasing severity of dynamic hyperinflation, as reflected
by decreased IC. There were no patients with IC below 
40% pred because such patients require domiciliary oxygen
therapy, as a result of markedly reduced PaO2 at rest or
exercise. Supplemental oxygen elicits an increase in IC,
with concurrent improvement of dyspnoea, through a
reduction of ventilation and bronchodilation caused by
removal of hypoxia [57,58]. An increase of IC can also be
obtained with bronchodilators [cf. 2,59]. Eventually, how-
ever, dynamic hyperinflation may become so severe that
patients require mechanical ventilation [32; see Chapter 48
of this book].

Finally, it should be stressed that in other forms of
chronic airways obstruction, such as bronchiectasis [60]
and asthma [61], the control of breathing differs from
COPD, the main difference being in that tidal EFL is less
common.

Dyspnoea

Together with decreased exercise tolerance, dyspnoea is the
predominant complaint of patients with COPD. Because it
correlates poorly with FEV1 and FVC, it has been suggested

that dyspnoea and lung function should be considered 
as separate factors, which independently characterize the
severity of COPD [62]. In reality, however, the poor 
correlation is caused by the fact that FEV1 and FVC are poor
predictors of dynamic hyperinflation, which is the major
cause of dyspnoea [21]. There is a good correlation between
chronic dyspnoea measured with the modified Medical
Research Council (MRC) scale to various indices of
dynamic hyperinflation [21], including IC [59].

A close correlation (r = 0.86) has recently been found
between maximal exercise power and MRC dyspnoea score
in stable patients with COPD [63] and bronchiectasis [60].
This suggests that the MRC dyspnoea scale is designed to
assess exercise capacity rather than severity of dyspnoea per
se. Further studies are required to confirm these observa-
tions, which implies that when CPET is not available 
or contraindicated, the maximum exercise capacity may 
be predicted to a good approximation by using the MRC
dyspnoea questionnaire.

Mechanisms contributing to shallow breathing

The mechanisms leading to alterations in respiratory timing
and consequently to shallow breathing in stable COPD
patients have not yet been clearly defined. The fact that
most hypercapnic COPD patients can achieve normocapnia
by voluntarily increasing their ventilation [6] and that 
stable COPD patients, by voluntarily deep breathing, can
bring the inspiratory muscles near fatigue in a few minutes
[64], has led to the speculation that hypercapnic COPD
patients choose ‘wisely’ to hypoventilate to avoid inspiratory
muscle fatigue.

Because under conditions of increased load and/or
reduced efficiency, the strain on the diaphragm that is
required to maintain an adequate alveolar ventilation has
been shown to lead to myofibril membrane damage and
sarcomere disruption [65,66], it is likely that a protective
mechanism might exist in order to protect the respiratory
muscles from such damage. The functional elements of this
protective mechanism (i.e. the way in which peripheral and
mechanical stimuli are transmitted and modify the breath-
ing pattern) have not been fully elucidated.

Small myelinated and non-myelinated phrenic afferent
fibres (types III and IV, respectively) have been found to
influence the central inspiratory neural activity in anes-
thetized cats, in which it was shown that selective stimula-
tion of these fibres results in changes in the respiratory
rhythm (altering the TI/TTOT) and, hence, in the central
inspiratory activity [67]. Under states of severe respiratory
stress (muscle tension, local ischaemia, accumulation of
toxic metabolites) afferents from the respiratory muscles
may have a predominant role in the genesis of shallow
breathing [67,68].
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A direct link between stimulation of group III and IV
afferents and the central processing of endogenous opioids
has been postulated [69], given that in anesthetized dogs
respiratory depression persisted even after withdrawal of
afferent fibre stimulation, whereas the magnitude of the
respiratory depression was significantly reduced by nalox-
one. Other investigators have confirmed these results in
cats and demonstrated that the phenomenon involved a
supraspinal mechanism [70], which could be prevented by
pretreatment with naloxone [71]. This strongly suggests
involvement of endogenous opioid pathways. The fact that
in COPD patients with absent respiratory response to flow-
resistive loading the response could be acutely restored 
by administration of naloxone [72], suggests that in these
patients the chronic increase in airway resistance may gen-
erate endogenous opioids to lessen the stress of prolonged
dyspnoea.

The source of endogenous opiods during strenuous 
inspiratory resistive breathing remains elusive, and both
central sites such as the hypothalamic–pituitary–adrenal
(HPA) axis, and peripheral sites such as the spinal cord and
peripheral nerves have been implicated [73].

Recently, it has been shown that in normal humans
strenuous resistive breathing leads to a significant rise 
in the levels of proinflammatory cytokines (interleukins 
IL-1b, IL-6), adenocorticotrophic hormone (ACTH) and 
β-endorphin [74]. The strong correlation between the rise
in the β-endorphin and ACTH and the preceding increase in
circulating IL-6 allowed the authors to conclude that pro-
inflammatory cytokines are responsible for the activation of
the HPA axis, leading eventually to an increase in plasma 
β-endorphin and ACTH. It is tempting to suggest that the
mechanism accounting for the increase of β-endorphin and
ACTH could be the stimulation of small afferent nerve
fibres by the cytokines that are produced during resistive
breathing, given that global depletion of small afferent
fibres inhibits the plasma ACTH response to intravenous 
IL-1b [75].

Although the stimuli for the production of the cytokines
are not known, reactive oxygen species produced during
fatiguing resistive breathing [76,77] could be responsible.
Even though the time profile (brief) and intensity (much
greater) of the increased loading of breathing in the above
mentioned models are different from those in patients with
chronic CO2 retention, given that strenuous breathing
causes diaphragm muscle fibre injury one could speculate
that strenuous resistive breathing through reactive oxygen
species induces plasma cytokine production, which in 
turn modulates the respiratory controllers either directly
through the blood or more likely the small afferents, or via
the HPA axis. The ensuing production of β-endorphins, by
altering the breathing pattern, results in reduced load and
alleviation of fatigue, thus protecting the ventilatory pump

from exhaustion [78]. In the last analysis, however, PEEPi
and its ‘tip of the iceberg’ effect are probably the main 
reasons for the reduced VT and dyspnoea exhibited by
COPD patients with CO2 retention at rest and during exercise.
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CHAPTER 6

Physiology and pathobiology of 
the lung circulation

Norbert F. Voelkel

Design

The lung circulation is designed as a low-pressure low-
resistance system, whereas the bronchial circulation is 
systemic and under high pressure. The blood flow through
the lung had been thought to be controlled by gravitational
forces and therefore, according to West [1], apical–basal
zonal patterns. However, more recent studies by Glenny 
et al. [2] indicate that lung blood flow is fractal and largely
determined by the design of the vascular tree [2]. Thus, the
branching pattern (branching angle and variation of branch
lumen diameter of segments of the same generation) ap-
pears to determine how the blood flows through the lung
circulation. ‘At the end of the day, the lung is designed as
an efficient gas exchanger, and it needs to stay dry’ (John 

T. Reeves, personal communication).
Wagner et al. [3] have studied recruitment of unperfused

lung vessels, which is likely maximal with maximal exer-
cise. This opening and perfusion of a large number of
‘reserve capillaries’ likely explains why the lung circulation
can accommodate fold increases in cardiac output without
a substantial increase in pulmonary artery pressure [4].

Ventilation–perfusion matching

As the primary function of the lung organ is that of an
efficient gas exchanger, mechanisms are needed – and exist
– to match ventilation–air flow with blood flow. Hypoxic
vasoconstriction – originally termed alveolar – capillary
‘reflex’ by von Euler and Liljestrand [5] – is perhaps the
most recognized and best-studied aspect of ventilation–
perfusion (V/Q) matching. The principle is, simply stated:
what is not ventilated must not be perfused. Studies
designed and performed several decades ago showed con-

How normal lung circulation works
vincingly that vasodilator drugs decrease the PaO2 signifi-
cantly by allowing perfusion of non-ventilated areas of the
lung [6]. Regional hypoxia results in regional pulmonary
vasoconstriction, limiting blood flow to under- or unven-
tilated areas. Hypoxic vasoconstriction is nearly instantan-
eous after the occurrence of alveolar hypoxia [7], hence the
original term ‘reflex’.

Hypoxic vasoconstriction may be the most important
mechanism of V/Q matching, but there may be other mech-
anisms. These are likely endogenous vasoconstriction and
vasodilator agents, which modulate pulmonary vascular
tone hypoxia independently. For example, Walker et al. [8]
showed that a cyclo-oxygenase inhibitor (meclofenamate)
increased pulmonary artery pressure in trained awake dogs,
indicating that a cyclo-oxygenase product was involved in
the normal control of the lung circulation.

Interestingly, Naeiji et al. [9] treated COPD patients with
supplemental oxygen to ‘remove’ hypoxic vasoconstriction
and then documented a fall in the pulmonary artery pres-
sure after prostaglandin E2 infusion – indicating that these
patients had an element of hypoxia-independent vasocon-
striction – which presumably contributed to V/Q matching.

Most of the traditional lung function studies assess variables
of airway disease, flow–volume, airway resistance–reactivity
or trapped air–hyperinflation. The high-resolution chest
computed tomography (CT) scan can assess thickened 
airway walls and the degree of lung tissue, and also vessel
loss in emphysematous areas. Pulmonary angiography, still
occasionally performed to rule out pulmonary embolism,
can show the pruning of the subpleural vessels, the diffu-
sion capacity and, when corrected for alveolar volume, 
can provide information regarding the loss of alveolar 
capillaries.

Lung circulation in COPD/emphysema
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Histology of the lung vessels in
COPD/emphysema

In recent years, several groups have acknowledged that the
microscopically fine pulmonary arterioles are abnormal in
COPD patients [10–14]. The vessel walls appear to be highly
muscularized (thickened) – there may also be a thickening
of the intima [14] – but usually the vessels are patent and
not obliterated and there may be perivascular clusters of
lymphocytes (see Plate 6.1; colour plate section falls between
pp. 354 and 355). Astonishingly, little immunohistochemical
interrogation of the lung vessels in COPD has been performed.
A decrease or loss of expression of vascular endothelial
growth factor (VEGF) and VEGF receptor proteins has been
reported [15] as has loss of staining for the enzyme prosta-
cyclin synthase, the protein critically important for prosta-
cyclin production [16]. Because chronic hypoxia causes
pulmonary vasoconstriction and is associated, in most species,
with generation of muscularized arteries in the lung, most
investigators have concluded that the muscularized arteries
in the lungs of COPD patients are the result of chronic
hypoxic pulmonary vasoconstriction. This ‘we know it
when we see it’ conclusion may, however, be wrong, or
perhaps only partially correct. First, chronic hypoxia does
more to the lung than cause constriction of the resistance
vessels. Hypoxia alters the expression of many genes in
many types of lung cells [17] and stimulates production and
release of cytokines and growth factors – most notably the
production of VEGF [18]. Thus, there is overlap between
hypoxia–hypoxemia and inflammation, and perhaps there
also exists a local immune response to hypoxia. Secondly,
studies performed by the group of COPD investigators in
Barcelona [13] call the hypoxia-dependent mechanism of
pulmonary vascular ‘remodelling’ in COPD into question.
These investigators studied the vessels in the lungs of 
smokers with minimal lung function impairment (i.e. of pati-
ents without hypoxia, pulmonary hypertension or significant
emphysema) and found vascular abnormalities [14]. If not
hypoxia, what then causes the vessel walls to thicken in
these patients? A hypothesis to address this question is that
products of inflammation do double duty as growth factors
for vessel wall cells, mostly for smooth-muscle cells [19].
These factors may be the same factors that are responsible
for the ‘airway remodelling’ (Fig. 6.1). These factors may
have nothing to do with the maintenance of alveolar septal
capillaries, because capillary numbers are reduced in severe
COPD/emphysema – hence, the decreased DLCO – or the
trophic (growth) factors are being released only in the
immediate vicinity of the arterioles and bronchioles.

Thus, there are two types of vascular abnormality in the
lungs of patients with COPD:
1 thickening (in principle by muscularization) of arterioles,
which is perhaps not caused by hypoxic vasoconstriction; and

2 capillary loss by endothelial cell apoptosis [15].
Independent studies by two groups provided ex vivo evid-

ence for endothelial cell dysfunction by testing for the
acetylcholine-dependent vasodilatation of small diameter
arteries from the lungs of COPD patients [20,21].

Taken together, the histological and functional data 
indicate that the vessels in the lungs of COPD patients are
abnormal – likely during stages where the airway physi-
ology is relatively preserved. Does chronic inhalation of
cigarette smoke cause endothelial cell dysfunction and 
perhaps death of microvascular endothelial cells? If so, 
does cigarette smoke act directly or indirectly? How does
cigarette smoke affect lung vessels?

Pulmonary hypertension in COPD

Burrows et al. [22] were likely the first to study the 
haemodynamics of patients with COPD systematically and
thoroughly (i.e. they included exercise testing and the
response to oxygen) (Fig. 6.2). Their data have been largely
confirmed by more recent studies by Weitzenblum et al.
[23–25]. Both studies show a large variability between
patients in their baseline [22,23], as well as exercise-induced
pulmonary hypertension. In addition, Burrows et al.’s data
showed that the exercise-induced Pa pressure increase was
significantly blunted when the patients were treated with
supplemental oxygen; however, this was not true for all
cases. The lesson to be learned from these early studies 
is that there is a wide spectrum of pulmonary artery pres-
sures, from patients with little pulmonary hypertension 
at baseline – even with exercise, patients who show an
impressive increase in the Pa pressure with exercise, to a
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Exercise

   Air trapping, ‘auto-PEEP’

Impaired venous return
   Right ventricular end diastolic pressure
   Cardiac output limitation
   Lung capillary pressure

Activation of sympathelic nervous system

Acute worsening of hypoxia and hypercarbia

Figure 6.1 This schematic attempts to tie together the
important factors that determine the haemodynamic 
response to exercise in patients with severe airflow 
limitation and symptom-limited low exercise capacity. 
auto-PEEP, auto-positive end-expiratory pressure.
(From Voelkel & Cool [26], with permission.) 



few patients where the resting pressure can be as high 
as seen in patients with primary pulmonary hyperten-
sion, with unusually high resting Pa pressures. Figure 6.2
attempts to provide a mechanistic concept for the exercise-
induced pulmonary hypertension in COPD patients, but
provides no sound explanation for the large interpatient
variability. It is of interest that, to date, no study examines
all of the variables that need to be considered for a complete
understanding of resting and exercise-induced pulmonary
hypertension in COPD patients – these would include 
the hypoxic ventilatory response, degree of hypoxic vaso-
constriction, DLCO, lung volumes, auto-positive end-
expiratory pressure (PEEP), cardiac output and pulmonary
capillary wedge pressure. The cardiovascular–pulmonary
interactions are indeed complex (see Fig. 6.2). Both 
the hypoxic ventilation and pulmonary vasoconstriction
response are likely genetically controlled. Right and left
ventricular performance are affected by auto-PEEP, poly-
cythaemia increases pulmonary hypertension [26] and so
does in situ thrombosis, which can occur in patients with
emphysema [27]. Lastly, sleep apnoea can be the cause 

of intermittent severe nocturnal hypoxaemia and inter-
mittent hypoxic vasoconstriction, contributing to the mus-
cularization of precapillary pulmonary arteries [28–30].

Should the pulmonary hypertension in COPD patients 
be treated? This remains a controversial and unresolved
question. A pragmatic, but not really validated, approach
would be to:
1 treat hypoxaemic patients with supplemental oxygen.
After all, Burrows et al.’s [22] studies demonstrate a dimin-
ished pulmonary artery pressure rise with exercise;
2 treat sleep apnoea in COPD patients;
3 develop strategies to prevent COPD exacerbations.
Long-acting bronchodilators may have a lasting effect in
COPD patients, increasing forced vital capacity (FVC) and
reducing the amount of trapped air (residual volume, 
RV) [31,32]. If so, a significant reduction of the RV could
improve cardiac performance during exercise. Several com-
panies are developing phosphodiesterase inhibitors (PDE)
for treatment of COPD, and they could have a direct effect
on pulmonary artery pressure – whether these drugs impair
V/Q matching remains to be seen.
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There can be no doubt that COPD is also a pulmonary 
vascular disease [33] and skeletal muscle vessels may also
be impaired [34]. Immune mechanisms likely involved in
the pathogenesis of COPD/emphysema need to be vigor-
ously explored to better understand the so-called pul-
monary vascular remodelling of the precapillary arterioles
and the disappearance of lung capillaries. The factors that
control the development of pulmonary hypertension in
COPD remain complex.
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CHAPTER 7

Sleep in patients with COPD

Mark W. Elliott

During sleep there are profound physiological changes. 
This is particularly true of breathing, and in a number 
of conditions this has important implications. The sleep
apnoea hypopnoea syndrome (SAHS) is increasingly recog-
nized and in this condition the symptoms and other adverse
health consequences (e.g. hypertension) are a result of what
happens when the individual is asleep. In other condi-
tions, changes happening during sleep exacerbate daytime
function; in patients with heart failure and Cheyne–
Stokes breathing, the abnormality of respiration during
sleep contributes to daytime symptoms of tiredness and
fatigue and is associated with a worse prognosis [1]. In
patients with chest wall deformity and neuromuscular 
disease, nocturnal hypoventilation is important in the
pathogenesis of daytime symptoms, respiratory failure and
cor pulmonale [2]. Repeated episodes of hypoxaemia and
hypercapnia during sleep lead, in time, to the development
of daytime respiratory failure, pulmonary hypertension,
right heart failure and death [3].

Breathing alters according to the state of consciousness.
In healthy subjects, ventilation falls with the onset of sleep
and is reduced during all phases of sleep compared with
waking levels [4]. Alterations in the pattern of breathing
occur, including periodic breathing, apnoea and hypopnoea,
particularly with the onset of sleep and during stages I and
II. Upper airway resistance may increase [5]. The changes
are generally more marked during rapid eye movement
(REM) sleep than non-rapid eye movement (NREM) sleep.

NREM sleep is associated with a decrease in respiratory
frequency and a small increase in tidal volume. A reduction
in central drive during sleep has been postulated to explain
these differences. However, ventilation has been shown to
fall despite an increase in occlusion pressure [6]. In awake
supine humans, movements of the ribcage and abdomen
account for 40 and 60% of the tidal volume, respectively. 
In NREM sleep, ribcage movement accounts for 65% of the
tidal volume, suggesting increased intercostal activity [7].

In cats, expiratory intercostal muscle activity increases
throughout NREM sleep and although its significance is not
known, this increase indicates that at least some of the
NREM changes are not simply a reduction of central drive
compared with that during waking. By contrast to NREM
sleep, during REM sleep respiratory frequency is often
greater and tidal volume lower than during wakefulness
and atonia of the intercostal muscles reduces or eliminates
costal breathing. Ventilatory responses to chemical stimuli
and other respiratory reflexes are also impaired during 
phasic REM sleep [8,9]. During NREM sleep the decrease 
in alveolar ventilation is relatively small, but this may be
much more marked during REM sleep, particularly during
bursts of eye movement [10], when alveolar ventilation
may fall by as much as 40% of waking levels (Fig. 7.1). 
In healthy subjects, an increment in CO2 tension of up to 
6 mmHg above waking levels is normal [11], but this degree
of hypoventilation is insufficient to cause any appreciable
degree of oxygen desaturation. However, in patients with
little respiratory reserve, more marked hypercapnia can
occur together with significant oxygen desaturation.

Polysomnographic studies have shown that oxygen desatu-
ration may occur in patients with COPD, and that this is
particularly marked during REM sleep [12,13] (Fig. 7.2).
Carbon dioxide tensions may rise; in one recent study, 47%
of COPD patients had an increment in transcutaneous PCO2

greater than 1.33 kPa (10 mmHg) above waking levels (see
Fig. 7.2). This was correlated with diurnal PaCO2, body mass
index and percentage of time spent in REM sleep [14].
Alveolar hypoventilation is the dominant mechanism, with
ventilation falling in one study by 18%, compared with
wakefulness, during NREM sleep and 35% during REM
sleep [15]. The effects of sleep on breathing in normal 
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subjects discussed above, are much more marked in COPD.
Patients with COPD have a higher physiological dead space
than normal subjects and therefore the rapid shallow
breathing that occurs in REM sleep will produce an even
greater decrease in alveolar ventilation [16]. In addition,
hyperinflated patients with COPD, like scoliotic patients,
are more dependent upon intercostal and accessory muscle
activity than normal subjects and during REM sleep, the
diaphragm alone is unable to maintain ventilation [17]. In
addition, contraction of the low flat diaphragm against a
flaccid lower chest wall will result in costal indrawing, and a
possible further reduction in ventilation. Lower respiratory
system resistance rises during sleep, independent of sleep
stage, because of an increase in cholinergic tone [18] and
this may compromise effective ventilation still further. A
reduction in functional residual capacity (FRC), because 
of reduced muscle tone, occurs in normal subjects and

probably in patients with COPD. The effect of this will be 
to increase airway closure, elevate closing capacity above
FRC with consequent changes in ventilation/perfusion (V/Q)
relationships, but this remains to be proved [19]. Many
investigators [13,20,21] have stated that V/Q imbalance is 
a major cause of REM-related hypoxaemia in patients 
with COPD. However, the argument that because PaO2 falls
more than PaCO2 rises, changes in V/Q must be important,
cannot be sustained because this is exactly what happens
during transient hypoventilation because the body has 
the capacity to store relatively large amounts of CO2 [22].
Nevertheless, it is likely that changes in V/Q do play some
part. Increased upper airway resistance [23], or frank
obstruction, or the change in the ventilatory response to
increased upper airway resistance [24] may impact upon
gas exchange during sleep and affect diurnal arterial blood
gas tensions.
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Figure 7.1 This shows a 
30-s epoch from an overnight
polysomnogram of a patient 
with severe COPD. There is a
period of apnoea associated with
reduced chest and abdominal
wall motion leading to marked
oxygen desaturation. Note the
phasic movements in the electro-
oculograms (EOR and EOL). 
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electromyogram; SO2, oxygen
saturation; AFL, oronasal 
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and abdominal wall motion,
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Figure 7.2 Overnight
monitoring of oxygen saturation
(SaO2) and transcutaneous
carbon dioxide tension (PtcCO2).
Note the reduction in SaO2 at
sleep onset and the episodes of
marked worsening over a period
of 15–20 min. These correspond
to episodes of REM sleep. PtcCO2

also rises with sleep onset and is
much more marked during the
episodes of REM sleep. Over the
course of the night it can be seen
that the PtcCO2 gradually rises.



In a study comparing patients with airflow obstruction of
similar severity, the presence of upper airway dysfunction
together with increased alcohol consumption was more
likely to be associated with daytime hypercapnia [25]. In
another study of patients with severe SAHS and COPD,
those with hypercapnia while awake were heavier, had
smaller upper airway dimensions on CT scanning and a
greater alcohol intake than those who were normocapnic.
There was no difference in the severity of SAHS on the 
basis of the apnoea hypopnoea index (AHI) [26]. However,
the 35% reduction in ventilation during REM sleep des-
cribed above [15] occurred despite 4 cm H2O continuous
positive airway pressure (CPAP), suggesting that upper 
airway obstruction is not a major factor, although 4 cm 
H2O CPAP may not have been sufficient to completely 
abolish this.

Changes in oxygen consumption, carbon dioxide pro-
duction [27] and in cardiac output may also contribute 
to worsening of arterial blood gas tensions during sleep.
Abnormal ventilatory control during wakefulness has 
also been implicated in the sleep hypoxaemia of COPD.
Various workers have shown correlations between reduced
ventilatory and occlusion pressure responses to hypoxia
and hypercapnia and sleep-related oxygen desaturation
[28–31]. However, it is also possible that changes in day-
time ventilatory control occur as a consequence of the
changes at night. Nocturnal hypoventilation causes PaCO2

to rise with renal retention of bicarbonate ions to com-
pensate for the resulting respiratory acidosis. The effect of
an elevated bicarbonate is to buffer the pH changes associated
with an acute rise in PaCO2 and reduce the ventilatory
response to CO2 [32]. Secondly, sleep disruption reduces
the daytime ventilatory response to both hypercapnia and
hypoxia [33].

Patients with COPD may also complain of night-time
cough. There is no correlation between apnoea or hypo-
xaemia and cough, which seldom occurs during sleep and
only rarely awakens patients [34].

It is clear that significant abnormalities of arterial blood gas
tensions occur during sleep in patients with COPD and that,
regardless of the exact mechanism, alveolar hypoventila-
tion is a major contributor. However, the affect of these
derangements during sleep upon survival and daytime
function is not well known. Impaired sleep quality is well
recognized in COPD compared with age-matched controls
[35], and experience from SAHS suggests that sleep disrup-
tion is associated with impaired neuropsychiatric function-
ing and reduced quality of life [36]. However, there is no

Effects of sleep-disordered breathing 
in COPD

evidence as yet that poor sleep in patients with COPD
causes excessive daytime sleepiness [37].

Nocturnal hypoxaemia has been postulated to be important
in the genesis of pulmonary hypertension during the day 
in COPD [38]. REM-related falls in oxygen saturation may
be associated with rises in pulmonary artery pressure (PAP)
of up to 20 mmHg [39]. However, the effect of transient
rises in PAP during sleep is not clear. Higher mean PAP and
red cell mass were found in 36 patients with COPD and
mild to moderate oxygen desaturation (desaturation to at
least 85% and at least 5 min spent with SaO2 less than 90%)
than in 30 patients who did not desaturate. However, there
were also significant differences in their awake oxygena-
tion [40]. The effect of the interaction between hypoxia 
and hypercapnia upon the human pulmonary circulation is
not well known. However, in isolated animal preparations
hypercapnia, in the presence of hypoxia, leads to a vari-
ety of different responses in the pulmonary circulation:
vasoconstriction (dogs), vasodilatation (rats) or a biphasic
response (cats) [41]. In humans, acidosis is a potent vaso-
constrictor and therefore transient rises in CO2 during sleep
may exacerbate the vasoconstrictor response to hypoxia.

These are common conditions and available data suggest
that they coexist in approximately 10% of patients [42].
Patients with COPD and impaired respiratory drive and
those who have the normal risk factors for SAHS, particu-
larly obesity, are more likely to have both conditions. The
added load on the respiratory muscle pump of an increase
in upper airway resistance during sleep produces acute CO2

retention [43]. Acute derangement of gas exchange, which
occurs in a patient with SAHS but normal lungs, would
usually correct rapidly with termination of the apnoea and
the hyperventilation that follows. However, in a patient
with airflow limitation this may not be the case and, as a
consequence, CO2 retention occurs which may persist into
wakefulness. Patients with both COPD and SAHS typically
develop more severe hypoxia during sleep and as a result
they are more prone to complications such as fluid reten-
tion and polycythaemia with less severely impaired lung
function than would normally be the case [42]. Patients
with SAHS and COPD and hypercapnia were found to be
heavier than those who were normocapnic [44]. COPD
patients without SAHS but who were hypercapnic had a
smaller upper airway size, more snoring and a higher long-
term alcohol consumption than those who were normo-
capnic [45]. These studies taken together suggest that upper
airway changes during sleep are one factor contributing to
diurnal respiratory failure in patients with COPD.

COPD and sleep apnoea hypopnoea
syndrome (SAHS)
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Sleep studies are not routinely indicated in patients with
COPD. The awake blood gas tensions provide a good indic-
ator of likely sleep-related disturbances of gas exchange [46].
Overnight monitoring should be performed if there is the
clinical suspicion of coexistent sleep apnoea syndrome or
there is fluid retention or polycythaemia that are unex-
pected for the severity of airflow obstruction. In most cases,
a limited respiratory variable only study will suffice and full
polysomnography is seldom, if ever, necessary.

Oxygen therapy during sleep

Long-term oxygen therapy (LTOT) has been shown to 
prolong life in patients with sustained daytime hypoxia
[47,48]. The question of whether patients with mild to
moderate daytime hypoxaemia (arterial oxygen tension
[PaO2] in the range 7.4–9.2 kPa [56–69 mmHg]) and sleep-
related oxygen desaturation should be given oxygen was
addressed in a study of nocturnal oxygen therapy (NOT)
alone [49]. Seventy-six patients with COPD and no poly-
somnographical evidence of SAHS were randomized to
NOT (n = 41) adjusted to achieve an arterial oxygen satura-
tion of > 90% throughout the night, or to no supplemental
oxygen (n = 35). The mean daytime PaO2 was 8.4 ± 0.4 kPa
at baseline. There were no differences between the groups
in need for LTOT, evolution of pulmonary artery pressure
or survival although the study was not adequately powered
to exclude an effect of NOT. Twenty-two patients (12 in the
NOT group and 10 in the control group, P = 0.98) required
LTOT during an average follow-up of 3 years. Sixteen
patients died, nine in the NOT group and seven in the 
control group (P = 0.84). After 2 years, pulmonary haemo-
dynamics were reassessed in a subgroup of patients. In the

Treatment of sleep-disordered breathing
and nocturnal hypoxia

Who needs a sleep study? (Table 7.1)

control group (n = 22), mean resting pulmonary artery
pressure increased from 19.8 ± 5.6 to 20.5 ± 6.5 mmHg,
which was not different from the change in mean pul-
monary artery pressure in the NOT group (n = 24) from
18.3 ± 4.7 to 19.5 ± 5.3 mmHg (P = 0.79). These results sug-
gest that the prescription of NOT to improve survival is not
justified in patients with COPD. 

The effect of oxygen on sleep quality is contentious, 
with some investigators showing an improvement [50] and
others no benefit [51]. In neither of these studies was CO2

tension measured and although severe hypoxia (SaO2 <
70%) may not cause arousal in humans [52], acute hyper-
capnia, with a rise in PaCO2 of 6–15 mmHg, has been shown
to be a reliable and powerful arousal stimulus [53]. The
arousal response to hypercapnia varies between REM and
NREM sleep, with arousal occurring at a much lower level
of PaCO2 during REM than NREM sleep [54]. A rise in PaCO2

appears therefore to be more important in disrupting sleep
than hypoxaemia. 

Drugs

Drugs have been used in patients with COPD, targeted
upon improving gas exchange and sleep quality. The ration-
ale behind the use of protriptyline is specifically its effect
upon sleep architecture. Ten to 20 mg of protriptyline taken
at bed time has been shown to reduce the proportion of the
night spent in REM sleep, when the most severe derange-
ments of blood gas tensions occur, from 22 to 12% in 
eight patients with restrictive chest wall disorders [55]. The
total amount of sleep time spent with a SaO2 less than 80%
decreased and there was a reduction in the maximum CO2

tension reached during the night. The magnitude of the
reduction in oxygen desaturation was correlated with the
decrease in REM. The PaO2 during the day increased by
approximately 1 kPa but the changes in PaCO2 and base
excess failed to reach statistical significance. Similar results
have been reported in COPD [56,57]. Series et al. [56] studied
14 patients with stable COPD in an open study. Patients
took 20 mg protriptyline each night and were studied
before starting treatment and after 2 and 10 weeks. There
was a reduction in the percentage of sleep spent in REM
from 11.1 to 4.2% but there were no other changes in 
sleep time or architecture. While taking protriptyline, the
lowest sleep SaO2 increased from mean 64.5% to mean
77.4% and the amount of time with SaO2 below a given
level of saturation was significantly decreased for all values
greater than 65%. Arterial blood gas tensions by day
showed an increase in PaO2 from 57 to 66 mmHg and a non-
significant fall in PaCO2 from 52 to 48 mmHg. There were no
changes in arterial pH or bicarbonate ion concentration.
Clinical state and treatment were unchanged for 4 weeks
before the start of the study and, although no control group
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Table 7.1 Sleep studies in patients with COPD.

Suspected sleep apnoea syndrome
Excessive daytime sleepiness on a background of heavy 
snoring

Oedema or polycythaemia that are unexpected for the 
degree of airflow obstruction

Respiratory variable only study usually sufficient
Monitoring of transcutaneous carbon dioxide tensions 

maybe useful, particularly if patient is receiving 
supplemental oxygen



was studied, the benefits seen probably reflect the action 
of protriptyline.

Carroll et al. [57] recruited 18 patients with severe stable
COPD to a randomized double-blind cross-over study of 
10 mg protriptyline and placebo. Each limb of the study
lasted 6 weeks, with assessments made before starting and
after 6 and 12 weeks’ treatment. Each polysomnographic
study was preceded by an acclimatization night and the per-
centage of total sleep time (TST) spent in REM sleep was
16% on entry, 15% during the placebo phase and 8.8%
while taking protriptyline (P < 0.001). The percentage of
TST spent with SaO2 less than 90%, 80% and 70% were all
improved but only the change in %TST with SaO2 < 90%
reached statistical significance. The maximum increase in
transcutaneous carbon dioxide tension (PtcCO2) was similar
during both phases of the trial; however, as REM time was
reduced during the protriptyline limb, the total time with
PtcCO2 greater than awake baseline was reduced. PaCO2 dur-
ing spontaneous breathing fell from 6.4 kPa (5.2–8.5 kPa)
to 5.8 kPa (5–8.1 kPa), P < 0.01 and PaO2 increased from 
6.9 kPa (4.8–10.1 kPa) to 7.8 kPa (5.1–10 kPa), P = NS. There
were statistically significant increases in 6 minute walking
distance and maximal inspiratory mouth pressures. 

The beneficial effects of protriptyline upon daytime 
arterial blood gas tensions and function were attributed 
to the reduction in arterial oxygen desaturation. However,
abolition of nocturnal oxygen desaturation by supple-
mental oxygen does not improve daytime arterial blood gas 
tensions. Simonds et al. [55] found a significant reduction 
in maximum PtcCO2 in a group of patients with extra-
pulmonary restrictive disorders and Carroll et al. [57], in
patients with COPD, noted a reduction in the time spent
with PtcCO2 above baseline levels, both suggesting that 
nocturnal hypoventilation was reduced. This may have
contributed to the improved daytime arterial blood gas ten-
sions by allowing renal excretion of bicarbonate, thereby
restoring central ventilatory drive. However, the ventil-
atory response to carbon dioxide was not measured and 
a direct effect of protriptyline upon ventilatory response 
cannot be excluded. The anticholinergic side-effects of 
protriptyline were a major problem in all the studies. In 
the study by Carroll et al. [57], five of 12 male patients
expressed reluctance to take protriptyline on a long-term
basis, primarily because of urinary difficulties. With the
advent of newer antidepressants, protriptyline has largely
been withdrawn from the market and although a potent
REM-suppressing and beneficial effect on sleep-disordered
breathing has been demonstrated with the selective sero-
tonin uptake inhibitor fluoxetine in obese patients [58] its
use in patients with COPD has not been evaluated.

There are few studies of the effects of either oral or
inhaled long-acting bronchodilators during sleep in patients
with COPD. The studies are small and the results variable.

In a cross-over study of 20 patients with COPD, evening
administration of theophylline resulted in less time with
SaO2 < 90% than QDS salbutamol and there was subject-
ively less nocturnal wheeze but no changes in sleep quality
[59]. In another study, higher concentrations of theo-
phylline resulted in a greater improvement in spirometric
variables at 7 a.m. but no difference in oxygen saturation or
sleep quality [60]. Mulloy and McNicholas [61] found that
theophylline increased oxygen saturation and decreased
transcutaneous CO2 overnight but at the expense of
impaired sleep quality in 10 stable patients. They also 
found beneficial effects upon exercise and a reduction in
hyperinflation. Worse sleep quality was seen in another
study without beneficial effects on gas exchange [62]. 
In patients with asthma, salmeterol but not theophylline 
has been shown to improve the patient’s perception 
of sleep [63–65] but the differences are small. To date 
there have been no similar studies in patients with COPD.
Tiotropium, a once-a-day long-acting anticholinergic agent,
improves nocturnal FEV1 compared with placebo [66] and
increases nadir oxygen saturation without compromising
sleep quality.

Respiratory stimulants such as medroxyprogesterone
acetate, acetazolamide and almitrine have been shown 
to improve arterial blood gas tensions during wakeful-
ness and sleep in some studies [67–69] but the results are 
not consistent [68,70] and side-effects have precluded
widespread use. 

Assisted ventilation during sleep

A number of studies have shown that non-invasive positive
pressure ventilation (NPPV) is feasible at home during 
sleep in patients with COPD [71–77] and that abnormal
physiology can be corrected using NPPV. However, there
have been few controlled trials and most of these had small
numbers of patients followed over a short period of time
[78–81]. They have generally been characterized by no
significant advantage from NPPV [78–80], poor tolerance
[78] and worse sleep efficiency [80]. However, Meecham
Jones et al. [79] showed improvements in daytime arterial
blood gas tensions, sleep quality and quality of life during
the pressure support (PSV) limb of a cross-over study com-
paring PSV and oxygen with oxygen alone. This was the
only study in which the overnight control of nocturnal
hypoventilation was confirmed and the improvement in
daytime PaCO2 correlated with a reduction in overnight
transcutaneous CO2. Sleep quality was shown to improve
in another uncontrolled study in which an overnight
reduction in transcutaneous CO2 tension was confirmed
[72]. The reason for improved sleep quality is not clear. 
It is likely to be multifactorial and may include better 
oxygenation, the reduction in CO2, but also offloading of
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the respiratory muscles. In patients with SAHS, it is the
increased effort of breathing against an occluded airway
that is a major stimulus causing arousal [82], and the reduc-
tion in respiratory muscle effort [83,84], which can be
achieved with non-invasive ventilation, may be important
in improving sleep quality.

In a 1-year controlled trial, Casanova et al. [85] random-
ized 52 patients with severe stable COPD to either NPPV
plus ‘standard care’ or to standard care alone. The adequacy
of ventilation was determined by close observation of the
patient, during the day and night, but was not confirmed
objectively. The level of support was modest, with a mean
inspiratory positive airway pressure (IPAP) of 12 ± 2 cm
H2O. One-year survival was similar in both groups (78%)
as was the number of acute exacerbations. The number of
hospital admissions was less at 3 months in the NPPV group
(5 vs 15%, P < 0.05), but this difference was not seen at 
6 months (18 vs 19%, respectively). There was either no 
or little difference between the groups in dyspnoea scales,
gas exchange, haematocrit, pulmonary function, cardiac
function and neuropsychological performance. However,
the number of patients was too small to avoid a type II error
and the period of follow-up too short to evaluate the effect
upon outcome fully.

Clini et al. [86] reported a prospective randomized 
controlled trial of NPPV during sleep in chronic stable
COPD patients, with a significant number of patients fol-
lowed for a reasonable period of time. One hundred and
twenty-two patients with stable chronic hypercapnia who
had been on LTOT for at least 6 months were considered
and 90 randomized to continuing LTOT or LTOT and NPPV.
Compliance with LTOT was excellent and amongst NPPV
patients the mean night-time use of 9 h compares very
favourably with reported use in other studies. There were
small improvements in the NPPV group in resting PaCO2

and dyspnoea and health-related quality of life, but no
improvement in survival or hospital stay, although there
was a trend towards a lesser time in hospital in the NPPV
group compared with an increase in the LTOT group when
compared with the period before the study. ICU stay was
reduced in both groups, but more in the NPPV than in the
LTOT group. The effect of NPPV upon sleep quality and
quantity was not evaluated. In common with most other
studies, there was inadequate confirmation that effective
ventilation had been delivered. NPPV was deemed to be
adequate when the PaCO2 was reduced by 5% during wake-
fulness; this reduction in CO2 during NPPV when awake is
very modest. The changes in diurnal PaCO2, which was the
primary endpoint that informed the power calculation,
were small and it remains to be seen whether more aggress-
ive ventilation would have resulted in a bigger change in
this and other endpoints. The average IPAP was 14 ± 3 and
expiratory positive airway pressure (EPAP) 2 ± 1 cm H2O,

suggesting that there was room to increase the pressures, at
least to levels closer to those seen in the study of Meecham
Jones et al. [79]. The fact that the effectiveness of ventila-
tion during sleep was not confirmed is an important limita-
tion of the study and it is possible that there was in fact no
change in PaCO2 overnight, given that the pressures used
were comparable with those used in the study of Lin [80] 
in which no effect of NPPV was seen upon nocturnal
hypoventilation. If this is correct, the question arises as to
why patients reported less dyspnoea and an improved qual-
ity of life. First, this could have been a placebo effect, as was
seen in the study of Gay et al. [81]. A significant placebo
effect has been seen with sham CPAP [87] and the placebo
effect of a ‘breathing machine’ should not be underestim-
ated. Secondly, exacerbations have been shown to have 
a detrimental effect upon quality of life [88] in patients 
with COPD. NPPV offloads the respiratory muscles [89] and
reduces the sensation of dyspnoea [90,91] associated with
an acute exacerbation at ventilator settings similar to those
used in this study. It is possible that NPPV therefore reduced
the impact of exacerbations upon the patient; this may also
have contributed to the trend towards reduced hospitaliza-
tion. Compliance was considered to be acceptable if NPPV
use was greater than 5 h/day on average; in fact the mean
daily use in those who achieved this minimum usage was
much higher at 9 ± 2 h/day. This suggests that at least some
patients were using the ventilator during wakefulness,
which lends some support to this hypothesis. Thirdly, no
data are given about input from health-care workers,
which may impact upon quality of life and dyspnoea [92]. 
It is possible that patients receiving NPPV, which requires
considerable staff input at least initially, had greater contact
with medical and paramedical staff than those on LTOT
alone.

Most studies suggest that it is the patients with more
severe hypercapnia who are likely to benefit and there is 
no place for nocturnal NPPV, at present, in those without
sustained daytime hypercapnia. On the basis of current
knowledge, a trial of NPPV can only be justified in patients
with COPD who have symptoms of nocturnal hypoventila-
tion (morning headaches, daytime sleepiness, etc.) despite
maximal bronchodilator therapy or who cannot tolerate
LTOT, even with careful administration using Venturi
masks or a low flow meter. It should also be considered 
in patients with repeated episodes of hospitalization with
hypercapnic ventilatory failure requiring acute NPPV [93].
Adequate control of nocturnal hypoventilation should be
confirmed as this has been a feature of the studies in which
benefit has been seen [72,79]. 

However, NPPV does not have to be delivered during
sleep to improve both daytime and sleep parameters. In a
carefully designed study of patients with extrapulmonary
lung restriction, NPPV was delivered either during sleep or
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during the day for a 1-month period [94]. In the latter
group, patients were prevented from sleeping by having to
respond to intermittent prompts by pressing a button when
a light came on. There were no differences between the 
two groups, with each showing improved diurnal blood 
gas tensions, increased respiratory muscle strength and a
slight reduction in the occlusion pressure 100 ms after the
onset of inspiratory flow (pressure generated in the first 
0.1 s, P0.1), a measure of central drive. Overnight SaO2 and
transcutaneous CO2 tensions were also improved in both
groups at the end of the study during spontaneous breath-
ing overnight. Sleep quality was also shown to improve in a
small subgroup who underwent full polysomnography.
Diaz et al. [95] also showed significant increases in daytime
PaO2 (mean increase 1.14 kPa) and PaCO2 (mean decrease
–1.12 kPa) when patients with COPD were ventilated 
for 2 h/day 5 days/week for 3 weeks. Although the effect
upon sleep was not evaluated, they found that the improve-
ment in PaCO2 correlated with changes in dynamic hyper-
inflation, intrinsic positive end-expiratory pressure (PEEP),
inspiratory lung impedance, tidal volume and functional
residual capacity. There was no demonstrable effect upon
tests of respiratory muscle function. They concluded that
the primary effect of NPPV was upon respiratory system
load. Daytime ventilation may be an option in patients who
cannot tolerate NPPV during sleep, but again this warrants
much more detailed evaluation before this strategy becomes
widespread.

The use of CPAP overnight in patients with COPD has
also been evaluated and while no effect upon gas exchange
or sleep quality has been demonstrated, an improvement 
in inspiratory muscle strength and endurance as well as
walking distance has been demonstrated [96], presumably
a consequence of reducing the work of breathing [97]. 
In patients with a combination of SAHS and COPD, CPAP
improves blood gas tensions and FEV1 [98,99] and reduces
the need for hospitalization [98]. The benefit seemed to be
greatest in patients with hypercapnia [99].

Significant changes in respiratory function take place dur-
ing sleep in normal subjects. These do not usually impact
upon daytime function. However, in the patient with COPD
the effect may be sufficient to worsen ventilation to the
point at which diurnal ventilatory failure occurs. In patients
with combined SAHS and COPD, more severe derange-
ments of daytime blood gas tensions are seen than would 
be expected for the degree of airflow limitation. Whether
other effects such as minor degrees of sleep disruption are
clinically important remains to be seen. With the increas-
ing recognition of patients with SAHS, abnormalities 

Conclusions

occurring solely during sleep are increasingly recognized
and their implications and hence management requires
further study.
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CHAPTER 8

The physiology of cough

Marian Kollarik and Bradley J. Undem

The problem of cough is often underestimated when con-
sidering life-threatening diseases such as COPD. Yet chronic
and non-relenting cough can substantially diminish the
quality of life of those suffering from this disease [1]. In
patients with COPD, cough is often a natural consequence
of the mucus hypersecretion and airway obstruction that
typify their disease. In some patients with inflammatory
airways disease, however, the neurophysiology of the cough
reflex may be pathologically altered, leading to an exagger-
ated sensitivity of the reflex pathways. An inappropriately
sensitized cough reflex may lead to persistent ‘urge to cough’
sensations which result in cough in excess of functional
requirements. In this review we discuss the basic physiolo-
gical concepts of the cough reflex. Emphasis is placed on the
nature of the afferent (sensory) neural pathways involved
in the initiation of the cough response, and the potential
mechanisms by which these pathways can become altered
in inflammatory airways diseases such as COPD.

The basic function of cough is to remove excessive or irrit-
ant material from the airways. This is achieved by the 
interaction of the airflow with the mucus lining the airway
wall. The physical characteristics of the airflow and mucus
are critical determinants of cough efficacy. A key factor
underlying the clearing effect of cough is the extraordinary
high linear velocity of the airflow that acts to remove irrit-
ants and mucus from the airways. The linear velocity of the
airflow equals the airflow rate divided by the airway cross-
sectional area (linear velocity = airflow rate/cross-sectional
area). The effectors of the cough reflex (i.e. respiratory and
laryngeal muscles) are activated in a highly coordinated
and stereotypic pattern to generate high intrapleural pres-
sure, which is responsible for both high airflow rate and the
reduction in airway cross-sectional area.

The cough reflex

Cough can be described in three separate phases: ‘inspir-
atory’, ‘compressive’ and ‘expulsive’ [2]. The inspiratory
phase denotes the rapid inspiration of a variable tidal 
volume, usually larger than the eupnoeic tidal volume. 
This phase depends on the proper action of inspiratory
muscles. Larger end-inspiratory volume inhaled during the
inspiratory phase improves contractility of the expiratory 
muscles by improving their length–tension relationships
(the length–tension relationship is optimal at higher lung
volumes). Thus, larger end-inspiratory volume helps to
generate the intrapleural pressure required during the 
subsequent phases. Cough can also occur in the absence of
the inspiratory phase. This type of cough is often referred to
as an ‘expiration reflex’. An initial expiration reflex is often
followed by bouts of more traditional coughing [2]. 

During the compressive phase of the cough, expiratory
muscles are activated and the glottis closes (for ∼0.2 s). 
The glottis closure allows for a great rise of intrapleural
pressure (reported up to 300 mmHg ∼ 40 kPa) (Fig. 8.1). 
The onset of the expulsive phase is marked by the opening 
of the glottis. When the glottis opens, the high pressure 
gradient between atmospheric pressure and the pressure 
in the airways results in a rapid expiratory airflow. The
pressure gradient between intrapleural pressure and the
pressure in the airways causes substantial dynamic com-
pression of the airways as the pressure in the airways drops.
The high values of the intrapleural pressure are important
to achieve substantial dynamic compression of the airways.
The dynamic compression is initiated early in the expulsive
phase in the trachea and extends to the more peripheral 
airways as air is expelled. The cross-sectional area of the 
trachea can be reduced as much as fivefold, which leads to
the fivefold increase in the linear velocity of the airflow
(reported up to 25 m/s) [3]. Because the kinetic energy 
of a gas increases with the square of the linear velocity of
the airflow, the fivefold increase in the linear velocity
results in a 25-fold increase in the kinetic energy of expelled
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gas which is available to interact with the mucus on the air-
way wall. 

The expulsive phase of cough may be interrupted by the
repeated glottis closures into the series of short expiratory
efforts, each having compressive and expulsive compon-
ents. It has been speculated that this interruptive pattern 
of coughing enhances clearance of the smaller airways [4].
Although all three phases are typically described, cough 
can be effective without complete glottis closure. Effective
coughing was also reported in intubated patients and in
patients with tracheostomies, who cannot achieve extreme
values of intrathoracic pressure because of the functional
absence of the glottis [5].

Cough is effective in clearing the mucus from the central
airways but not the more peripheral airways. Theoretical
estimates suggest that coughing is only effective to the 7th
or 12th generation of the airways [6]. Thus, mucus from
the more peripheral airways must be removed by muco-
ciliary transport in order to be ‘coughed up’.

Although the high linear velocity of the airflow is an

essential prerequisite for effective coughing, the quantity
and quality of mucus are also critical factors of the cough
efficacy. At high linear velocities of the airflow, mucus is
torn from the airway wall and the droplets are aerosolized
into the airway lumen (described as a misty flow). This 
phenomenon is greatly affected by the physical properties
of mucus. Increased thickness of the mucus layer promotes
the formation of misty flow while increased cohesiveness
and adhesiveness of the mucus have the opposite effect 
[7]. The effect of cough on airway clearance is typically
measured by the clearance of inhaled radioactive particles.
This technique showed that cough improves airway clear-
ance in COPD patients with increased mucus production
[8–10]. In contrast, most studies agree that cough has little
effect on airway clearance in subjects, including COPD
patients, without mucus hypersecretion (unproductive
cough) [8,11]. A modest benefit from cough without 
clinically detectable mucus secretion has occasionally been
reported [12]. 

Other physical factors may also contribute to effective
coughing. Airways are not rigid tubes and probably vibrate
during the expulsive phase of the cough reflex. Cough
often occurs as a succession of interrupted expirations
instead of a single forced expiration. Airway wall vibration
and rapid pressure swings acting on the airway wall during
coughing may help to loosen the mucus from the airway
wall [4]. Many stimuli that evoke cough also induce bron-
choconstriction. It has been speculated that the airway
smooth muscle contraction may prevent the collapse of the
small diameter airways and thus facilitate the clearing of
the more distal airways [13].

The cough reflex is a polysynaptic reflex consisting of the 
primary afferent pathways, integration in the central nerv-
ous system, and the efferent motor pathways. Much of the
current knowledge of the cough reflex neurophysiology 
is derived from animal models. Studies on humans are 
limited to morphological (bronchial biopsies in patients
with cough), functional and pharmacological studies
(mostly the inhalation aerosol challenges) from which only
indirect inferences can made about the cough reflex neural
circuits. Additional information indicating involvement of
certain neural pathways in the cough reflex in humans
comes from studies in heart–lung transplant patients. The
neurophysiology of cough has been more directly studied
using various animal models including dogs, cats, rabbits
and guinea pigs. In general terms, stimuli that provoke
cough in humans also cause cough in these animals, and
drugs that inhibit cough in humans also show efficacy in
the various animal models. 

Neurophysiology of cough
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Figure 8.1 The acoustic, geometric and mechanical events in
quiet breath and cough. Changes in cough sound, glottal (Gl)
and tracheal (Tr) cross-sectional areas, airflow (V; scale on 
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Primary afferent (sensory) nerves

Primary afferent neurons have their cell bodies situated in
sensory ganglia outside the central nervous system (CNS).
The axon leaves the cell body and after a short distance
bifurcates with one end innervating the peripheral target
(e.g. airways, lungs) and the other end projecting centrally
where it forms a synapse with secondary sensory neurons
in the CNS. Information in the form of action potentials is
transmitted from the periphery to the CNS along the axon.
There is overwhelming experimental evidence that the
afferent pathways involved in the initiation of cough are
contained in the vagi nerves [14]. In humans, the relevant
structures supplied by the vagi nerves include the lower
part of the oropharynx, the larynx, the lower respiratory
tract and the lung parenchyma. The cell bodies of the vagal
afferent neurons are located in the superior ( jugular) and
inferior (nodose) vagal ganglia. These ganglia can be visual-
ized as swellings along cervical portions of the vagi nerves.

Sensory nerves are subclassified based on the velocity at
which they conduct action potentials along their axons.
Myelinated fibres conduct action potentials at relatively
high velocities (4–60 m/s). These fibres are referred to as 
‘A-fibres’. The other subset of vagal afferent nerve fibres are
non-myelinated and conduct action potentials at a slow
rate (< 2 m/s). The slow conducting fibres are referred to 
as sensory ‘C-fibres’. It has been estimated that approx-
imately 80% of the vagal afferent nerves innervating the 
respiratory system are C-fibres [15]. Most A-fibres in the 
respiratory system are low-threshold mechanosensors. In
contrast, C-fibres are relatively insensitive to mechanical
perturbation (i.e. high-threshold mechanosensors), but are
readily stimulated by noxious stimuli and inflammatory
mediators [16–18]. The C-fibres are therefore often referred
to as ‘nociceptive’ or nociceptive-like C-fibres, inasmuch as
they respond to noxious stimuli.

Regardless of the fibre type, in order to evoke activation,
the stimuli interact with receptors or ion channels on 
the peripheral terminals of the afferent fibre causing a
membrane depolarization. This membrane depolarization

(generator potential) spreads along the nerve fibre to an
active zone where, if of sufficient magnitude, it leads to pro-
duction of action potentials that travel in an all or none
fashion to the central terminals of the nerve.

Vagal afferent A-fibres
With few exceptions, myelinated A-fibres innervating the
respiratory system are sensitive to mechanical distortion 
of their receptive fields [19,20]. Many of the A-fibres in 
the intrapulmonary airways are sufficiently sensitive to
mechanical distension of the surrounding tissue that they
are activated by the cyclic changes in stretch occurring 
during eupnoeic breathing. These fibres are therefore char-
acterized as ‘pulmonary stretch receptors’ and are found
within the lungs of all mammals studied to date.

The pulmonary A-fibre stretch receptors are subclassified
based on their ability to adapt to a prolonged suprathresh-
old stretch stimulus (Fig. 8.2) [21]. Some stretch receptors
respond to the sustained lung inflation with a burst of
action potential discharge which adapts rapidly (within 
seconds). These fibres are referred to as rapidly adapting
stretch receptors (RARs). At the other end of the spectrum
are stretch receptors that respond continuously through a
prolonged suprathreshold lung inflation. These are referred
to as slowly adapting stretch receptors (SARs). There are
also subsets of A-fibres that are difficult to categorize as
stretch receptors (either RAR or SAR). A significant propor-
tion of the pulmonary stretch receptors are activated by
bronchospasm resulting from the airway smooth-muscle
contraction [14]. The activity of some RARs is inversely
related to lung compliance [22]. In addition, some RARs
can be activated by changes in the pulmonary extravascular
space produced by mild elevations of left atrial pressure
[23]. Lung deflation and certain inhaled irritants including
cigarette smoke and ammonia also activate RARs [19,20,
24,25].

Activation of SARs is thought to lead to the Hering–
Breuer reflex and to inhibition of parasympathetic outflow
[20]. By contrast, RAR activation can evoke tachypnoeic
responses and increases in parasympathetic outflow [19].
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Both types of stretch receptors may contribute to the cough
reflex.

Vagal afferent A-fibres with characteristics similar to the
pulmonary stretch receptors are less often encountered in
the extrapulmonary airways [26,27]. In the dog and guinea
pig, a subset of A-fibres situated in the extrapulmonary 
airways is exquisitely sensitive to a focal mechanical stimu-
lus, but responds poorly to stretch or to changes in airway
luminal pressure (see Plate 8.1; colour plate section falls
between pp. 354 and 355) [26–28]. These extrapulmonary
A-fibre mechanosensors do not fit into the classically defined
categories of stretch receptors. Particularly relevant to the
present discussion is the observation that activation of these
extrapulmonary A-fibre mechanosensors effectively evokes
coughing (see below) [27]. These low threshold A-fibre
mechanosensors are relatively unimodal in their activa-
tion profile, with few other stimuli effective in evoking
action potential discharge from their nerve endings [18,29].
Hypertonic saline solutions are poor activators of the 
extrapulmonary A-fibre mechanosensors in the guinea pig
trachea; however, hypotonic solutions are effective stimuli
(perhaps through mechanical means). At least a proportion
of the extrapulmonary A-fibre mechanosensors can be
directly activated by a modest reduction in pH (and this
activation evokes cough in experimental animals) [27,30,
31]. The molecular mechanism of acid-evoked activation of
these A-fibres has not been elucidated, but mechanistic
studies suggest that this activation may be mediated by 
certain acid-sensing ion channels (ASICs) [30]. The mech-
anisms by which the mechanical stimulus is translated into
a generator potential in the nerve terminals is not yet
understood. A large and growing number of mechanically
sensitive ion channels have been identified [32], but the
role of these channels in vagal bronchopulmonary afferent
mechanotransduction is yet to be explored.

Vagal afferent C-fibres
The majority of afferent nerves innervating the respiratory
system are unmyelinated slow conducting C-fibres [15,16].
C-fibres innervate the airways from the nose to the term-
inal bronchi. In addition, C-fibres are thought to innervate
structures associated with the alveolus ( juxta-capilliary
receptors, or J-receptors) [33]. The C-fibres innervating the
conducting airways are referred to as bronchial C-fibres,
whereas those deeper in the lung tissue are referred to as
pulmonary C-fibres [16]. In either case, the C-fibres are
poorly responsive to mechanical perturbation (i.e. they 
are high-threshold mechanosensors) and are quiet during
normal respiration. Unlike A-fibres with their structurally
more defined nerve terminals, C-fibres, at least in the con-
ducting airways, form a lattice-like plexus within and just
beneath the epithelium [34]. An example of the difference
between the morphology of nociceptive-like C-fibres and

mechanosensitive A-fibres in the guinea pig trachea can 
be seen in Plate 8.1 (colour plate section falls between 
pp. 354 and 355).

Virtually all vagal bronchopulmonary C-fibres can be
activated by capsaicin. In addition, C-fibres are responsive
to many chemicals and autacoids associated with inflam-
mation, with bradykinin, adenosine triphosphate (ATP),
serotonin (5-HT) and acids being the most commonly 
studied [16,35]. Activation of C-fibres can lead to reflex
responses that include increases in parasympathetic
outflow (and consequent bronchoconstriction and mucus
secretion), apnoea, bradycardia and, as discussed below,
cough [36].

Afferent fibres that trigger cough

Based on the rather simplified categorization scheme of 
respiratory afferent nerves (A-fibre subtypes, C-fibres), it
would seem a trivial task to label one or the other afferent
nerve type as the ‘cough receptor’. Despite several decades
of laboratory investigation, however, the fibre type(s)
involved in initiation of the cough reflex has remained
difficult to pin down. The reason for the difficulty comes
from a confluence of variables that confuse the issue. The
variables that confound the identification of the subtype 
of afferent nerves initiating the cough reflex include the
nature of the tussigenic stimulus, the location from which
the cough is initiated, the state of consciousness, the role of
competing or facilitating reflexes, and the degree of integra-
tion by the CNS of the information arising from each fibre
subtype.

Subconscious cough
Experimentally, the most straightforward cough reflex 
to study with respect to afferent nerve pathways is that
evoked in an anaesthetized animal by punctate mechanical
stimulation. Mechanically probing of the larynx, trachea,
carina or large bronchi leads to a cough reflex in most
mammals studied (humans, monkeys, dogs, cats, rabbits,
guinea pigs). There would appear to be no exception to 
the conclusion that the afferent fibre type responsible for
cough under these conditions is a mechanically sensitive
(by definition) vagal A-fibre. Cooling the vagus nerve to a
temperature that blocks conduction of all A-fibres but
leaves unimpeded the conduction of C-fibres, abolishes this
type of cough reflex [31,37].

Vagal A-fibre mechanosensors comprise stretch receptors
(pulmonary RAR and SAR), as well as extrapulmonary 
A-fibre mechanosensors. Several studies indicate that SARs
do not directly trigger cough reflex [14]. Moreover, in a
species such as the guinea pig, there are few A-fibres with
the characteristics consistent with SARs in the regions 
of the airways that lead to cough upon mechanical 
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stimulation (larynx, trachea, carina, main bronchi) [18].
Studies in dogs and cats have led to the conclusion that the
cough evoked by mechanical perturbation of the trachea 
is secondary to RARs [14,37]. In the guinea pig, the extra-
pulmonary cough-evoking A-fibres that are exquisitely
sensitive to a punctate mechanical stimulus can also be activ-
ated by tussigenic concentrations of hypotonic and acidic
solutions [18,30]. The focal mechanical stimulus-induced
action potential discharge in these fibres adapts rapidly (see
Plate 8.1; colour plate section falls between pp. 354 and 355)
and thus one might be tempted to classify these A-fibres as
a subtype of RARs. In so doing, however, one quickly gets
into a nomenclature thicket. In the guinea pig and dog,
there are relatively few fibres in the larynx, trachea, carina
or mainstem bronchus that have characteristics of RARs
(i.e. exquisite sensitivity to tissue distention) [26,38]. More-
over, although the cough-evoking fibres in the guinea pig
are myelinated A-fibres, they conduct action potentials 
relatively slowly, only at approximately 3–6 m/s compared
with 15–20 m/s for guinea pig pulmonary stretch receptors
(RARs and SARs) [27]. There are also intrinsic differences
in the pharmacological properties between the cough-
evoking extrapulmonary A-fibre mechanosensors and the
intrapulmonary stretch receptors [27]. Rather than confus-
ing the issue with subtypes of RARs, these fibres are per-
haps better left diffusely characterized as extrapulmonary
A-fibre mechanosensors. In the guinea pig, these cough-
provoking fibres are not found within the epithelium, but
rather are situated just beneath the basement membrane
[39]. Extrapulmonary A-fibre mechanosensors appear to
be limited to the larynx, trachea and large bronchi, and 
not appreciably found in the peripheral airways or lung
parenchyma [27].

In contrast to the extrapulmonary A-fibre mechanosen-
sors, activation of extrapulmonary or intrapulmonary C-
fibres is relatively ineffective in evoking cough reflexes in
anaesthetized animals. Bradykinin and capsaicin are potent
C-fibre activators and evoke bursts of action potentials in
tracheobronchial C-fibres, but rather than cough, this is fol-
lowed by apnoeic reflexes and increases in parasympathetic
tone [27]. In fact, the propensity of C-fibres in the extra-
pulmonary airways to evoke apnoeic reflexes may inhibit
the cough reflex in the anaesthetized animals. In humans
under light anaesthesia, applying water to the airway
mucosa leads to cough, respiratory irregularity and apnoea
[40]. As the anaesthesia is deepened, the cough reflex is
blocked but the apnoeic response persists [40]. 

Based on data from experimental animals as well as clin-
ical studies in humans, one can conclude that cough evoked
by mechanical perturbation of the extrapulmonary airways
of anaesthetized animals is brought about by a single class
of mechanically sensitive vagal A-fibres. A study in con-
scious volunteers, where a nebulized solution of tartaric

acid pulsed onto the larynx triggered a cough (expiration)
reflex within 20 ms of application also directly indicates 
A-fibre involvement [41]. Inasmuch as the cough evoked
by activation of this fibre type can be obtained in deeply
anaesthetized animals as well as in anaesthetized humans
and comatose patients, this is unlikely to be a reflex that 
can be voluntarily controlled [42]. This type of immediate
cough reflex likely underlies the vigorous cough response
to aspiration and possibly to mechanical effects of mucus
abutting the epithelium of large airways.

Conscious cough

A ‘productive’ cough is evoked upon aspiration or increased
mucus secretions abutting mechanosensors. This cough is
termed productive because it serves the purpose of remov-
ing the provocative substance from the airways. However,
some airway pathologies are associated with so-called non-
productive cough. In this case, afferent nerves are signalling
urge to cough sensations, despite nothing in the airways to
‘cough up’. Non-productive cough is a common experi-
ence. An irritating, itchy sensation in the throat builds up
until relief by a cough is demanded. The temporary relief
caused by the cough is only to be followed by the return of
the building itch sensations and another cough, and so on.
This type of cough often follows upper respiratory tract
viral infections or other airway inflammatory conditions. In
some patients these irritating sensations can occur chron-
ically for extended periods of time. The resultant chronic
coughing can have deleterious effects both physically and
emotionally. The afferent neurophysiology of this type of
cough is poorly understood, but it is intuitively obvious that
this reflex is qualitatively different from the violent cough
observed within milliseconds of aspiration. The evidence to
date implicates activation of C-fibres as contributors to this
type of cough.

Inhalation of C-fibre stimulants such as capsaicin and
bradykinin evokes cough in most awake mammals includ-
ing humans [43,44]. In human studies, intravenous injec-
tion of the nicotinic receptor agonist, lobeline (a C-fibre
stimulant) leads to strong ‘need to cough’ sensations 
which are absent in lung transplant subjects [45]. With the
assumption that lobeline, bradykinin and capsaicin are
selective for activating C-fibres, these data indicate that
bronchopulmonary vagal C-fibre activation can lead to
urge to cough sensations in humans. 

The location of C-fibres responsible for non-productive
cough is difficult to address experimentally. Monitoring the
respiratory deposition of particles released from different
nebulizers revealed that prostaglandin E2 (a C-fibre stimu-
lant) was relatively ineffective in evoking cough when the
particles were deposited primarily in the more peripheral
airways [46]. By contrast, cough was effectively evoked
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with larger particles that were deposited mainly in the more
central airways. Lung transplant patients failed to cough
with inhaled capsaicin, yet their upper trachea and larynx
were innervated and cough could be evoked from these
regions by direct stimulation with water [47,48]. These
types of studies hint that the relevant C-fibres are those
found primarily innervating the conducting airways (i.e.
bronchial C-fibres). 

CNS integration of primary afferent input and
central sensitization

We have discussed the potential roles of A-fibres and 
C-fibres in initiating the cough reflex. It must be kept in
mind, however, that the afferent fibres comprise a sensory
nervous system. The bronchopulmonary afferent fibres are
never acting alone, and their activity must be interpreted
within the context of an integrated nervous system. The
question as to the specific type of afferent nerve that alone
can lead to cough may be less relevant than questions per-
taining to the nature of the integrated input to the CNS that
lead to cough. 

The central terminals of primary vagal airway afferent
nerves synapse with secondary neurons situated in the
brainstem within the nucleus tractus solitarius (NTS) [49].
The RARs as well as low threshold extrapulmonary A-fibre
mechanosensors use the excitatory amino acid glutamate
as their central neurotransmitter. Pharmacologically block-
ing the glutamate receptors in the brainstem blocks cough
and profoundly disrupts normal respiration [49,50]. Broncho-
pulmonary C-fibres use certain sensory neuropeptides such
as neurokinins and calcitonin gene-related peptide (CGRP)
as central transmitters. The synaptic input of one vagal fibre
type may enhance or inhibit the input from another type.
In the field of pain research, for example, much attention

has been given to the ability of nociceptive C-fibre input 
to enhance (sensitize) the input form fast-conducting
mechanosensitive A-fibres [51]. One mechanism involved
in the C-fibre-induced increase in synaptic transmission
occurs as a result of neurokinins released from the central
terminals of C-fibres. Neurokinins stimulate receptors on
secondary neurons in the CNS leading to long-lasting
increases in their neuronal excitability and a consequent
increase in synaptic efficacy. This sensitizing process of 
converging inputs may involve many other distinct mechan-
isms, but regardless of mechanism, has been termed ‘central
sensitization’. It is likely that central sensitizing processes
contribute to the excessive coughing in COPD patients. 

Central sensitization has helped provide mechanistic
insights into states of both hyperalgesia (states of a
decreased threshold for pain), as well as allodynia.
Allodynia is a pain syndrome where a normally painless
stimulus (e.g. brushing your hair) becomes inappropriately
painful. These conditions may provide useful analogies
when it comes to understanding the hypertussiveness seen
in many COPD patients. In some cases a subject may be
simply more sensitive to a cough stimulus (i.e. a leftward
shift in an inhaled capsaicin–cough response curve, Fig. 8.3),
but in others an ‘urge to cough’ sensation may occur to 
a stimulus that is ordinarily not a cough stimulus, result-
ing in non-productive cough (by analogy ‘an allotussive
state’). Airway inflammation leads to accumulation of
mediators that are known to be capable of activating bron-
chopulmonary C-fibres. One might speculate by analogy
from the somatosensory research that this activation could
lead to central sensitization of the constant synaptic input
from pulmonary stretch receptors (e.g. certain RARs)
resulting in a poorly defined irritating itch sensation. 

By considering the processes of central sensitization, 
one is less inclined to conclude that cough associated with
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airway inflammation is specifically a C-fibre or A-fibre phe-
nomenon, but rather an integrated process. Experimental
studies support the hypothesis that different types of bron-
chopulmonary afferent nerves functionally converge in the
NTS [52,52]. For example, the C-fibres from the larynx,
which alone have little effect on airway parasympathetic
tone, substantially enhance the parasympathetic drive that
is increased secondary to pulmonary RAR activation [52].
In the studies of cough in anaesthetized animals, stimula-
tion of bronchopulmonary C-fibres fails to evoke cough;
however, their activation quite impressively decreases 
the amount of the extrapulmonary A-fibre input to the 
NTS required to evoke the cough reflex [54]. This occurs
whether the C-fibre activation occurs in the trachea or
within the lungs. Indeed, activation of C-fibres within the
oesophagus can sensitize the extrapulmonary A-fibre
mechanosensor initiated cough reflex via central sensit-
izing mechanisms (B.J. Canning, personal observation).
Likewise, indirect studies support the hypothesis that SARs
alone do not evoke cough, but may enhance the cough
reflex [55]. The extensive integration of afferent inputs 
at the level of the CNS may contribute to the difficulty in
precisely localizing the cough stimulus within the lungs.
Kinasewitz et al. [56] used a fibreoptic bronchoscope to
deliver a unilateral mechanical tussive stimulus. All sub-
jects coughed, but most were unable to determine which
side of the lungs the tussigenic stimulus was applied.

In addition to the secondary neurons in the NTS, the
cough reflex involves many complex neural pathways
within the CNS. These include premotor inspiratory and
expiratory neurons in the medulla, and a group of neural
pathways referred to as the cough-pattern generator sys-
tem. An overview of the central neural pathways involved
in this ‘cough centre’ can be found elsewhere [50,57].
Functionally, the cough pattern generator is made up of a
network of the multifunctional respiratory-related neurons
in the medulla oblongata. Cortical inhibitory inputs into the
cough centre are also important as evidenced by the power-
ful effect of placebo in controlling certain types of cough
[58]. These inputs have yet to be critically defined.

Motor pathways

Although many different types of stimuli, and afferent
nerve types, may initiate cough reflexes, the final efferent
pathway seems to be, for the most part, common to all
cough. The efferent pathways of the cough reflexes are well
defined and reviewed in more detail elsewhere [13]. These
pathways include the motor neurons to the respiratory
muscles originating in cervical spinal cord for the phrenic
nerve and thoracic segment for other respiratory muscles
and the motor neurons to larynx originating in the nucleus
ambiguus.

Triggers of the cough reflex in COPD

The two major types of stimuli that initiate cough reflexes
are mechanical perturbations and stimuli that activate 
nociceptive-like C-fibres. It is likely that both mechanisms
are involved in initiating the excessive coughing in COPD.

Low-threshold mechanosensor activation
Mechanical probing of mucosal surface of the larynx, 
trachea and large bronchi evokes cough. The nerve fibres
involved are myelinated low-threshold mechanosensitive
A-fibres. It is likely that mucus traversing along the large
airways serves as a mechanical stimulus needed to activate
this mechanosensor-evoked cough. The mechanosensors
are also likely activated by aspiration of foreign substances
in the airways. In addition, tracheal mechanosensors can 
be stimulated by rapid decreases in pH, but whether the
changes in local concentrations of endogenous protons are
sufficient to activate afferent nerves in the inflamed airway
is unknown. Finally, pulmonary RARs are activated by
cigarette smoke, an observation particularly relevant to
COPD [24].

C-fibre activators
Unlike the low-threshold mechanosensors that have a
rather limited activation profile, C-fibres in the lungs can be
activated by many types of stimuli. For this reason they are
referred to as ‘polymodal’ nerve fibres. The stimuli may
even include mechanical distortion, which is normally 
ineffective in activating C-fibres, because the excitability of
C-fibres at sites of inflammation can be enhanced enough
to respond to physiologically relevant mechanical stretch.

Capsaicin, the active ingredient in hot peppers, is a chem-
ical used to define nociceptive C-fibres. Nearly all bron-
chopulmonary C-fibres in experimental animals respond
vigorously to capsaicin application. Capsaicin evokes a gen-
erator potential by binding to the vanilloid receptor TRPV1
(formerly VR1). The vanilloid receptor TRPV1 is not only
gated by vanilloids such as capsaicin but, importantly, can
also be activated by endogenous stimuli within the lungs.
These stimuli include lipoxygenase products of arachidonic
acid, anandamide and hydrogen ions (pH threshold ~5.0)
[59]. Moreover, there is some indication that G-protein
coupled receptors such as the bradykinin B2 receptor may
lead to TRPV1 activation via various second messenger 
systems [60,61].

Serotonin (5-HT) can activate C-fibres in the airways 
via interaction with 5-HT3 receptors [62,63]. Extracellular
ATP is an effective activator of many C-fibres, and this
occurs through interaction with purinergic receptors of the
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P2X subtype [64,65]. Both 5-HT3 and P2X receptors, like
TRPV1, are non-selective cation channels that depolarize
the nerve terminals by allowing the influx of sodium and
calcium across the nerve membrane.

Bronchopulmonary C-fibres are also stimulated by 
mediators that act on 7 transmembrane G-protein linked
receptors. Examples here include certain prostanoids,
bradykinin acting through the B2 receptor, and adenosine
acting through adenosine A receptors [16,35]. The mech-
anisms by which activation of the G-protein linked receptor
is transduced into a depolarizing generator potential has
not yet been elucidated.

Mechanisms of enhanced cough in COPD

Increases in afferent activators
In most patients with COPD, the amount of coughing falls
well outside the normal range. This may simply be because
of more primary afferent stimulators in the COPD lung 
than in the healthy lung. In the first instance, the increased
mucus secretion may lead to mechanically evoked cough.
The physical characteristics of the mucus, combined with
weakened respiratory muscles, may decrease the effective-
ness of cough, leading to increased bouts of coughing. 

Changes in pulmonary vascular pressure as well as the
altered mechanics of breathing in the COPD patient may
contribute to excessive coughing. In experimental animals
both SAR and RAR type pulmonary stretch receptors may
contribute to central sensitization and increased coughing,
especially in the presence of inflammation and C-fibre 
activation. The activity of RARs may be enhanced as a con-
sequence of increases in pulmonary vascular pressure [23].
By breathing at higher lung volumes and higher rates, both
RAR and SAR activity may be enhanced in COPD patients.
In clinical studies, bronchodilators have been shown to
reduce cough reflexes [66]. Thus, the decreased airway 
calibre in COPD may indirectly contribute to excessive
coughing. One can envision certain positive feedback loops
operating in COPD. For example, the increase in afferent
activity coming from the lungs of the COPD patient may
increase reflex parasympathetic tone, and consequently
increase airway smooth-muscle contractions and mucus
secretion that in turn could increase need to cough 
sensations.

Many airway mechanosensors are imbedded in the 
airway wall. The stress–strain properties of the tissue will
influence the efficacy of mechanical transduction in the
nerve terminal. It is possible that the remodelling of the 
airways seen in COPD may affect the efficacy of mechanical
activation of some types of bronchopulmonary afferent
nerve fibres. This could indirectly increase or decrease the
cough sensation arising from the lungs of the COPD patient.
It should be kept in mind that these issues are extremely

difficult to address experimentally, and thus remain mere
speculation.

The C-fibres lining the airways of COPD patients are
likely to contribute to the excessive coughing, especially
during acute exacerbations of the disease. Various inflam-
matory mediators may be constantly evoking action poten-
tial discharge in bronchopulmonary C-fibres leading to
increases in need to cough sensations. In addition, a
decrease in the pH at the site of inflammation may also 
contribute to bronchopulmonary C-fibre activation [30,67].

Plasticity and enhanced afferent excitability
There is sound reason to suppose that part of the excessive
coughing in COPD patients can be explained by the
increased amount of primary afferent nerve activators that
are present within the inflamed respiratory system. In 
addition to this, however, the afferent nerves may be hyper-
sensitive to a given amount of stimuli. That is, the amount of
afferent activation required to trigger cough (cough thresh-
old) may be decreased. This can occur through changes 
in excitability and plasticity of the afferent nerves. This 
concept finds experimental support in clinical studies of
cough evoked by inhalation of defined concentrations of
tussigenic stimuli. Cough reflex sensitivity to both capsaicin
and citric acid is increased in patients with COPD (see 
Fig. 8.3) [68,69]. This increase cannot be explained by the
sensitizing effect of cigarette smoke in smokers with COPD
because cough hypersensitivity has not been found in
smokers with normal lung function [70].

Electrical excitability
An increase in electrical excitability of the afferent nerve
membrane will increase the amplitude of the depolarizing
receptor potential, or increase the ability of the depolariza-
tion to lead to regenerative action potentials (i.e. lower
action potential threshold). In addition, changes in electr-
ical excitability can alter the frequency of action potential
discharge by modulating the relative refractory period of
the nerve fibre. The manifold mechanisms underlying
changes in electrical excitability involve changes in the
function of various ion channels situated within the affer-
ent nerve membrane [71].

Many inflammatory mediators can act on receptors
through various second messengers to modulate ion chan-
nel function. Classic second messenger pathways such as
cyclic AMP-dependent kinases, phospholipase C and activa-
tion of various isoforms of protein kinase C can all lead to
phosphorylation of ion channels and consequent alter-
ations in their function [51]. This often leads to an overall
increase in excitability of the afferent nerve. This has been
repeatedly observed in experimental animals where, 
for example, certain inflammatory mediators increase the
excitability of high-threshold C-fibres to the extent that
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they may become activated by the mechanical forces that
occur during eupnoeic breathing [35]. The increase in elec-
trical excitability of an afferent nerve is often non-selective
in that it results in enhanced activation regardless of
whether the stimulus is mechanical or chemical. There are
more examples published on the increases by inflammatory
mediators of electrical excitability seen among C-fibre 
afferents than A-fibre afferent nerves; nevertheless, the
mechanical threshold of extrapulmonary A-fibre mech-
anosensors in the guinea pig trachea (those that directly
lead to cough) can be substantially reduced in the presence
of allergic inflammation [72]. Many inflammatory medi-
ators acting in concert may participate in increasing afferent
nerve excitability [73]. Clinical pharmacological studies
have suggested that inhibition of thromboxanes or cys-
teinyl leukotriene receptors can inhibit increased cough
sensitivity in some subjects [74]. However, because mul-
tiple inflammatory mediators are increased in the airways
of patients with chronic cough, it is unlikely that inhibition
of a single mediator would normalize cough sensitivity in
all COPD patients [75]. 

Afferent nerve plasticity
The changes in electrical excitability caused by inflam-
matory mediators and various second messenger systems
are often short-lived, lasting only as long as the presence of 
the causative agent. In chronic disease, there may be 
more persistent ‘plastic’ changes that occur in the nervous
system [76]. There is much attention given to the role of
airway wall remodelling in the pathophysiology of airways
inflammatory disease. In the same way, the nervous system
within the airways may be qualitatively ‘remodelled’. 
In this case, chemical and mechanical interactions within
the bronchopulmonary nerve endings are transduced into
changes in gene expression within the cell nucleus situated
in the distant vagal ganglia. This can lead to changes in the
afferent nerve sprouting and density, as well as to changes
in the expression of neurotransmitters, receptors, ion chan-
nels and other molecules.

There have been no published studies that have 
rigorously addressed the hypothesis that increased afferent
nerve density is related to increased cough specifically in
COPD. However, studies have been carried out that have
quantified nerve density in subjects with chronic cough. In
one study bronchial biopsies were obtained from subjects
with idiopathic persistent non-productive cough and 
from healthy volunteers [77]. The subjects with persistent
coughing were more sensitive to inhaled capsaicin than
control subjects. The overall density of nerves in the
bronchial epithelium was similar between the two groups.
However, there were more neuropeptide (CGRP) contain-
ing nerves in the coughing subjects compared with controls.
In another study bronchial biopsies were obtained from
healthy volunteers, typical asthmatic patients, and subjects

with cough variant asthma [78]. Nerve densities were not
assessed, but again significantly more neuropeptide (sub-
stance P) containing nerves were noted in the epithelium of
the cough variant asthma subjects than in either of the two
other groups. These types of studies focus on the epithelial
nerve plexus, and thus likely pertain only to the C-fibre
population of nerves. A change in nerve density of the 
low-threshold A-fibres would be also relevant, if found in
the cough region of the respiratory tract. These fibres are
likely found beneath the mucosa. 

The studies that evaluated nerves in the epithelium 
of subjects with persistent cough noted changes in the
amount of neuropeptides within airway nerves, without 
a change in nerve density per se. Inflammation in the 
upper or lower airways of animal models has been noted 
to increase the expression of neuropeptide synthesizing 
genes (e.g. preprotachykinin A) in vagal sensory neurons
[79–82]. The increased amount of neuropeptides in the
central terminals of bronchopulmonary afferent nerves can
lead to central sensitization by increasing synaptic efficacy
in the brainstem and consequently increasing cough
reflexes [49]. The question arises as to how inflammation
in the lungs can lead to changes in gene expression in the
nerve cell bodies situated in the distant sensory ganglia?
The neurotrophins, exemplified by nerve growth factor
(NGF), are a family of molecules adept at regulating neural
gene expression by interactions with specific neurotrophin
receptors located at the distant nerve terminals [83]. In this
light it is worth noting that several neurotrophins including
NGF are increased in the lungs during inflammatory air-
ways disease [84,85].

A chronic change in the quantity and quality of afferent
input into the CNS may also lead to plastic changes within
the brainstem. This has been noted in the somatosensory
system where inflammation can lead to long-lasting
changes in spinal cord neurophysiology [86]. Consistent
with this idea, persistent airway inflammation evoked by
ozone inhalation in infant primates caused neuroplastic
changes in the synaptic physiology within the nucleus of
the solitary tract [87].

Treatment of cough in COPD

Therapeutic strategies aimed at inhibiting excessive cough-
ing in COPD are generally based on the premise that cough
is the natural consequence of the underlying inflammation
and airway obstruction. Treatment of cough is thus appro-
priately integrated within the treatment of the inflamma-
tion and obstruction. While it is true that the coughing will
decrease with overall improvement of the disease, in some
cases it may be informative to consider the pathophysiology
of cough per se as part of the pathophysiological process in
the COPD. If the neurophysiology of the cough reflex is
deranged by the chronic inflammatory condition such that
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the cough is persistent and non-productive, it would be
useful to have selective antitussive therapies available that
target the hypersensitive component of the cough reflex.
Regrettably, such therapies are not yet available [88].

The antitussive drugs currently available for use in the
clinic have not changed appreciably over the past couple 
of decades [88]. Codeine is perhaps the most effective 
antitussive agent available, although its utility is limited by
the bothersome and sometimes serious unintended con-
sequences of central opiate action. Codeine inhibits cough
mainly through interaction with μ-opioid receptors in the
CNS [89]. Both δ- and κ-opioid receptor agonists are also
effective in inhibiting cough in experimental animals [89].
Dextromethorphan is the most commonly used antitussive
drug in use today, and is thought to work either through
activation of subsets of central glutamate receptors, or 
opiate-like σ-receptors [89]. Dextromethorphan has fewer
side-effects than codeine, but is also less efficacious in
inhibiting cough than codeine and related opioids. In addi-
tion to these antitussive compounds, mucolytic agents have
been used with variable success in the treatment of chronic
cough.

The availability of novel effective antitussive treatments
is limited, but not for lack of interest by the pharmaceutical
industry. Within the pharmaceutical ‘pipeline’ are many
interesting compounds aimed at strategically decreasing 
the afferent nerve excitability and cough hypersensitivity
that accompany various airway inflammatory diseases. 
As promising as some of these compounds appear in pre-
clinical studies, the propensity for novel therapies to be
shipwrecked on the shoals of evidence-based medicine
makes a discussion of their potential use in cough therapy
premature and unproductive. Suffice it to say, it is hoped
that this section on cough therapy in COPD will be first in
the present textbook to be outdated.

In summary, cough is a complex reflex that is initiated by
activation of primary vagal afferent nerves within the respir-
atory tract. Both low-threshold mechanosensitive A-fibres
and nociceptive-like C-fibres can contribute to the initia-
tion of cough reflexes. A consideration of the convergence
of these types of afferent inputs within the CNS may help
explain the cough in excess of functional demand that 
is commonly associated with COPD and other airways
inflammatory diseases. 

When the coughing becomes non-relenting and non-
productive, it can have a deleterious effect on quality of life,
and potentially the health of the individual. Coughing in
patients with COPD occurs because at any given time they
are more apt to have excessive mechanical and chemical
tussigenic stimuli within their respiratory systems. In 

Conclusions

addition, the indirect evidence indicates that many subjects
with COPD suffer from an increased sensitivity to a given
amount of a tussive stimulus. Although difficult to prove
experimentally, evidence from various animal models 
indicate that an increase in cough sensitivity likely stems
from increases in electrical excitability of the sensory nerve
terminals, plastic changes in the cough reflex afferent path-
ways, and sensitizing events occurring at synapses within
the CNS. These effects are likely a consequence of certain
aspects of the inflammatory processes occurring in the
lungs, but relatively little is yet known about the specific
mechanisms involved.
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CHAPTER 9

The physiology of gas exchange

Robert Rodriguez-Roisin, Andrés Echazarreta, Federico P. Gómez 
and Joan Albert Barberà

The major goal of the respiratory system is to exchange
physiological (respiratory) blood gases, namely oxygen
(O2) and carbon dioxide (CO2), to cope with the metabolic
needs of the body. To exchange these two respiratory gases
adequately, alveolar ventilation and pulmonary blood flow
must be properly balanced and matched within the lung,
such that alveolar ventilation to pulmonary blood flow
(Va/Q) mismatching emerges as the most influential mech-
anism determining abnormal arterial blood gases in chronic
obstructive pulmonary disease (COPD), both in stable 
and acute (exacerbation) conditions. In contrast, the role of
the other two intrapulmonary determinants of physiolo-
gical respiratory gases (alveolar to end-capillary diffusion
impairment to oxygen and increased intrapulmonary
shunt) (i.e. zero Va/Q ratios), are almost negligible. Indeed,
there is no diffusion limitation to oxygen in COPD and
intrapulmonary shunt is only present marginally during
exacerbations, even in the most life-threatening critical
conditions. By contrast, the influence of the major extra-
pulmonary factors modulating respiratory gases, namely
the inspired fraction of oxygen, overall ventilation, cardiac
output and oxygen consumption (uptake), are the major
determinants during exacerbations [1]. The inspired 
fraction of oxygen in particular has a major influence on
the value of PaO2, cardiac output and oxygen consumption
interact mutually via the arterial–mixed venous oxygen
content difference (i.e. Fick principle), and overall ventila-
tion governs CO2 by means of the alveolar gas equation for
carbon dioxide.

The two most characteristic pathological features of
COPD, obstructive airway changes and pulmonary emphy-
sema, in addition to varying degrees of pulmonary vascular
structural abnormalities, in particular vascular wall remod-
elling, contribute to the development of Va/Q mismatching
even in the earliest stages of the disease. Alveolar hypoven-
tilation also contributes to the development of hypercapnia
in these patients [2,3].

This chapter reviews the physiological frontiers of 
pulmonary gas exchange abnormalities in COPD, mainly
through the research carried out over the last 25 years 
with the multiple inert gas exchange technique (MIGET).
This approach, originally designed by Wagner et al. [4,5],
extended and complemented the relatively simple tools
conventionally devoted in respiratory medicine to the
assessment of the Va/Q relationship, becoming central to
understanding the complexity of the interplay between 
and within the intrapulmonary and extrapulmonary deter-
minants of pulmonary gas exchange in acute and chronic
pulmonary diseases. Moreover, the extent of Va/Q inequal-
ities detected by MIGET is better than that derived from
topographical measurements with radioactive particles
using scans and computed tomograms, or positron emis-
sion tomography (PET). This is especially true when used 
in patients with COPD [6], as imaging techniques under-
estimate the intraregional Va/Q abnormalities and have 
limited spatial resolution.

The advantages and limitations of MIGET have been extens-
ively addressed over recent years and will not be discussed
here [4,7,8]. Complete technical details of MIGET have
been reported at length elsewhere [1–4,8,9] and will 
only be briefly explained here. The arterial, mixed venous
and mixed expired concentrations of six infused inert 
gases, determined by gas chromatography, are used to 
calculate the ratio of arterial to mixed venous pressures
(retention) and the ratio of mixed expired or alveolar to
mixed venous pressure (excretion). Retention and excre-
tion are then used to compute multicompartmental Va/Q
distributions. The six gases used include a wide variety 
of solubilities, from the more insoluble gas (sulphur hexa-
fluoride) to the most soluble (acetone) through those 
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of intermediate solubility (ethane, cyclopropane, enfluor-
ane or halothane and ether). The use of these inert gases
overcomes the common limitations derived from a non-
linear dissociation curve on gas exchange observed for 
respiratory gases. Moreover, the large range of solubilities
facilitates a better assessment of Va/Q relationships as it 
is known that the gas exchange in the presence of Va/Q
abnormalities, is a function of its solubility [8–10]. Figure
9.1 illustrates a classic distribution of Va/Q ratios in a young
healthy non-smoker at rest, in a semi-recumbent position,
breathing room air. The sum (distributions) of alveolar ven-
tilation and of pulmonary perfusion (ordinate) is plotted
against a broad range of 50 Va/Q (from 0 to infinity) on a
logarithmic scale (abscissa). Each data point indicates a
specific amount of alveolar ventilation or pulmonary blood
flow while the lines have been drawn to facilitate visual
interpretation. Total blood flow or total alveolar ventilation
corresponds to the sum of all data points for their respective
distributions.

The use of logarithmic rather than linear axis of Va/Q
ratios is based on conventional practice in the field of pul-
monary gas exchange. A logarithmic normal distribution 
of ventilation and blood flow is one of the simplest dis-
tributions and allows the spread to be defined by a simple
variable that is the standard deviation (SD) on a logarithmic
scale. Both distributions are unimodal with three major
common findings: symmetry, location around an ‘ideal’
mean Va/Q ratio of 1.0, and a narrow dispersion (between
0.1 and 10.0). Therefore, in young healthy individuals

there is no blood flow spread left to a zone of low 
Va/Q ratios (poorly ventilated lung units) nor ventilation 
distributed to the right to a zone of high Va/Q ratios
(incompletely perfused, but still finite, lung units).
Intrapulmonary shunt (detected by MIGET) is identified 
as areas with zero Va/Q (in practice < 0.005) ratio (0% of
cardiac output). The normal value of inert physiological
dead space with infinite (in practice > 100) Va/Q ratio
(approximately 30% of alveolar ventilation) is also less
than that computed with the traditional Bohr equation,
because the inert gas approach represents only the dead
space-like effects of those alveoli whose Va/Q ratios are >
100. The second moment (or dispersion) of each distribu-
tion (log SD) is the common way to assess the degree of
Va/Q disturbances and corresponds precisely to the square
root of the pulmonary blood flow (log SDQ and that of alve-
olar ventilation (log SDV ) distributions, reflecting the vari-
ance (standard deviation) of Va/Q ratios about the mean. In
an ideal, perfectly homogeneous lung, both log SDQ and log
SDV should be zero; in practice, in a normal healthy indi-
vidual they are in the range 0.30–0.60 in young individuals
and 0.70–0.75 in older people [10]. West [11] demon-
strated that log SDQ or log SDV values of 1.0 and 1.5 entail
moderate and severe degrees of Va/Q mismatch, respect-
ively. The degree of Va/Q inequality can also be expressed
as the total percentage of ventilation–perfusion in distinct
regions of the Va/Q range, such that the percentage of blood
flow distributed in areas of Va/Q ratios < 0.1 and > 0.005
and, consequently, excluding intrapulmonary shunt, is con-
ventionally named ‘low Va/Q mode’ while the amount of
ventilation diverted to the region of Va/Q ratios located be-
tween 10.0 and 100 (and, therefore, excluding dead space)
is viewed as a ‘high Va/Q mode’ [1,8]. Arterial–alveolar 
difference averaged for the whole range of inert gases also
can be calculated and employed to give indirect estimates
of the level of Va/Q abnormalities, such as an overall index
of Va/Q heterogeneity (DISP R-E*), which includes all inert
gas retention and excretion differences except the excretion
of acetone [12].

In summary, using MIGET, Va/Q imbalance has been
shown to explain the measured PaO2 and PaCO2 compre-
hensively through the influence of the intrapulmonary 
factors of pulmonary gas exchange while unravelling the
hierarchy with the vital extrapulmonary determinants in
respiratory medicine [12].

Types and severities of Va/Q imbalance found in patients
with COPD differ between patients and change with time in
accordance with the natural history of the disease and the
clinical state of the individual patient.

Stable conditions
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Figure 9.1 Representative ventilation–perfusion
distributions, using the multiple inert gas methodology, 
in a healthy individual (see text for further explanation).



Severe stages

In the late 1970s, stable patients with advanced COPD
(forced expiratory pressure in 1 s, FEV1 < 60% predicted:
GOLD stage II) with mild to severe hypoxaemia and hyper-
capnia representing the two classic clinical phenotypes
(types A and B) were studied [13]. In these patients, dis-
tributions of Va/Q ratios were extremely abnormal, and
exhibited three different Va/Q patterns (Fig. 9.2). The first
Va/Q profile showed the presence of lung units with very
high Va/Q ratios or a ‘high Va/Q mode’ (type H), a pattern in
which most of the ventilation was diverted to the zone of
higher Va/Q ratios. The second pattern was characterized 
by a large proportion of blood flow perfusing alveolar 
units with low Va/Q ratio, named ‘low Va/Q mode’ (type L).
The third pattern was a mixed ‘high/low Va/Q mode’
(type H-L), including additional modes above and below
the main Va/Q distribution. In general, the distributions 
of blood flow or ventilation, or both, showed moderate 
to severe increases. These findings suggested that type A
COPD patients were more likely to have high Va/Q areas
and were unlikely to have low Va/Q areas, unless they also
had clinical evidence of type B COPD. The belief was that

the type H of the Va/Q profile was caused by constant 
ventilation of zones with reduced blood flow, possibly 
corresponding to emphysematous areas with alveolar 
wall destruction and pulmonary capillary network loss. In
contrast, COPD patients of the type B subset usually had
distinct either low or high Va/Q areas, or both, even though
there was more variability within this patient population.
Accordingly, the investigators suggested that type L likely
reflected airways occluded by inspissated mucus secretions
and luminal plugging, smooth muscle hypertrophy, wall
oedema, bronchospasm, distortion, or some mixture of
these abnormalities. The lack of increased intrapulmonary
shunt was ascribed to the vigorous efficiency of both collat-
eral ventilation and hypoxic pulmonary vasoconstriction
such that airways obstruction was never complete, and the
coexistence of mild to moderate increased dead space were
two conspicuous complementary Va/Q features.

Several studies [14–29] including more than 100 patients
with stable severe or very severe airflow obstruction (mean
FEV1 approximately 36% predicted: GOLD stages III–IV),
many of them hypoxaemic, with or without chronic hyper-
capnia, have reported abnormal Va/Q patterns similar to
those documented in the study above [13]. However, the
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association shown with the clinical COPD types could not
be established as clearly. Similarly, the levels of blood flow
or ventilation diverted to regions with low or high Va/Q
ratios, respectively, were modest (range ≤ 10% of cardiac
output) in almost all the reports. 

Of note is the potential modulation of an increased CO2

output on PaCO2 and its relationship with nutritional status,
a clinical phenotype in COPD with poor prognosis [30].
Under physiological conditions, the amount of CO2 pro-
duced per unit of time is a function of the metabolic rate
and the substrate used for fuel. In healthy individuals, the
absorption and metabolism of carbohydrate induces an
increase in CO2 production (up to 70–100% of the oxygen
uptake) because the entire body fuel utilization is trans-
formed from predominantly fat to essentially carbohydrate
in addition to the thermogenic effects of food. Malnutrition,
currently considered to be one of the most characteristic
features of systemic involvement in COPD patients, has
been associated with poor prognosis and contributes to
complications and increased mortality [30]. Other non-
pulmonary (systemic) complications, including increased
resting and total energy expenditure, systemic inflam-
matory response, cardiovascular involvement, cachexia and
anorexia, have been proposed to explain malnutrition in
COPD. Body weight and body composition are important in
assessment of COPD patients, because loss of fat-free mass
is not limited to underweight COPD patients, but also occurs
in some ‘normal weight’ COPD patients [31]. Nutritional
support has been recommended to improve clinical state
and/or exercise capacity in stable COPD. However, it often
fails, especially in those patients with a considerable sys-
temic involvement. The potential pulmonary functional
implications of nutritional regimens with high percentage
of fat in hospitalized COPD patients are uncertain. Total
caloric intake is probably a more important determinant of
the magnitude of added CO2 production than the single
proportion of carbohydrate [32].

Mild to moderate stages

Over 24 patients with mild COPD (mean FEV1 approxim-
ately 75% predicted) have been studied (see below) [17]. 
In general, the distribution of ventilation and blood flow
were mildly abnormal (log SDQ < 1.0 each), although intra-
pulmonary shunt was absent and dead space was within
the normal range. Blood flow distributions were mostly
unimodal in two-thirds of patients and discretely bimodal
in the remaining one-third. By contrast, the ventilation 
distribution patterns were never bimodal, with no regions
of high Va/Q ratios.

There is only one preliminary study in patients with
small airways disease [33]. A few patients (GOLD stage 0)
with functional criteria compatible with small airways 

disease (FEV1 > 80% predicted with abnormal maximal
expiratory flow rates and single breath nitrogen test) 
were compared with healthy individuals with normal lung
function and also with COPD patients with FEV1 < 80%
predicted. Patients with small airways disease had normal
PaO2 and showed a mild but significant increase in the 
alveolar–arterial PO2 difference with little Va/Q mismatch,
as expressed by small increases in the dispersions of both
blood flow and ventilation, compared with controls. Yet,
there were no differences in these functional outcomes
between these patients with mild airways dysfunction and
those with early COPD and established airflow obstruction.
The contention was that functional abnormalities in peri-
pheral small airways can induce maldistribution of ventila-
tion and Va/Q mismatching in the face of a normal PaO2.

A retrospective analysis of almost 90 patients in a stable
condition studied at our centre, including all clinical pheno-
types of COPD, showed four different patterns of Va/Q
distribution [34]: a broad unimodal distributions of both
blood flow and ventilation (45% of the patients); a bimodal
blood flow distribution, with both normal and low Va/Q
areas (type L) (23% of patients); a bimodal distribution of
ventilation, with normal and high Va/Q areas (type H)
(18% of patients); and both bimodal blood flow and vent-
ilation distribution patterns (type H-L) (14% of patients).
This wide variety of patterns of Va/Q distributions is inter-
preted as a reflection of the heterogeneity of the underlying
pulmonary pathological derangement and the efficiency of
compensatory mechanisms, essentially collateral ventilation
and hypoxic vasoconstriction. Although the correlations
between the abnormalities in the two most representative
descriptors of Va/Q inequality in stable COPD (log SDQ and
log SDV) and the degree of abnormal FEV1 are present, the
levels of significance are usually modest [2].

Exacerbations of COPD provoke further Va/Q imbalance,
which can improve significantly after 4–6 weeks of an
effective and appropriate treatment [35], indicating that an
important component of the Va/Q mismatching under
these critical conditions is a result of partially reversible air-
way narrowing, such as mucus impaction, bronchial wall
oedema, bronchoconstriction, lung hyperinflation and 
air trapping. Different studies have shown more severe, 
but qualitatively similar, patterns of Va/Q imbalance in
COPD patients needing mechanical ventilation than in
those breathing spontaneously (Fig. 9.3) [35–38]. By con-
trast, the presence of an increased intrapulmonary shunt
(4–10% of cardiac output), more evident in the more 
life-threatening conditions, indicates that some airways 
are completely occluded by inspissated secretions. It is 
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plausible, however, that the efficiency of collateral ventila-
tion and that of hypoxic vasoconstriction along with the
influence of breathing hyperoxic mixtures on critical
inspired Va/Q ratios interact together, contributing to this
disrupted gas exchange state.

It has been shown that, in COPD patients during exacer-
bations while breathing spontaneously, the main deter-
minants of hypoxaemia are the levels of Va/Q mismatching
(approximately 50%), increased oxygen consumption
(approximately 25%), likely related to an increased work 
of breathing, an overuse of short-acting β-agonists, and 
an amplifying deleterious effect of a decreased mixed
venous PO2 on Va/Q imbalance (approximately 25%), not
sufficiently offset by the simultaneous increased cardiac
output. Interestingly, the role of overall ventilation was
negligible. During COPD exacerbations, the extrapulmonary
factors in addition to Va/Q imbalance are modulating the
endpoint of pulmonary gas exchange state [35], unlike in
stable COPD patients. Similarly, in COPD patients requiring
mechanical ventilatory support, either invasively [36,37]
or non-invasively [38], the principal determinants of gas
exchange in conjunction with Va/Q inequality (cardiac 
output, overall ventilation and oxygen uptake) also have 
a vital role.

Non-invasive ventilation

This is particularly evident while using non-invasive venti-
lation in which the detrimental effects of a rapid and shal-
low breathing on PaCO2 and acid–base status are replaced by
a more physiological pattern, such that both CO2 and pH
decrease while PaO2 increases (Fig. 9.4a) [35]. Interestingly,
the simultaneous decrease in cardiac output, induced by the
increased intrathoracic pressure, is not sufficient to limit
the significant improvement of PaO2. It is also of note that,

during the application of non-invasive ventilation, Va/Q
imbalance remains essentially unchanged. This highlights
the key influence of extrapulmonary factors, essentially
represented by the efficiency of the ventilatory pattern, while
the role of cardiac output is here less relevant (Fig. 9.4b).

Recently, the combined use of long-term oxygen therapy
and nocturnal non-invasive mechanical ventilation in
advanced COPD patients with hypercapnic respiratory fail-
ure for a period of 6 months improved both hypoxaemia
and hypercapnia [39]. Moreover, the descriptors of Va/Q
mismatch improved remarkably towards normal. The 
relevance of this preliminary data is unique in that it is
highly likely that Va/Q abnormalities ameliorated because
of an efficacious structural–functional remodelling in the
airways and the pulmonary vessels under some special 
controlled circumstances of both nocturnal long-term 
oxygen therapy and non-invasive ventilation. However,
this noticeable Va/Q improvement in this trial in a few
patients with stable advanced hypercapnic COPD remains
intriguing, raising several hypotheses.

Invasive ventilation

During conventional ventilation, the abnormal Va/Q pat-
terns do not differ from those shown while breathing spon-
taneously and therefore do not share any special features,
even in the face of the current diversity of ventilatory
modalities [40]. This clinical scenario needs to be differenti-
ated, however, from that of non-invasive ventilation, more
specifically during weaning where Va/Q patterns are not
normal [37]. When mechanical support is discontinued,
the abrupt increase in venous return because of the reduc-
tion in intrathoracic pressure provokes a significant in-
crease in cardiac output without changes in total ventilation,
although both the reduction in tidal volume and the
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Figure 9.3 Most common patterns of ventilation/perfusion mismatching observed in patients with COPD during exacerbations.



increase in respiratory frequency become less efficient. As 
a result, both the dispersion of alveolar ventilation and 
the overall Va/Q heterogeneity increase, resulting in more
Va/Q inequalities (Fig. 9.5).

An intriguing finding was that there was only a small
increase in intrapulmonary shunt from mechanical ventil-
ation to spontaneous breathing, despite the substantial
increases in cardiac output and mixed venous PO2. This 
was at variance with the poorly understood, strong linear
relationship between increase in pulmonary blood flow and
shunt fraction commonly observed in patients with acute
lung injury [41]. The use of inert gas and radionuclide data
showed that the critical alteration in ventilation during
ventilator weaning resulted in the development of very low
Va/Q ratios in the basal lung regions [42]. Another striking
observation during weaning was that respiratory blood
gases were unchanged despite increases in mixed venous
PO2 and oxygen delivery. In other words, the potentially
beneficial effect of the increased cardiac output on PaO2,
through its positive impact on mixed venous PO2, was offset
by the detrimental influence of the change in ventilatory
pattern on PaO2. Despite these problems, weaning in these
patients was successful. When patients were removed from
the ventilator in this study, oxygen consumption did not
change. Other investigators [43] have also stressed the role of
cardiac output variations and other haemodynamic changes
together with an increase in oxygen uptake as cause of

unsuccessful weaning. In patients with severe COPD with
coexisting myocardial infarction and left ventricular dys-
function, oxygen consumption usually increases during
weaning, which would tend to induce a decrease in PaO2.
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We have also investigated the effects of positive 
end-expiratory pressure (PEEP) and those of intrinsic
(auto) PEEP (PEEPi) on Va/Q mismatching in mechanically
ventilated COPD patients, with the contention that a low
PEEP can improve rather than impair lung mechanics as
PEEP can replace PEEPi [37]. It was shown that PEEP levels
approximately 50% of the initial PEEPi improved the 
gas exchange state without affecting lung mechanics or
haemodynamics adversely. Furthermore, the application of
‘controlled hypoventilation’ along with low PEEPi levels
considerably reduced intrathoracic pressure, while increas-
ing cardiac output and systemic oxygen delivery, a practice
that could be recommended during exacerbations.

Taken together, these findings indicate that arterial
hypoxaemia and hypercapnia during exacerbations are the
integrative endpoint of Va/Q abnormalities in conjunction
with the active interplay of extrapulmonary indices of gas
exchange, namely overall ventilation, cardiac output and
oxygen uptake.

Both short-acting and long-acting β2-agonists are main-
stays in the therapeutic strategy of COPD [44]. Yet, it is 
conventionally known that they may induce a decrease 
in arterial oxygenation, generally rapidly offset by short-
term oxygen therapy. Moreover, these mild to moderate
deleterious oxygenation defects, of the order of 5 mmHg 
in most of the studies, are well tolerated. 

Intravenous terbutaline in patients with advanced COPD
and mild chronic respiratory failure increased cardiac out-
put [26], mixed venous PO2 and oxygen delivery, while
PaO2, systemic blood pressure and pulmonary vascular
resistance decreased in the face of an improved FEV1. In
parallel, there was further Va/Q worsening (the perfusion
to regions of low Va/Q units increased) and this was not
counterbalanced by hyperventilation and/or the poten-
tial of an active reduction in pulmonary vascular tone 
(Fig. 9.6). In contrast, in most severe COPD, with more
airflow obstruction, hypoxaemia, hypercapnia and more
pronounced pulmonary hypertension, cardiac output
increased without pulmonary vascular changes. Further-
more, ventilation increased modestly but without improv-
ing airflow limitation; however, PaO2 and the underlying
Va/Q mismatching remained stable. Gas exchange state
during agent administration was not disturbed in these
patients, conceivably because hypoxic pulmonary vasocon-
striction was less active or even absent because of more
intense structural pulmonary vascular remodelling. This
would be in keeping with the concept that the progressive
increase of pulmonary vascular resistance seen in advanced
COPD is not only caused by irreversible structural vascular

Bronchodilators

lesions, but also by a reversible component [45]. In more
severe advanced COPD, the pulmonary vascular tone
seems to be more altered, more rigid and fixed, and there-
fore less liable to be dilated by selective β-agonists.

The short-term effect on gas exchange of nebulized
fenoterol, a non-selective short-acting bronchodilator [29],
in stable COPD patients demonstrated only a slight reduc-
tion in PaO2 caused by further Va/Q deterioration. After
ipratropium, gas exchange was unaltered, hence indicating
that the pulmonary vascular tone was disturbed following
inhaled fenoterol resulting in further Va/Q imbalance. The
impact of intravenous aminophylline on Va/Q mismatching
has been also assessed in COPD patients recovering from 
a severe exacerbation [15]. Aminophylline improved
spirometry but did not adversely affect arterial blood gases
or the underlying Va/Q disturbances. Although therapeutic
doses of aminophylline can increase Va/Q mismatching in
some patients, the overall effect is in general modest and of
little clinical significance in patients with advanced COPD.
No inert gas studies are available using long-acting β-
agonist and anticholinergic bronchodilators. A preliminary
analysis of an ongoing study in COPD during the first days
of hospitalization for exacerbations in our centre highlights
no deterioration of Va/Q imbalance in the face of a simultan-
eous moderate increased cardiac output (approximately
15%), with marginal changes in the other extrapulmonary
factors governing gas exchange. In contrast, when these
patients become stable, Va/Q mismatching further deterio-
rated and PaO2 significantly decreased, suggesting active
release of hypoxic pulmonary vasoconstriction.
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COPD encompasses an abnormal inflammatory response of
the lungs that involves alveolar spaces (emphysema), small
and large airways (bronchiolitis) and pulmonary vessels
(remodelling) [44]. This widespread structural derangement 
will ultimately result in alveolar ventilation to pulmon-
ary blood flow imbalance, particularly in severe and very
severe stages of the disease. A recent study in a cohort 
of more than 600 COPD patients, 37% with severe to 
very severe disease, showed that 61% died from respiratory
failure [46].

Alveoli

The influence of pulmonary emphysema and small airway
disarrangement on Va/Q mismatching has been invest-
igated extensively in patients with mild to moderate COPD
[17]. It has been shown that emphysema was positively
correlated with the alveolar–arterial oxygen partial pres-
sure difference (AaPO2) but negatively for PaO2. Moreover,
the levels of emphysema severity showed a positive correla-
tion with the dispersion of blood flow (log SDQ) and that of
alveolar ventilation (log SDV ). In essence, the more severe
the degree of emphysema, the more abnormal the Va/Q
mismatch. The degree of abnormality in the log SDQ sug-
gests the preferential development of regions with lower
than normal Va/Q ratios. These findings indicate therefore
that poorly ventilated lung units associated with emphy-
sema could be one of the structural determinants of abnor-
mal PaO2 in these patients. Thus, arterial hypoxaemia may
be related to the loss of alveolar attachments of bronchiolar
walls shown in emphysema, resulting in both distortion
and narrowing of the lumen of bronchioles. This leads 
to impairment of alveolar ventilation in many regions of the
lung and, consequently, to the presence of low Va/Q ratios
(Fig. 9.7; see also Plate 9.1; colour plate section falls between
pp. 354 and 355) [47]. Similarly, it has been observed that
areas of centrilobular emphysema have a greater residual
volume (air trapping) and lower compliance, resulting in 
a reduction of ventilation/volume ratio. Accordingly, this
could be an additional mechanism of reduction of effective
ventilation in peripheral alveolar units. There is also a close
correlation between the degree of emphysema and the
abnormalities in the dispersion of alveolar ventilation (log
SDV ). This may be caused, at least in part, by wasted venti-
lation related to the dysfunction and/or loss of pulmonary
capillary network of emphysematous spaces. This in turn
induces the development of regions with lung units with
high Va/Q ratios, hence increasing the dispersion of ventil-
ation. In this regard, the bimodal Va/Q pattern of the venti-
lation distribution alluded to above, with a major amount

Structure and gas exchange
of ventilation to high Va/Q ratios (type H) observed in pati-
ents with advanced type A COPD, would be an extension 
of this finding, likely reflecting large areas of destroyed
parenchyma.

Airways

Bronchiolar lesions were found to be related to Va/Q im-
balance as shown by the correlation between the airway
inflammation score and the dispersion of ventilation (log
SDV ). This finding reflects a heterogeneous distribution of
inspired air to alveolar spaces caused by airway obstruction
secondary to bronchiolar damage, thereby inducing the
increase in the dispersion of ventilation (see Fig. 9.7; see
also Plate 9.1; colour plate section falls between pp. 354 and
355). In contrast, there was no correlation between these
chronic alterations in peripheral small airways and arterial
blood gases, an observation akin to the deficient relation-
ship between these structural changes and the dispersion of
blood flow (log SDQ). Notwithstanding, the lack of correla-
tion between small airways abnormalities and both the 
dispersion of blood flow and the percentage of perfusion to
regions with low Va/Q ratios cannot be extrapolated to 
the typical Va/Q findings in patients with highly devel-
oped COPD, principally during exacerbations [35–38]. In
severe to very severe stages of COPD, a bimodal blood 
flow Va/Q profile may be more common and can be attrib-
uted to an acute superimposition of abrupt, potentially
reversible airway changes (such as bronchial wall oedema
or inspissated mucus plugging) on the chronic airways
abnormalities.

In summary, these data suggest that there is a wide 
variety of Va/Q abnormalities in patients with COPD. At
one end of the spectrum are those patients with mild to
moderate COPD and mild arterial blood gas abnormalities,
with modest Va/Q inequality, mainly characterized by
broadly unimodal Va/Q patterns of the dispersions of blood
flow and alveolar ventilation. At the other end of the spec-
trum are those patients with severe advanced COPD and
abnormal arterial blood gases who show dramatic Va/Q
imbalance, with bimodal Va/Q patterns of either pulmonary
blood flow or alveolar ventilation distributions, or both,
depending on clinical conditions and reflecting different
levels of COPD progression. Ultimately, historical type B
COPD patients with regions of high Va/Q ratios share
emphysema as well as chronic bronchitis areas, whereas
type A COPD patients with regions with low Va/Q ratios are
seldom detected. The latter patients usually have increased
dead space and sporadically modest levels of increased
intrapulmonary shunt, in particular during exacerbations.
In between these two extremes there are many patients
with different degrees of Va/Q imbalance, depending on
progression, clinical status and therapy.
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Vessels

The relationship between the pulmonary vascular abnor-
malities and the Va/Q relationships in COPD patients has
been investigated [48]. It has been shown that the lower
the degree of response to 100% oxygen (a relatively simple
tool to assess the state of pulmonary vascular reactivity),
the greater the thickness of the intimal layer of the pul-
monary muscular arteries. Furthermore, the width of the
intima was correlated with some gas exchange abnor-
malities, namely PaO2 and the amount of Va/Q mismatch,
as expressed by both the dispersion of alveolar ventilation 
and an overall descriptor of Va/Q imbalance. It was also 
correlated with the underlying degree of bronchiolar
inflammation, a finding that can be considered central to
the development of further abnormal Va/Q progression (see
Fig. 9.7; see also Plate 9.1; colour plate section falls between
pp. 354 and 355). Moreover, in patients with mild COPD,
the intimal enlargement in pulmonary arteries coexists
with a superior Va/Q impairment and this arterial wall
thickness in small vessels may minimize the response of
pulmonary vascular reactivity to the breathing of different
oxygen concentrations.

Using a multivariate analysis, it has been shown that two
of the best independent predictors of hospitalization for
exacerbations in patients with moderate to severe COPD

were pulmonary artery pressure value > 18 mmHg and
PaCO2 > 44 mmHg [49]. Thus, pulmonary vascular pres-
sures could represent an outcome of the deleterious effects
of alveolar hypoxia on the pulmonary vessels, indicating
the individual’s vulnerability to arterial hypoxaemia. It 
is well established that both anatomical and functional 
pulmonary vascular derangements that result in pul-
monary hypertension are characteristic features of the 
natural progression of COPD. Plausible mechanisms of the
development of pulmonary hypertension in COPD include
remodelling of pulmonary vessels, hypoxic pulmonary
vasoconstriction, polycythaemia and emphysematous dam-
age of the capillary network. Pulmonary vascular remodel-
ling appears to be one of the central causative factors of 
pulmonary hypertension in COPD, as suggested by its failure
to resolve after arterial hypoxaemia correction during acute
or continuous oxygen administration.

Patients with severe emphysema with air trapping had a
mean pulmonary artery pressure > 20 mmHg and a normal
cardiac index [50]. Nevertheless, the pulmonary artery
pressure correlated negatively with PaO2 and with the sev-
erity of emphysema, and a subsequent multiple stepwise
regression analysis demonstrated that PaO2 was not an
independent predictor of elevated pulmonary artery pres-
sure. This finding led to the conclusion that in patients with
severe emphysema, the commonly increased pulmonary
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artery pressure is not related to hypoxaemia or impaired
systemic oxygen transport.

Altogether these data point to the central role of pul-
monary vascular remodelling as part of the repair response
to acute and/or chronic injury. This remodelling appears 
to be one of the key pathobiological determinants of 
pulmonary hypertension development in COPD, being
manifested throughout the spectrum of disease severity.
Moreover, structural changes of pulmonary vasculature in
COPD preferentially affect the pulmonary muscular arteries
as well as the pre-capillary vessels. In patients with end-
stage COPD, the media is commonly normal or atrophic
while the intimal coat is thickened by deposition of longitu-
dinal muscle, fibrosis and elastosis in pulmonary muscular
arteries resulting in cor pulmonale [51]. At the pre-
capillary level, the formation of a medial coat of circular
smooth muscle is surrounded by a new internal elastic 
lamina, and occasionally the lumen is subdivided into 
parallel tubes.

In a seminal study on the pulmonary vascular state in
cystic fibrosis patients undergoing lung transplantation
[52], it was observed that endothelial pulmonary vascular 
dysfunction correlated linearly to pre-transplantation PaO2.
This suggested that chronic hypoxaemia may have a 
detrimental influence on endothelial cell metabolism and
possibly the synthesis of endogenous nitric oxide (NO) pro-
duction, probably having a crucial role in the pulmonary
vascular remodelling process in COPD. Although chronic
hypoxaemia may explain the impairment of endothelial
dysfunction in advanced COPD, the mechanisms operating
in mild COPD without coexisting hypoxaemia remain
unknown. It has been shown that endothelial dysfunction
of pulmonary arteries is already active in early mild COPD
[45]. These patients exhibit a significantly reduced vascular
dilation in response to increasing concentrations of acetyl-
choline (ACh) and adenosine diphosphate (ADP) early in
the natural history of COPD. The maximal pulmonary 
vascular dilation correlated significantly with the FEV1/FVC
ratio, indicating that endothelial dysfunction may be
enhanced by COPD progression. These data are similar to
the findings observed in end-stage cystic fibrosis [52], except
for the fact that mild COPD patients do not have associated
arterial hypoxaemia. Interestingly, both patients with COPD
and smokers with normal lung function demonstrated the
same severity of intimal thickening in pulmonary arteries.
These findings suggest that structural vascular changes
might be initiated well before the impairment of pulmonary
vascular reactivity or lung function, and that cigarette
smoking may coexist with structural abnormalities of the
pulmonary vasculature related to the remodelling process,
even in the absence of reduced airflow. The presence of 
gas exchange abnormalities in some patients with mild to
moderate COPD out of proportion to the severity of airflow

obstruction may be explained by the finding that the severity
of intimal thickening in the pulmonary arteries in these
patients correlates with the severity of the inflammatory
infiltrate in small airways, suggesting a common inflam-
matory process [48].

It was also shown in both mild COPD patients and 
smokers with normal lung function that the number of
inflammatory cells in the adventitia of pulmonary muscu-
lar arteries is increased [53]. This inflammatory infiltrate is
mainly composed of activated T lymphocytes, driven by a
higher proportion of the CD8+ subset, resulting in a reduced
CD4+/CD8+ ratio, similar to that shown in large and periph-
eral airways and in the alveolar septa [54,55]. The severity
of the inflammatory pulmonary vascular wall reaction cor-
related with the FEV1/FVC ratio, the severity of endothe-
lium dysfunction and also with the extent of the intimal
thickness of the pulmonary vessels.

It has been suggested that the reduction in NO synthesis
or release by the pulmonary endothelium may contribute
to the structural and functional abnormalities of the pul-
monary vasculature shown in the early stages of COPD.
Patients with mild COPD, compared with non-smokers,
expressed less endothelial NO synthase (eNOS) in their 
pulmonary arteries and this finding was correlated with
endothelial dysfunction and enlargement of the intimal
coat of pulmonary arteries [56]. It is of note that in smokers
with normal lung function the expression of eNOS adopted
an intermediate position between non-smokers and COPD
patients, suggesting that inhibition of eNOS by the com-
ponents of cigarette smoking in the pulmonary vasculature
may precede the development of an established COPD 
phenotype. In contrast, no differences were observed in
endothelin-1 (ET-1). Similar data on eNOS have been
recently confirmed in lung tissue specimens excised by lung
volume reduction surgery (LVRS) [57].

In addition, the smooth muscle cell proliferation and
extracellular matrix deposition shown in the intimal layer
of pulmonary muscular arteries in moderate COPD [58]
may be linked to an enhanced expression of vascular
endothelial growth factor (VEGF) associated with arterial
wall enlargement in early mild COPD [59]. In severe
emphysema the immunohistochemical expression of VEGF
in pulmonary arteries and its protein content in lung tissue
tend to be down-regulated despite intense vascular remod-
elling [57]. This is consistent with the reduction of VEGF
expression in the lungs from emphysematous patients [60].
At an early COPD stage, VEGF might be a key signalling
molecule linking changes in endothelial function with vas-
cular remodelling. In COPD patients with advanced disease
including emphysema, the vascular expression of VEGF is
reduced, consistent with the anatomical changes that take
place in the underlying lung parenchyma.

These findings suggest that cigarette smoke can be expli-
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citly implicated very early in the pathogenesis of pulmonary
vascular abnormalities in COPD. It can be hypothesized
therefore that a chronic CD8+ T-cell inflammatory process,
CD8+ accompanied by the release of a cascade of inflamma-
tory mediators (including interleukin 8 [IL-8], leukotriene
B4 and tumour necrosis factor α [TNF-α]) is influentially
involved in the development of the structural and func-
tional disturbances of the pulmonary vasculature in mild
COPD. Recently, a negative correlation has been demon-
strated between the levels of PaO2 and TNF-α in vivo [61].
This suggests that TNF-α contributes to weight loss and the
systemic effects. Likewise, a direct effect of cigarette smoke
might induce the thickening of the intimal coat through cell
proliferation, resulting in pulmonary vascular remodelling
which ultimately leads to pulmonary hypertension. As dis-
ease progresses, the coexistence of chronic severe hypoxae-
mia in more advanced COPD may further amplify and/or
enhance this pulmonary vascular effect.

The study of human lung tissue is a critical research area in
COPD [62]. One of the most appropriate sources of tissue
for study is surgically explanted specimens from patients
undergoing lung transplantation, although it only reflects
accelerated end-stage COPD. Mild pulmonary hyperten-
sion is a common complication in COPD. However, charac-
terization of the inflammatory pulmonary vascular process
by advanced cellular, molecular and histopathological tools
has received relatively little attention to date. Pulmonary
hypertension is associated with shorter survival rates and 
is a predictive factor of worse clinical condition in COPD.
The actual incidence of pulmonary hypertension in COPD
is insufficiently known but varies from 20 to 91% in
advanced emphysematous phenotypes [63]. Unfortunately,
the therapeutic options available to patients with COPD are
limited, and no pharmacological therapy is available as yet
to slow down the progressive decline in FEV1. Domiciliary
long-term oxygen therapy appears to be the only medical
therapy to improve survival in advanced COPD with
chronic respiratory failure.

Given the relative ineffectiveness of current therapeutic
modalities, substantial progress in COPD treatment will
require novel therapies. Recent advances in the under-
standing of the pathophysiological processes underlying
COPD, as discussed in this chapter, may help to identify
potential therapeutic approaches in the future. One ex-
ample [64] could be based on the finding that treatment of
rats with a VEGF blocker causes emphysema associate with
endothelial cell apoptosis and with enhanced oxidative
stress but is not accompanied by inflammation. Oxidative
stress decreases VEGF, and the expression of both VEGF

Future prospects

and its receptor are decreased in emphysema [60]. A reduc-
tion in VEGF might be implicated in the apoptotic changes
that take place in the alveolar septa of emphysematous
lungs. As a result, pharmacological inhibition of apoptosis
might prevent loss of alveoli. Similarly, it is conceivable that
agents that modulate the vasoconstrictor–dilator balance
could be beneficial in COPD patients with pulmonary vascu-
lar involvement. Pulmonary gas exchange pathobiology in
COPD encompasses a multidimensional process involving
large and small airways, alveolar walls and pulmonary
arteries, resulting in a wide spectrum of Va/Q imbalance in
accordance with the underlying degree of airflow obstruc-
tion. Ultimately, the structural and functional correlations
may help to foster new and specific therapeutic targets.
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CHAPTER 10

The natural history of COPD

Jørgen Vestbo

Our knowledge about the natural history of COPD comes
mainly from large epidemiological studies over the last four
decades describing aspects of the natural history of chronic
respiratory symptoms and of obstructive lung function
impairment. This has mainly been a result of the develop-
ment of standardized questionnaires and the application of
spirometry in large-scale studies. Although no single study
has followed its participants with lung function measure-
ments from birth to old age, it is possible to put the informa-
tion from studies covering different parts of life together
and present a relatively clear picture of the natural history
of forced expiratory volume in 1 s (FEV1), and other lung
function measures [1].

The natural history of COPD should include two dis-
tinctly different time periods:
1 Growth of lung function, from pre-birth to the values
reached at age 20–25 years
2 Decline in lung function in adult life.
This is illustrated in Figure 10.1 and implies that reduced
lung function may be caused by inadequate growth of the
lungs during childhood (or even in utero) and adolescence,
premature start of decline in FEV1 in early adulthood, accel-
erated decline after the age of 30 years throughout middle
and old age, or even a combination of all these factors [2].

Previously, growth of lung function was generally
ignored when considering COPD. However, it has become
apparent that the maximally attained FEV1 prior to the nor-
mal decline from adulthood is important [3]. Even a normal
decline in FEV1 may result in reduced lung function in old
age if the starting point at age 25 years is very low. As with
other chronic diseases, such as ischaemic heart disease,
genetic and non-genetic prenatal factors as well as perinatal
factors may be of importance. Our knowledge of genetic
determinants of a low maximally attained lung function is
poor and in COPD genetic determinants mainly point to
genetic products that may affect the individual’s suscept-
ibility to smoking and presumably other environmental

factors. Both family and twin studies have confirmed a
significant genetic contribution to the variance in pul-
monary function [4–7] but, other than α1-antitrypsin, few
strong specific genetic factors are known. 

In some studies low birth weight has been shown to 
predict low lung function in adult life, consistent with the
theory connecting pre- and perinatal events with many
chronic diseases proposed by Barker et al. [8,9]. However, it
can be difficult to separate the effects of perinatal events
from those of other strong risk factors, especially socio-
economic status [10,11], maternal smoking status [12,13]
and subsequent smoking habits [14]. In the study by Barker 
et al. [8], the effect of birth weight was not limited to lung
function in adult life, but was also related to subsequent
death from COPD. Le Souëf [15] has pointed out that 
a disease such as COPD, which is generally considered a 
disease secondary to adult smoking, in fact has its roots in
childhood. Smoking during pregnancy affects both growth
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in general and lung growth in utero and leads to decreased
lung function at birth [12,13,16]. An altered growth of lung
function, resulting from genetics, perinatal factors or expo-
sures during childhood and adolescence, such as recurrent
infections [17,18] or smoking [14], will result in a subopti-
mal level of lung function in early adulthood. Evidence 
of mild airway obstruction and slowed growth of lung 
function was found in smoking American adolescents [14]
and this is in accordance with a previous study showing 
a slowing of growth of FEV1 in smoking adolescents with
respiratory symptoms [19]. Depending on subsequent
lifestyle, this may increase the risk of developing COPD.
Likewise, a recent study showed effects of air pollution 
on lung function, including FEV1, in school children in
California [20]. An effect on growth of lung function result-
ing from exposures such as smoking and air pollution is
likely to be larger in subjects from lower socioeconomic
strata. This could potentially explain why the effects of
socioeconomic status on lung function are obvious even in
early adult life [10].

The growth phase of FEV1 continues until approximately
the age of 20–25 years, when the maximum values are
reached. Thereafter follows a phase of quite stable lung
function, the so-called ‘plateau phase’, which may last until
approximately 35 years of age. Subsequently, as part of the
ageing process, the FEV1 starts to decline in an accelerating
fashion. This is the most well-described part of the lung
function curve and the decline in FEV1 is often reported in
millilitres per year rather than as percentage change of FEV1

by year. The mean values of FEV1 decline in healthy men
and women approximately 30 mL/year and 25 mL/year,
respectively [1]. This means that an average reduction 
in FEV1 for a healthy non-smoking man is approximately
1.2 L from the 40th to the 80th year of life. An interesting
observation from longitudinal studies is the phenomenon
of tracking, which means that a measurement of FEV1

before the age of 10 years is a strong predictor of the level of
FEV1 in early adulthood and probably even in old age, a
finding similar to the course of body height throughout life.

The lung function impairment that usually characterizes
COPD is generally believed to be the result of changes over
decades. The most important and also best investigated
deviation from the normal course of changes in lung func-
tion is the accelerated decline of FEV1 in the middle-aged or
elderly smoker. Adult smokers experience on average an
FEV1 decline of 40–50 mL/year, an excess of the normal
annual decline of 15–20 mL/year. Yet, the FEV1 of some
smokers may decline by 80–100 mL/year. Thus, although
the rate of decline in FEV1 shows considerable interindivi-
dual variation in the literature, the notion of rapid decliners
seems justified. The smokers who are most susceptible to
the deleterious effects of tobacco may lose 3–4 L of FEV1

during four decades, a process with devastating clinical 

consequences. Most studies link COPD to cigarette smok-
ing, mainly because cigarettes are smoked much more often
than cigars, cheroots or pipes. From studies including all
types of smokers it seems that the type of tobacco smoked
has a minor role, if any [21]. The crucial factor seems to be
the amount smoked and the extent of inhalation [22].
Filter cigarettes do not differ significantly from non-filter
cigarettes, presumably because the substances causing lung
function impairment originate from the volatile part of
cigarettes which is not reduced by filters. 

The role of environmental tobacco smoking (ETS) has
been more difficult to comprehend. In a recent review 
on the effect of passive smoking on children [23], it was
concluded that maternal smoking is associated with small
but statistically significant deficits in FEV1 and other spiro-
metric indices and that the association was almost certainly
causal. In adults, the role of ETS is less clear. The effect of
ETS on lung function and COPD seems to depend strongly
on the setting in which it is studied and in particular in
which country ETS is studied. Even if studies from China,
which show the largest effects, are excluded, a possible
effect of ETS seems to be present [24].

Smoking cessation has in several surveys been shown to
reduce both the prevalence of respiratory symptoms and
the decline in FEV1 [22,25–28]. The first change in lung
function seen after smoking cessation is a small increase,
usually in the region of 30–50 mL for FEV1. This is presum-
ably because of the disappearance of the acute inflam-
matory oedema in the smoker’s airways. The favourable
change in subsequent decline in lung function is seen in
younger subjects and in those without apparent COPD,
whereas the beneficial changes are less apparent in older
subjects with overt COPD [22,26]. In young and middle-
aged subjects, it is a matter of debate whether the decline 
in FEV1 after smoking cessation normalizes completely. At
present it seems that in general quitters continue to have 
an FEV1 decline that is slightly larger than that seen in 
those who have never smoked [23,26,27]. Whether this is
because a small number of the quitters have continuous
respiratory symptoms indicating an ongoing inflammation
in the airways remains to be seen.

Besides smoking other exposures may accelerate FEV1

decline. The association between occupational exposures
and excess decline in lung function has previously been the
topic of heated debate, but presumably weaknesses in early
study designs have led to an underestimation of the role of
occupational exposures in COPD [29]. An important mile-
stone in demonstrating the role of occupational exposures
was the study of Paris area workers, in which working 
men with exposure to gases, dust or heat had an accelerated
decline in FEV1 [30]. In this study, the effect of different
exposures on FEV1 decline was examined and on average
the exposed men had 5–15 mL/year excess decline in FEV1
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resulting from the exposure. These and other findings from
both occupational cohorts and general population samples
have led to a general acceptance of a causal relationship
between occupational exposure to dust and development
of COPD [31–36]. 

Chronic mucus hypersecretion and recurrent lower 
respiratory tract infections have also been proposed as
events accelerating FEV1 decline. This point is discussed in
more detail in the last part of this chapter.

Asthma is generally regarded as distinctly different from
COPD. Longitudinal population studies have, however,
shown that asthmatics may have a more rapid decline in
FEV1 than non-asthmatics [37–39]. This is likely to be seen
in only a proportion of asthmatics but indeed demonstrates
a group with presumed increased susceptibility to expo-
sures leading to loss of lung function. Asthma patients also
have an increased mortality risk, primarily because of an
increased COPD mortality [40]. It has been argued that 
features usually associated with asthma – such as airway
hyperresponsiveness – determines susceptibility to extrinsic
exposures leading to COPD and thus are central in the 
natural history of COPD. This is usually referred to as the
‘Dutch hypothesis’ and is dealt with separately later.

Once airway obstruction has developed the further
course of disease is characterized by accelerated decline 
of lung function and the development of dyspnoea. In 
addition, patients with chronic mucus hypersecretion are
particularly prone to recurrent lower airways infections,
resulting in acute exacerbations with a frequency up to 
several exacerbations each year. At this stage it is now gen-
erally accepted that many patients show signs of systemic
disease, reflected in measurable systemic inflammation,
loss of body mass and changes in other organs such as 
skeletal muscle [41–43]. Along with the progressive decline
of FEV1, and especially recurrent exacerbations, patients
experience the gradual loss of health status or health-
related quality of life [44,45]. Late in the course of the 
disease disability is present as a result of the severely
reduced lung function. The progressive loss of FEV1 may
be accompanied by a decrease in the volume adjusted 
diffusion capacity (diffusion constant) brought about by
emphysema.

With more decreased lung function, hypoxaemia 
develops and, secondary to this, elevation of the pulmonary
arterial pressure. In severe COPD, the mean pulmonary
artery pressure increases approximately 0.5–3 mmHg/year.
As a consequence of the high pressure in the pulmonary
vascular bed, right ventricular hypertrophy, ‘cor pulmonale’,
develops. Because severe COPD is the disease of current
and former elderly smokers, comorbidities caused by other
smoking-related diseases such as ischaemic heart disease,
general atherosclerosis and cancer are important features of
COPD [46]. Although many COPD patients may die from

cardiovascular diseases, the risk of dying from respiratory
failure or respiratory infections is high, especially in patients
with chronic hypoxaemia [47,48].

Reduced FEV1 is a strong predictor of morbidity and mor-
tality in established COPD. Survival is more closely related
to postbronchodilator FEV1 than to the prebronchodilator
value [49], whereas it is unclear whether bronchodilator
reversibility as such is a significant predictor of prognosis
[50]. COPD patients with peripheral oedema resulting 
from cor pulmonale have a 5-year survival of 30–40%
[51]. Other predictors of mortality in established COPD
include smoking, low body weight for height, dyspnoea,
chronic mucus hypersecretion, signs of ischaemic heart dis-
ease and male gender. Low body weight, expressed as low
body mass index (BMI), is an indicator of malnutrition and
probably systemic disease in patients with COPD. Low BMI
(< 20 kg/m2) interacts with the level of FEV1 with regard 
to mortality, being a much stronger predictor of death in
severe COPD than in mild or moderate disease [52].
Recently, an index combining lung function, dyspnoea,
body mass and exercise tolerance has been shown to be a
better prognostic indicator than staging of COPD based on
lung function alone [53].

So far, attempts to understand the natural history of COPD
have been influenced by the prevalent description of
anatomy and physiology as well as the clinical description
of the disease. In addition, the heterogeneity of COPD, cov-
ering a spectrum from a disease of the airways resembling
asthma to a disease of the pulmonary parenchyma, has
made it difficult to provide a single hypothesis describing
the development and progression of the disease.

Initially, COPD was not defined but described as ‘obstruct-
ive bronchitis’ in contrast to ‘simple bronchitis’. This was
the basis for the ‘British hypothesis’, which claimed that
chronic mucus hypersecretion (CMH), by setting the stage
for recurrent airway infection, was causative in the develop-
ment of airway obstruction. In the 1960s, Fletcher et al. per-
formed a 7-year longitudinal study of a working population
consisting of 30–60-year-old men, mostly heavy smokers
and all of whom lived in London in a period of heavy air
pollution. The seminal work by Fletcher et al. [54] rejected
the ‘British hypothesis’ by showing that in middle-aged
men CMH and progressive airway obstruction were two
separate entities, although often occurring concomitantly
because of a common risk factor – smoking. Whereas the
progressive airway obstruction was the most important 
disease process resulting in progressive disability in COPD
patients, the presence of mucus hypersecretion clearly 

The British and Dutch hypotheses 
in COPD
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predisposed to recurrent bronchopulmonary infections
causing increased morbidity and absence from work.

However, it is likely that these findings have been over-
interpreted. Fletcher et al. [55] clearly state that ‘In the 
preclinical stages of these disorders, which we have studied,
we find no causal relationship between them, for neither
mucus hypersecretion nor clinical chest illnesses cause
accelerated loss of FEV’. Whereas it seems likely that the
progressive loss of lung function is not initiated by recur-
rent lower respiratory tract infections, the study by Fletcher
et al. cannot describe the role of infection in later stages 
of COPD. Also, the fact that the London study, and other
studies with similar findings, was conducted in selected
occupational cohorts may have skewed the picture.

Within the last 15 years several studies have shown CMH
and lower respiratory tract infections (LRTIs) to be less
innocent. Mortality studies have all shown an association
between CMH and overall mortality [56,57] as well as
COPD mortality [58,59]. In the latter study, the excess 
risk of mortality associated with CMH was caused by an
increased risk of death associated with infection [60].
Regarding an association between CMH and development
of COPD, fewer studies have confirmed an association
between CMH and FEV1. Sherman et al. [61] reported an
excess FEV1 decline in men with CMH in the US Six Cities
Study but the association was weak. In the Copenhagen
City Heart Study, Vestbo et al. [62] showed that CMH was
associated with an excess FEV1 decline: 22.8 mL/year in
men; 12.6 mL/year in women. CMH was also associated
with an increased risk of subsequent hospitalization result-
ing from COPD. This raised the possibility that CMH accel-
erates progression of disease. However, the association may
only be present in established COPD as the same group has
shown that CMH in subjects with normal lung function
does not seem to predispose to airflow obstruction [63]. The
effect of CMH on COPD morbidity is also present in the
elderly [64]. The mechanism in established COPD is still 
not entirely clear but it is most likely the increased risk of
exacerbations or LRTIs associated with CMH that may lead
to an excess decline in FEV1 in this random population 
sample. Support for this comes from 5-year data from the
US Lung Health Study. Kanner et al. [65] showed that LRTIs,
which in this study were associated with CMH, were linked
with lung function decline in patients with mild COPD:
every 1 LRTI/year in smokers was associated with a decrease
in FEV1 of approximately 7 mL. This decrease may seem
small but in a patient with 2–3 exacerbations per year the
excess decline would be approximately 20 mL/year. These
findings were further supported by a smaller 4-year UK
study of patients with moderate to severe COPD [66]. In
this study, patients with frequent exacerbations (median
4.2/year) showed a more rapid decline in FEV1 (difference
8 mL/year) than infrequent exacerbators (median 1.9/year).

In terms of the percentage decline, FEV1 fell by 4.2%/year
in frequent exacerbators compared with 3.6%/year in
infrequent exacerbators.

Thus, the pendulum seems to have swung regarding our
view on CMH, exacerbations and progression of COPD
[67]. CMH and LRTIs may not have a role in initiating
changes leading to fixed airflow obstruction. In established
COPD, however, CMH increases the risk of exacerbations
and the most recent data seem to show that this impacts on
the natural history of COPD. 

With the initial rejection of the ‘British hypothesis’ a 
new approach to the understanding of factors related to the
development of chronic bronchitis and emphysema was
possible. In 1961 a group of Dutch investigators put forward
the hypothesis that various forms of airways obstruction
such as asthma, chronic bronchitis and even emphysema
should be considered as different expressions of the same
underlying abnormality and introduced the term ‘chronic
non-specific lung disease’. They suggested that host factors,
airway hyperresponsiveness and allergy define suscept-
ibility to the development of airways obstruction by inter-
acting with environmental factors such as smoking and 
air pollution. This was subsequently named the ‘Dutch
hypothesis’ [68–70]. Although the idea of combining
asthma with bronchitis and emphysema into a single dis-
ease category has not gained wide acceptance outside the
Netherlands, several prospective studies have until now
shown that airway hyperresponsiveness is a significant 
predictor of FEV1 decline, development of respiratory
symptoms and even mortality from COPD [71–77]. One of
the problems of interpreting the role of airway hyperre-
sponsiveness as a host susceptibility factor for the develop-
ment of COPD is the fact that airway hyperresponsiveness
may develop secondary to development of airways obstruc-
tion resulting from changes in airway geometry. Yet it
seems that airway hyperresponsiveness is a significant pre-
dictor of both the preclinical and clinical course of COPD
and asthma, even after some adjustment for the impact of
airway geometry. With regard to allergy, which in epidemio-
logical studies is usually measured as skin prick test posi-
tivity or elevated levels of IgE, it has been shown that these
allergy markers may interact with smoking in predicting
FEV1 decline and survival. Based on the analyses of survival
and the course of lung function of the participants in the
longitudinal Tucson respiratory study, Burrows et al. [78]
suggested that the ‘Dutch hypothesis’ is valid for the sub-
group of COPD patients with obstructive lung function
impairment mainly caused by airways disease: patients
who clinically share some common characteristics with
asthma and that the term asthmatic bronchitis is a relevant
description of this group. On the other hand, the ‘Dutch
hypothesis’ is probably less relevant to COPD patients with
a more ‘malignant type of disease’, where emphysema is
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the main cause of airways obstruction. An important conse-
quence of the ‘Dutch hypothesis’ is that asthma could be
regarded as a risk factor for COPD. As long-standing asthma
does not result in emphysema in the absence of smoking, it
may well be that the risk factors of the emphysematous
type of COPD are different and in general much more
research is needed regarding the natural history of different
subtypes of COPD [79]. However, this may prove to be
difficult to disentangle as most patients cannot be clearly
subtyped into bronchitic or emphysematous, most patients
in fact have features of both, and small airways disease.
Postma and Boezen [70] have suggested that mapping of
genes in asthma and COPD may eventually show if the
‘Dutch hypothesis’ is a suitable explanation for the patho-
genesis of COPD.

In conclusion, we have quite detailed knowledge on the
natural history of COPD although the majority of studies 
to date have used FEV1 as a proxy for COPD. The future
challenge will be to disentangle the different phenotypes 
of COPD and gain more knowledge on the factors differen-
tiating these phenotypes.
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CHAPTER 11

Cystic fibrosis

Marcus P. Kennedy and Michael R. Knowles

Cystic fibrosis (CF) is an autosomal recessive, multisystem
disorder with predominant morbidity and mortality result-
ing from pulmonary disease [1,2]. CF lung disease is char-
acterized by chronic airways obstruction and bacterial
infection which leads to bronchiectasis, respiratory failure
and early death with a median age of survival of 32 years.
The identification of the cystic fibrosis transmembrane con-
ductance regulator (CFTR) gene in 1989 [3] was a major
step towards understanding the pathophysiology of CF. 
The CFTR gene product functions as a cyclic adenosine
monophosphate (cAMP) regulated chloride (Cl−) channel,
and as a regulator of other ion channels in the airways
[4–7]. CFTR is expressed in the epithelium that lines tubu-
lar structures in the lung and other organs, including the
sweat duct, pancreas, liver, vas deferens and portions of the
gut. Defective CFTR function in the lungs leads to thickened
airway mucus, ineffective mucociliary and cough clear-
ance, and chronic bacterial infection [8]. Nearly 40% of 
CF patients in the USA are now adults, requiring that 
pulmonologists have an up-to-date knowledge of the
pathogenesis, diagnosis and treatment of the lung disease
[9]. Other manifestations of CF include pancreatic exocrine
insufficiency with malabsorption and malnutrition, CF-
related diabetes, male infertility, sinusitis and osteopenia.

In the USA, there are approximately 120 specialized CF
clinical centres sponsored by the Cystic Fibrosis Foundation
(CFF). These centres offer high-quality clinical care and also
coordinate clinical research on various aspects of the dis-
ease. A number of comprehensive consensus statements
have been published as a combined effort between the CFF
and physicians at CF centres, which outline recommended
diagnostic and treatment protocols for various aspects 
of the disease, of which some are cited here [10–17]. The
CFF foundation website (http://www.cff.org/) also con-
tains information on all aspects of the disease with links to
related websites.

CF is a recessive genetic disorder, reflecting mutations 
in the CFTR gene. CF occurs in 1 in 3000 live births in
Caucasian populations, but is much less common in African
and Asian Americans. Approximately 5% of Caucasians are
carriers, and it has been suggested that the preponder-
ance of heterozygotes (carriers) reflects protection from
chloride-secreting diarrhoeal infection in the distant past
[18,19].

The CFTR gene is located on the long arm of human chro-
mosome 7. It consists of 250 kB of genomic DNA containing
27 exons. CFTR is a 1480 amino acid membrane protein
with 12 membrane-spanning regions. Heterozygote carriers
of a CFTR mutation are asymptomatic, without evidence 
of disease. This suggests that 50% of the normal level of
functional CFTR is enough to prevent the CF phenotype.
More than 1000 distinct mutations have been described in
the CF gene. The most common mutation is the ΔF508
mutation, which reflects deletion of three bases and leads to
a loss of a single phenylalanine. This results in misfolding
and cellular degradation of the protein, and absence of
functional CFTR on the apical membrane of airway epithe-
lia. The ΔF508 mutation accounts for 70% of the CF alleles,
and 50% of CF patients are homozygous for the ΔF508
mutation [1]. Depending on the molecular abnormality 
in CFTR, there is a spectrum of consequences from ‘severe’
loss of function mutations to ‘mild’ mutations with partial
and/or residual function. 

This heterogeneity of molecular defects leads to a spec-
trum of clinical disease. At one end of the spectrum, ‘severe’
mutations resulting in absence of functional CFTR correlate
strongly with pancreatic exocrine insufficiency, but less
strongly with severity of lung disease. ‘Mild’ mutations with
residual function of CFTR are associated with pancreatic
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exocrine sufficiency and milder pulmonary disease. From
these observations, ‘classic’ CF is associated with two loss-
of-function mutations, and ‘non-classic’ CF patients have 
at least one copy of a mutant gene that confers partial 
function of CFTR. Figure 11.1 compares the classic and
non-classic phenotypes [20]. There are also ‘mono-organ’
forms of disease associated with mild mutations in CFTR,
including congenital bilateral absence of the vas deferens
[21], and idiopathic chronic pancreatitis [22,23]. Screening
for 25 of the more common mutations is recommended for
all pregnant women or women planning pregnancy by the
National Institutes of Health [24].

The variability in clinical phenotype extends beyond the
type of mutation in CFTR and reflects environmental and
non-CFTR genetic influences (modifier genes). An initial
report investigated the influence of variants in 10 genes
other than CFTR on the severity of pulmonary disease in a
large population of CF patients and identified that genetic
variation in transforming growth factor β1 (TGF β1) modified
disease severity in cystic fibrosis [25,26]. Investigation of
other genes is in progress.

Pulmonary disease is the chief cause of morbidity and mort-
ality in CF. In this section, an overview of the key aspects 
of pulmonary disease is described, including a discussion 
of normal airway epithelial ion transport, defective ion
transport in CF, cellular and organ-level pathophysiology,
clinical features, microbiology and complications.

Normal airway epithelial ion transport

Airway surface liquid (ASL) plays a key part in mucociliary
clearance, which is an important airway host defence
mechanism. In normal airway epithelia, the ASL is com-
prised of a periciliary layer (PCL) and a mucus layer, and
tight regulation of the volume and composition of ASL is
required for optimal function [5,6,8,27]. The low-viscosity
PCL layer allows effective ciliary movement and muco-
ciliary clearance. As the volume of surface liquid is moved
by mucociliary clearance from the large surface area of 

Pulmonary disease
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Classic cystic fibrosis
(no functional CFTR protein)

Non-classic cystic fibrosis
(some functional CFTR protein,
providing survival advantage)

Chronic sinusitis

Severe chronic bacterial
infection of airways

Severe hepatobiliary disease
(5–10% of cases)

Pancreatic exocrine
insufficiency

Meconium ileus at birth
(15–20% of cases)

Sweat chloride value
usually 90–110 mmol/L;
sometimes 60–90 mmol/L

Obstructive azoospermia

Chronic sinusitis

Chronic bacterial
infection of airways
(later onset, but variable)

Adequate pancreatic 
exocrine function (usually);
pancreatitis (5–20% of cases)

Sweat chloride value
usually 60–90 mmol/L;
sometimes normal 
(< 40 mmol/L)

Obstructive azoospermia

Figure 11.1 Classic (left-side)
and non-classic (right-side) cystic
fibrosis. Non-classic cystic fibrosis
patients usually have better
overall survival with later onset
and more slowly progressive 
lung disease, and better
nutritional status.



the distal airways to the much smaller surface area of the
proximal airways, isotonic volume absorption occurs via
active ion transport. The lung is often depicted as an
inverted funnel, reflecting the relative surface area of the
distal versus proximal airways.

Sodium (Na+) absorption is the dominant ion transport
pathway in the airway surface epithelium of adult humans
[28]. Figure 11.2(a) depicts basal ion transport across the
proximal airway epithelium in a normal lung. Active Na+

absorption, dependent on apical membrane Na+ channels
(EnaC) and the Na+-K+-ATPase pump, mediates ASL volume
absorption under basal conditions. This Na+ absorption is in-
hibited by luminal amiloride, acting on amiloride-sensitive
epithelial channels (EnaC). Chloride (Cl−) ion follows through
the paracellular pathway to maintain electrical neutral-
ity. Under some circumstances, normal airway epithelia
can slow Na+ absorption and induce Cl− secretion via 
apical Cl− channels, with Cl− entry from the basolateral 
Na+-K+-2Cl− transporter. Water permeability of airway
epithelium appears to be high relative to other barrier
epithelia, and water follows the movement of salt by 
osmosis; thus, there is net volume absorption under basal
conditions [29–31]. 

Defective ion transport in cystic fibrosis

Ion transport in CF is abnormal. A loss of funtional CFTR
affects both the Na+ and Cl− ion transport pathways. CF 
airway epithelia have an accelerated basal rate of Na+ (and
volume) absorption that reflects the absence of the tonic
inhibitory effect of CFTR on epithelial Na+ channel (EnaC)
activity [4,8]. Figure 11.2(b) highlights the abnormal basal
ion transport in cystic fibrosis airways, with unabated 

Na+ (and volume) absorption via an increase in the apical
membrane Na+ conductance, and increased basolateral
Na+-K−-ATPase pump activity. This acceleration of Na+ (and
volume absorption) results in depletion of the ASL. In the
face of ASL volume depletion, CF airway epithelia are also
missing the capacity to add liquid back to airway surfaces,
because of the absence of CFTR functioning as a ‘secretory’
Cl– channel. Nasal epithelial potential difference (PD) is 
one tool to assess normal and defective CFTR function. 
In normal epithelia, perfusion of the luminal surface with 
a Cl−-free (containing amiloride) solution results in a
hyperpolarization of transepithelial PD (resulting from a 
Cl– diffusion potential). This hyperpolarization (‘secretion
of Cl–’) is further augmented via addition of a β-agonist
(isoprotenerol) to increase cellular cAMP and thereby
increase CFTR activity. In CF epithelia, the basal PD is raised
(accelerated Na+ transport) and there is no hyperpolariza-
tion in response to luminal Cl−-free solution and isoproten-
erol [32]. Thus, the predominant defect from loss of CFTR
function is hyperabsorption of salt (and liquid) from the
luminal surface of airways, coupled to an inability to secrete
Cl− and liquid. 

Pathophysiology at microcellular level

Figure 11.3 highlights the consequences of loss of CFTR
function in the airways. Excessive volume absorption, 
loss of PCL and continuous build-up of mucus allows 
gel-forming mucins (MUC5AC and MUC5B) in the mucus
layer to adhere to luminal surface glycoproteins, including
tethered epithelial surface mucins (MUC1 and MUC4).
Despite the fact that mucus plugs are a major component 
of CF-related lung disease, there have been no defined 
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Figure 11.2 Airway epithelial ion transport: cell models display the location of key ion transport proteins. (a) In normal airway
epithelia, Na+ enters the cell through apical amiloride-sensitive Na+ channels (ENaC) and is extruded across the basolateral
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is large, because of the loss of the tonic inhibitory effect of CFTR, leading to increased net Na+ (and Cl−) absorption. 
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primary genetic abnormalities in mucus [33,34]. There may
be some secondary changes in glycosylation, sulfation or
other post-translational modifications of mucins secondary
to abnormal CFTR function [35]. ‘Abnormal mucus’ is primar-
ily a function of excessive concentration of macromolecules
in the mucus layer, reflecting defective ion (and liquid)
transport [8]. Taken together, these effects lead to loss of
both mucociliary and cough clearance. Furthermore, this
viscous mucus is a nidus for early bacterial infection.

Initial pathogenic organisms include Staphylococcus aureus
and Haemophilus influenza, with eventual chronic infection
with Gram-negative organisms, including Pseudomonas
aeruginosa and Burkholderia cepacia. Figure 11.3 highlights
mechanistic steps in the progression of P. aeruginosa infec-
tion. Raised oxygen consumption in stagnant mucus on the
respiratory cell surface is an ideal niche for P. aeruginosa,
which can use nitrogen-based compounds as an alternative
energy source [36,37]. Macrocolonies develop, and have
increased alginate production in this hypoxic environ-
ment [36], with resistance to secondary defences, including
a slowing of the influx of neutrophils [38]. Formation of
macrocolonies down-regulates many bacterial cell func-
tions in an energy-conserving fashion, including loss of 
‘O’ side-chains [39], flagellum and pili [40] and down-
regulation of the production of toxins [41]. As described in
Figure 11.3, a host inflammatory response occurs in an
attempt to counteract infection with a massive recruitment
of neutrophils, release of oxidase products and proteases,
and upon cellular decomposition, DNA. Airway macro-
phages are also involved with release of tumour necrosis
factor (TNF), interleukin 1 (IL-1) and IL-8, which contrib-
ute to the overall chemotactic and neutrophil-activating
activity in the CF lung [42]. The presence of an increasing
macrocolony density and infiltration of neutrophils adds to
the hypoxia of the airway surface mucus layer. 

Pathophysiology at macro-organ level

Compromise of CFTR function leads to a number of com-
plications depending on the organ system involved. Loss of
CFTR function has its most severe consequences in the
lungs. CF neonates have normal lungs at birth, but radio-
logical evidence of abnormalities in the distal conducting
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Figure 11.3 Schematic model of the pathogenesis of chronic
Pseudomonas aeruginosa infection in cystic fibrosis (CF) patients.
(a) Normal airway epithelia, a thin mucus layer (clear) resides
atop the periciliary layer (PCL) (tinted stripes). Efficient
mucociliary clearance, denoted by the vector is facilitated by
the presence of low viscosity PCL. A normal rate of epithelia
O2 consumption (QO2; left) produces no O2 gradients within
this thin ASL (denoted by light spotted bar). (b–f) CF airway
epithelia. (b) Excessive CF volume depletion (denoted by
vertical arrows) removes the PCL, mucus becomes adherent 
to epithelial surfaces and mucus transport slows or stops
(bidirectional vector). Raised O2 consumption occurs. 
(c) Persistent mucus secretion (denoted as mucus secretory
gland/goblet cell units; dark grey) with time increases the
height of the luminal mucus masses/plugs. Raised epithelial
QO2 generates steep hypoxic gradients (dark spotted in bar) in

thickened mucus masses. (d) P. aeruginosa bacteria penetrate
into hypoxic zones within the mucus masses. (e) P. aeruginosa
adapts to hypoxic niches within mucus masses with increased
alginate formation and the creation of macrocolonies. 
(f) Macrocolonies resist secondary defences, including
neutrophils, setting the stage for chronic infection. The
presence of increased macrocolony density and, to a lesser
extent, neutrophils render the mucopurulent mass hypoxic
(dark spotted bar).



airways occurs early in life [43,44]. Obstruction of the 
conducting airways occurs, secondary to a gradual build-up 
of thickened mucus, and secondary bacterial infection. 
The inflammatory response, secondary to neutrophil infil-
tration, leads to protease and elastase release with tissue
breakdown. Remodelling is associated with fibrosis and
ectasia of the airways (bronchiectasis).

Pulmonary function testing is compatible with disease in
the conducting airways [45]. There is obstruction to airflow
and air trapping. Reduction in the maximal mid-expiratory
flow (MMEF) occurs first, then in the forced expiratory 
volume (FEV), and finally in the forced vital capacity (FVC),
with increased residual volume and forced residual capacity.
The alveolar space is relatively preserved, as is the diffus-
ing capacity (DLCO). As disease progresses, pulmonary
function worsens, with a variable pattern of loss of lung
function, which can be linear or stepwise, slow or rapid.
Acute reductions in FEV1 and FVC often herald pulmonary 
exacerbations, which require intensified treatment.

Chronic infection with an associated chronic inflam-
matory response leads to gradual loss of lung function,
bronchiectasis and, eventually, end-stage disease with 
respiratory failure.

Clinical manifestations

Chronic suppurative airway disease is present in more than
98% of adults who have CF, and over 90% of deaths are
related to progressive pulmonary insufficiency. Respiratory
symptoms start with a recurrent cough and sputum pro-
duction, which is sometimes associated with wheezing. 
The cough eventually occurs on a daily basis, becoming
productive of mucopurulent secretions. Damage to the con-
ducting airways via the inflammatory response occurs, and
hyperinflation and the clinical findings of a barrel-shaped
chest are similar to COPD patients. Airway reactivity is a
common finding, with one study highlighting wheezing 
in 50% of young children with CF [46]. The chest X-ray
may appear normal initially, or may show subtle changes 
of hyperinflation. Eventually, hyperinflation with inter-
stitial markings develops. With progression of disease, 
peribronchial cuffing, ‘tram tracks’ and rounded shadows 
of saccular bronchiectasis occur, eventually leading to
changes consistent with bronchiectasis, cyst formation and
fibrosis. Abnormalities tend to be more prominent in the
upper lobes. Chest computed tomography (CT) allows
greater detail and assessment of bronchiectasis and recent
studies demonstrate that bronchiectasis commonly begins
before the age of 5 years [43].

Ultimately, there is progressive decline in lung function
with frequent exacerbations, which are heralded by clinical
features including increased sputum production, loss of
appetite and worsening in pulmonary function. Signific-

antly, fever is relatively uncommon. Progression leads to
loss of function of the conducting airways with bronchiec-
tasis, and eventually hypoxia (initially, with or without
hypercarbia) and respiratory failure.

Microbiology

Bacteriology
Mortality in CF is predominantly a function of chronic air-
way infection and tissue damage from the host inflam-
matory response. S. aureus and P. aeruginosa are the primary
aetiological agents of pulmonary infection in adults with
CF. Before effective antistaphylococcal therapy became
available, S. aureus-related pulmonary infection was the
leading cause of death. With effective therapy, morbidity is
reduced. However, the emergence of methacillin-resistant
S. aureus (MRSA) has led to 10–20% of adults being
infected with this agent, and necessitating the use of intra-
venous therapy with exacerbations. The effect of MRSA
infection in one case–control study was more frequent
antibiotic treatment, although there was not worsening in
lung function [47].

Chronic bacterial infection of the airways with P. aerugi-
nosa occurs in more than 80% of adults and adolescents
with CF [35]. Although the burden of P. aeruginosa is high
(108 per millilitre of airway secretions), sepsis associated
with Pseudomonas infection is rare in CF. The development
of chronic Pseudomonas infection has been described in the
pathophysiology section and is illustrated in Figure 11.3.
The potential risk for emergence of drug-resistant organ-
isms is high in patients with P. aeruginosa infection, because
eradication of the organism from adults is impossible. The
adaptation of bacteria to a heterogeneous and changing
environment promotes the selection of hypermutatable
strains, as evident in isolates from CF versus non-CF
patients. These strains contribute to the emergence of
antibiotic-resistant organisms [48].

Other bacteria, such as H. influenza, Moraxella catarrhalis,
Stenotrophomonas maltophilia, Alcaligenes xylosidans and
Enterobacteriaceae are being recovered with increased 
frequency as life expectancy increases. Multidrug-resistance
patterns to these organisms are developing. B. cepacia is
found in approximately 10% of CF adults. It can be divided
into nine different genomovars by molecular analysis, with
B. multivorans and B. cenocepacia comprising 90% of the isol-
ates in CF [49]. Infection is associated with an accelerated
decline in lung function and shortened survival in a subset
of patients. B. cenocepacia is associated with poor outcomes
post lung transplant and is considered a contraindication to
transplant in some centres [50,51]. B. cepacia also causes the
‘cepacia syndrome’, with rapid deterioration in lung func-
tion, bacteraemia and death within 6 months occurring in
adolescent and young adult CF patients [52].
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Mycobacteriology
In a recent multicentre trial, non-tuberculous mycobacteria
(NTM) have been found in sputum of 13% of 1000 CF
patients older than 10 years, with 72% being Mycobacterium
avium complex (MAC) and 18% having Mycobacterium
abscessus [53]. Diagnosis of NTM is challenging, because
infection can mimic worsening of CF seen in chronic
Pseudomonas infection. Improvement in culture techniques
[54,55], repeating cultures and CT scanning [56] has
helped this diagnostic challenge. The clinical course of CF is
often minimally affected by MAC [53], and treatment has
become more feasible. For M. abscessus, the clinical course is
usually worse, and eradication is difficult to achieve and
requires prolonged intravenous therapy.

Treatment of NTM in CF can also be difficult because 
of altered drug absorption and metabolism [57]. Follow-up
of CT findings and acid-fast bacilli (AFB) cultures are 
recommended for a single NTM isolate from sputum in the
absence of a decline in clinical course or if CT findings are
not suggestive of infection [53,58].

Aspergillus
Approximately 50% of CF adults will periodically culture
Aspergillus fumigatus, but only a small subgroup develops
allergic bronchopulmonary aspergillosis (ABPA). ABPA
should be suspected in any patient with pulmonary infil-
tration or deterioration not responding to conventional
therapy. Testing of immunoglobulin E (IgE) and IgG
specific for Aspergillus is useful; routine screening for ABPA
in CF with total IgE level has been recommended with
specific Aspergillus serology obtained only if the total IgE
level exceeds 500 IU/mL [10,59,60]. Systemic steroid 
therapy is often sufficient to treat APBA, but side-effects
occur; some advocate itraconazole treatment in addition,
which may reduce the average daily oral steroid dose and
occurrence of acute exacerbations [10,59]. Invasive asper-
gillosis is very uncommon in CF patients, although it may
occur in the immunocompromised post-transplant popula-
tion [13]. Some advocate antiaspergillus treatment prior 
to lung transplant in patients with evidence of Aspergillus
colonization [61,62]. 

Complications

The major pulmonary complications [14,63] include respir-
atory failure, pneumothorax and haemoptysis (Table 11.1).

Respiratory failure
This complication leads to death in more than 90% of CF
patients. The slowly progressive airways disease and bron-
chiectasis lead to both hypoxic and hypercapnic respir-
atory failure. Airway obstruction from mucosal oedema,
thickened airway secretions and bronchoconstriction leads

to ventilation/perfusion mismatch and hypoxaemic respir-
atory failure, with secondary pulmonary hypertension.
Adequate supplemental oxygen is usually sufficient to pre-
vent fluid retention, and limit adverse effects of pulmonary
hypertension. Hypercapnia occurs late in the disease.
Alveolar hypoventilation occurs secondary to air trapping,
increased dead space and reduced vital capacity, as well 
as muscle weakness and fatigue. Acute respiratory failure
can occur during exacerbations of bronchiectatic infection
and some patients with respiratory failure resulting from
reversible causes benefit from mechanical ventilation, 
but aggressive management (including intensive airway
clearance) is necessary to wean as rapidly as possible [64].
Individuals with progressive respiratory failure, despite
appropriate ongoing treatment, do not usually respond 
to mechanical ventilation [63]. Non-invasive ventilation
devices have been used with some success, avoiding intuba-
tion in some patients, although close monitoring by trained
staff is required [65,66]. For patients with end-stage dis-
ease, daily/nocturnal non-invasive ventilation (BIPAP) is
frequently useful to bridge to transplantion [65].

Haemoptysis
Massive haemoptysis, defined as bleeding of more than 
240 mL blood in a 24-hour period, occurs in 1.8% of CF
adults per year [17] and previously had a high mortality
rate before bronchial artery embolization (BAE) was avail-
able [67,68]. Haemoptysis can be successfully managed in
most CF patients with BAE [68], but a recent review in 
a specialized CF centre revealed a mortality of 9% during 
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Table 11.1 Clinical disease in cystic fibrosis.

Life time 
Complication prevalence (%)

Pulmonary
Respiratory failure 100
Pneumothorax 1.4
Massive haemoptysis 1.8

Extrapulmonary
Male infertility 99
Sinusitis > 90
Pancreatic exocrine insufficiency 85
Osteopenia > 70
Cystic fibrosis-related diabetes 30
Nasal polyposis 25
Distal intestinal obstructive 

syndrome (DIOS) 20
Cholelithiasis 12
Clinical cirrhosis 5
Cystic fibrosis arthropathy 5



23 ICU admissions for massive haemoptysis [64]. Recurrent
episodes of moderate haemoptysis (three or more bouts of
100 mL/day blood within a week) are also considered a
major bleeding event and require admission and considera-
tion for urgent therapy and haemorrhage control [63,68].
The source of this bleeding is usually enlarged tortuous
bronchial arteries secondary to chronic inflammation.
Initial treatment measures include a brief period of bed 
rest and cough suppression, along with intravenous anti-
biotics. BAE has proven to be effective for most episodes 
of major haemoptysis, and surgical intervention is rarely
indicated [68].

Pneumothorax
The incidence of spontaneous pneumothorax in adults 
is 1.4% per year [17]. A high incidence of subpleural air
cysts has been found. Caution is taken with CF patients
with pneumothorax and most are admitted for observa-
tion. Although the rate of recurrence approaches 50%,
most authors recommend a conservative initial approach 
to treatment: observation, aspiration or chest tube drainage
depending on size [69]. Pleurodesis is recommended only
for persistent air leak or recurrence [63]. Pleurodesis is not
an absolute contraindication to lung transplantation,
although surgical pleurodesis is preferred to chemical
methods [69].

Diagnosis is based on a combination of pertinent clinical
findings, plus biochemical evidence (CFTR dysfunction;
abnormal sweat test) or genetic testing. Abnormal CFTR
function can be documented by elevated sweat chloride
concentrations or abnormal nasal potential difference
(NPD). Where sweat chloride tests are normal or border-
line, and two mutations are not identified, abnormal nasal
potential difference measurements can be used as evidence
of CFTR dysfunction [12,32]. 

Sweat chloride

This is the gold standard test in experienced hands. Sweat is
collected by iontophoresis and the chloride concentration is
determined. A value of greater than 60 meq/L is consistent
with CF and distinguishes CF from normal controls in
adults. A lower cut-off point (< 40 meq/L) is necessary for
diagnosis in children. Accuracy is greatly increased when
experienced technicians in specialized CF centres perform
the test under stringent conditions [70,71]. A false-negative
rate occurs in only 1% of subjects in experienced labor-
atories. Patients are frequently referred to CF centres with 
a misdiagnosis of CF based upon an elevation in sweat 

Diagnosis

chloride level that reflects faulty technique. A number 
of other conditions are associated with a false-positive
sweat chloride test, including hypothyroidism and adrenal
insufficiency [12].

Nasal potential difference

The nasal transepithelial potential difference can also 
identify abnormal CFTR function. This test needs to be 
performed in specialized centres, as standardization of 
measurements is critical. Nasal potential difference meas-
urements (including responses to amiloride, chloride-free
solution and isoproterenol) may demonstrate abnormal
CFTR function even when sweat Cl− values are normal
[72,73].

Genetic/molecular diagnosis

Genetic testing for common mutations is effective at docu-
menting CF mutations on both alleles in the vast majority
of CF patients [1,2]. Most laboratories in the USA screen for
20–30 of the most common mutations, which identifies the
causative mutations in 90% of CF patients [1,74]. Ethnic
differences in mutations should be considered in every
patient. In patients with clinical features of CF with but
only one CFTR mutation defined by screening, intensive
genetic testing is likely to identify a second CFTR mutation
or polymorphism [75]. 

The goals of therapy are to slow the progression of pul-
monary disease by removing viscous, infected mucus, treat-
ing infection and improving nutritional status [17,76].
Other aspects of care include treatment of sinus disease,
diagnosis and treatment of diabetes mellitus and addressing
psychosocial issues.

A multidisciplinary approach coordinated by a specialized
centre is recognized as the most effective method. There 
are over 100 specialized centres throughout the USA that are
standardized and monitored by the CFF. This team approach
involves physicians, nurses, dietitians, social workers and
physical and respiratory therapists with overlapping
responsibilities. It has been demonstrated that patients
attending specialized centres have better outcomes [77].

Airway clearance

Although large randomized control trials are unavailable,
physiotherapy is considered a cornerstone of therapy in 
CF [78]. A meta-analysis from 1995 compared modalities
available at that time and concluded that no method of

Treatment of lung disease
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physiotherapy was beneficial over other methods, but all
were better than no physiotherapy [79]. 

A variety of traditional techniques are used, including
postural drainage, percussion, vibration techniques,
breathing exercises and directed cough. Newer techniques
include the forced expiration technique and autogenic
drainage. Recently, devices have become available to help
mucus clearance, including positive expiratory pressure
(PEP) masks, flutter devices and external percussive vests.
Physical exercise has a central role in the management of
patients with CF [80,81].

Inhaled hypertonic saline

One approach that targets the basic pathophysiology 
(Figs 11.2 and 11.3) is aerosolized hypertonic saline, 
which hydrates the mucosal surface and improves mucus
clearance [82]. A recent long-term placebo controlled 
trial of 7% hypertonic saline in CF identified that it is an
inexpensive, safe, and effective additional therapy with
reduction in exacerbations and decline in lung function
over 48 week period [83].

Nutrition

Chronic malnutrition with significant weight retardation
and linear growth failure has been recognized as a general
problem among CF patients [15,84]. Malnutrition results
from increased caloric expenditure associated with chronic
respiratory disease, decreased caloric intake and malabsorp-
tion of ingested nutrients because of pancreatic exocrine
insufficiency.

Abnormal liver function and vitamin deficiencies sec-
ondary to pancreatic insufficiency are contributing com-
ponents. To maintain their ideal body weight, patients are
encouraged to eat a diet that provides 120–150% of the rec-
ommended energy intake of normal age- and sex-matched
controls [85]. Nocturnal enteral feeding is considered if
weight falls below 85% of the ideal body weight [15].
Gastrostomy feeding is much preferred to long-term par-
enteral feeding, and has been demonstrated to result in 
sustained weight gain and a slowing in decline of respir-
atory function [86]. Prevention of malnutrition from the
time of diagnosis is associated with better lung function and
improved survival [87]. No single strategy of treatment
works for all patients and it is essential that an experienced
dietitian gives individually tailored nutritional advice to
each patient [88]. 

Antibiotic therapy

The frequent and targeted use of antibiotics improves sur-
vival in CF [1,89]. Antibiotic management in CF targets

signs of pulmonary exacerbations, which include increased
production of sputum, cough, dyspnoea and sometimes a
low-grade fever. Antibiotic guidance is based on sputum
cultures and sensitivities and clinical response [76,90]. Mild
exacerbations are often treated with an oral agent with 
or without an inhaled agent for 14–21 days. Intravenous
antibiotics are used if the patient fails oral therapy, culture
reveals an organism resistant to available oral therapies or
the exacerbation is severe. Double antibiotic coverage is
used against Gram-negative organisms because of a syner-
gistic effect and to reduce the development of drug resis-
tance, which occurs more frequently with monotherapy. 
A usual combination against P. aeruginosa is an amino-
glycoside, plus a cephalosporin or broad-spectrum penicillin
derivative. In more advanced disease, courses of up to 
3 weeks may be required. An important development in 
parenteral antibiotic therapy is improved delivery sys-
tems and availability of home health services, transferr-
ing the administration of intravenous antibiotics from an
inpatient to an outpatient setting and reducing inpatient
stay and cost. 

An important aspect of antibiotic therapy in CF patients is
pharmacokinetics, because there is increased plasma clear-
ance of almost all hydrophilic antibiotics (aminoglycosides,
penicillins and cephalosporins) in CF patients [91,92]. This
rapid elimination dictates the use of larger (and sometimes
more frequent) doses of antimicrobials. Renal clearance of
aminoglycosides is accelerated for unclear reasons, and CF
patients require at least 6 mg/kg/day in divided doses.
Patients are at risk of renal and ototoxicity from aminogly-
cosides, and monitoring of serum aminoglycoside levels is
required.

Infection with B. cepacia is difficult to treat because of
intrinsic resistance to aminoglycosides and polymixins.
Initial isolates can be sensitive to antipseudomonal β-
lactams and co-trimoxazole, but resistance develops rapidly,
with eventual resistance to all available antimicrobials.

Aerosolized antibiotics are being now used both as treat-
ment and prophylaxis. Tobramycin prophylaxis has been
shown to reduce hospital admissions by 25% after 10 weeks
of therapy [93]. Colistin is another available nebulized
antibiotic; resistance is uncommon, and it is rarely used as
an intravenous agent because of side-effects [94–96].

Macrolide therapy

Chronic macrolide therapy appears to improve lung func-
tion [97–99] and reduce exacerbations in both adults and
children with chronic P. aeruginosa. The standard dose for
adults is 500 mg azithromycin three times per week. It is
unclear whether the improvement is related to an anti-
inflammatory or antimicrobial effect, or both. Cultures for
AFB need to be checked prior to commencement of macrolide
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therapy, to prevent development of infection with non-
tuberculous mycobacteria that is macrolide resistant.

Aerosolized DNAase

The endonuclease DNAase I cleaves denatured DNA in
mucus and improves the clearance of airway secretions.
Chronic use of DNAase improves FEV1 and reduces the 
frequency of exacerbations [100]. DNAase is not useful 
in patients with severe lung disease [101]. 

Bronchodilator therapy

A subgroup of CF patients has bronchoconstriction sec-
ondary to airway hyperreactivity, and these patients often
respond to inhaled bronchodilator therapy [1,2]. Large 
trials testing the long-term effects of inhaled bronchodilator
on the progression of disease are not available for either
short- or long-acting β-agonists. Clinical practice is to con-
tinue usage required for symptomatic relief.

Anti-inflammatory therapy

Controlling the magnitude of the inflammatory response in
the airways is likely to be useful in CF. Early studies showed
that prednisone slowed the loss of lung function in CF 
children, but side-effects (including diabetes, growth failure
and cataract development) were unacceptable [102,103].
Studies of inhaled corticosteroid have been underpowered,
therefore it is not clear whether they benefit CF lung 
disease or not. Like bronchodilators, they are used for
symptomatic benefit. Ibuprofen (high dose) is beneficial 
in slowing the decline of lung function of children less 
than 13 years of age, but there is no evidence of benefit in
adults [104]. 

Vaccinations

Annual influenza vaccinations are recommended, but
pneumococcal vaccine is not routinely indicated because 

of the relative absence of Streptococcus pneumoniae as an
infectious organism in CF adults.

Lung transplantation

Approximately one-third of all double lung transplants 
in adults are performed for CF [13]. Overall, the 5-year 
survival post-transplant is approximately 50% but there
are several predictors of mortality in lung transplantation
(Table 11.2). An FEV1 < 30% is used as a threshold for refer-
ral for transplantation [13,105]. 

Impaired CFTR function leads to abnormal secretory func-
tion and associated clinical disease in other organ systems.
Table 11.1 highlights common clinical features of CF. 

Pancreatic disease

The pancreas in CF patients is destroyed by autodigestion 
in utero, reflecting a defect in Cl− (liquid) secretion to 
flush digestive enzymes from the pancreatic ducts into the
intestinal lumen. The lack of pancreatic enzyme secretion
into the gastrointestinal tract leads to malabsorption of pro-
tein and fat with steatorrhoea. This leads to failure to thrive
in children, deficiencies in fat-soluble vitamins (A, D, E 
and K) and malabsorption and malnutrition. Management 
of pancreatic exocrine deficiency involves enteral replace-
ment of enzymes (lipase, protease and amylase). The dosage
depends on patients’ weight and dietary fat intake [15,84].

Damage to the endocrine function of the pancreas also
occurs and CF-related diabetes occurs in up to 35% of
adults at age 25 [16,106]. CF-related diabetes is usually
treated with insulin replacement. Glucose intolerance often
worsens with exacerbations in pulmonary disease and with
steroid therapy. Long-term survival is worse for patients
with CF-related diabetes mellitus [16]. 

Interestingly, ‘non-classic’ CF patients with mild muta-
tions usually have residual pancreatic exocrine function
and can suffer from pancreatitis, whereas ‘classic’ (e.g. homo-
zygous ΔF508) patients have complete loss of pancreatic
function and never have pancreatitis [20,22]. 

Gastrointestinal disease

Meconium ileus (MI) is the neonatal presentation of CF in
approximately 15–20% of patients. An equivalent called
‘distal intestinal obstructive syndrome’ (DIOS) occurs in
approximately 20% of adults [107]. DIOS involves impac-
tion of inspissated intestinal contents in the terminal ileum,
caecum and proximal colon. It can present as colicky
abdominal pain, intestinal obstruction, abdominal distension

Extrapulmonary manifestations
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Table 11.2 Predictors of worse outcome in cystic fibrosis
after lung transplantation [101].

Adverse prognostic factors

Female gender Older age
Diabetes mellitus Pancreatic insufficiency
Low weight-for-age score Burkholderia cepacia infection
Frequency of pulmonary Low FEV1

exacerbations

FEV1, forced expiratory volume in 1 s.



or bilious vomiting, with various clinical signs that can mimic
appendicitis, colonic strictures and volvulus. If appropriate
medical management is initiated (including nasogastric
tube, treating electrolyte imbalance, fluid replacement and
enemas), surgical intervention is rarely required [108].

Hepatobiliary disease includes cholelithiasis and cir-
rhosis, which reflects obstruction of biliary flow secondary
to abnormal CFTR. Management includes optimization of
nutrition status, replacement of fat-soluble vitamins and
cholecystectomy if necessary. Liver transplantation may be
needed in end-stage disease, which occurs in 2–5% of
patients [11].

Gastroesophageal reflux disease occurs more frequently in
CF patients [109], which can be also a cause of chronic cough.

Sinus disease

Panopacification of the paranasal sinuses occur in > 90% of
patients at 8 months of age, with nasal polyposis in 10–30%
of patients [110]. Despite this, the frequency of symptoms 
is lower than expected in adults (24%) [111]. Surgery is
reserved for severe disease and symptomatic nasal polyposis.

Reproductive system

Reduced fertility occurs in females (approximately 20% 
are infertile), which is often a consequence of secondary
amenorrhoea from chronic systemic illness, although cer-
vical mucus abnormalities are also involved [112]. An FEV1

of greater than 50% predicts better maternal and fetal 
outcome in pregnancy [113]. Males are usually infertile as a
result of complete absence of the vas deferens, although
men with a splice mutation have been reported to father
children [73,114].

Osteoporosis

There is a high risk of osteopenia-associated bone fractures
in CF adults, which reflects multifactorial causes related to
delayed puberty, malabsorption, reduced vitamin D, gluco-
corticoid treatment and chronic lung infection [115,116].

Musculoskeletal system

Clubbing of both fingers and toes is common in patients
with CF. Some develop hypertrophic osteoarthropathy. 
CF-associated arthropathy occurs in 2–9% of patients [117].

End-stage lung disease occurs in CF and COPD, but the time
course and most clinical features are different (Table 11.3).

Cystic fibrosis in comparison 
with COPD

CF is a genetic disease of the conducting airways with 
morbidity usually commencing early in life. Smoke-induced
COPD progresses over decades, and the alveolar destruction
of emphysema contrasts with the airways disease and
bronchiectasis of CF. Chronic bronchitis (CB) leads to 
an obstructive lung disease with some similarities to CF.
Specifically, both CF and CB have ‘abnormal mucus’ in the
airways with recurrent cough, sputum production and
exacerbations of bacterial infection of the airways. For CF,
the abnormal mucus reflects defective ion transport rather
than primary (genetic) abnormalities in mucus [8,33,34],
but the aetiology of abnormal mucus in CB is not well
understood. It may reflect complex genetic and/or environ-
mental interactions that lead to changes in the species or
glycoforms of mucins produced in response to the irritant
stimuli. Recent studies in an animal (mouse) model of
accelerated Na+ transport [118] resemble aspects of CB,
raising the possibility that the inflammatory stimulus of
cytokines associated with CB may secondarily modify ion
transport in an adverse fashion and contribute to the patho-
physiology of CB. 

Despite the differences in clinical phenotype between 
CF and COPD, there are likely some common genetic and
pathophysiological links between the airways disease in
these two disorders. As summarized in Chapter 37 by Hersh
and Silverman, there are many candidate genes that have
been associated with several pathways in COPD, including
proteases–antiproteases, oxidant–antioxidants, inflam-
matory cytokines, and the β2-adrenergic receptor. Many of
these genes have been implicated as genetic modifiers of
the lung disease in CF [119–121], but the only proven
genetic risk factor for COPD (severe α1-antitrypsin defici-
ency) [122,123] has been shown to have no association
with worse lung disease in CF [124–127]. Nonetheless, we
predict that ongoing studies in large populations of COPD
and CF patients are likely to identify some common genetic
variants (e.g. gluthathione S-transferases, matrix metallo-
proteinases and inflammatory cytokines), which have an
adverse role in the airways disease of both disorders. In fact,
recent studies have suggested that genetic variants in
TGFβ1 may influence phenotypic severity in both CF and
COPD [25,26,128].

CF life expectancy has improved considerably over recent
decades, with a current medial survival age of 32 years.
Lung transplantation programmes are achieving 5-year
survival of 50%. The effect of early-targeted therapy to 
prevent and treat infection and inflammation is being
assessed and will likely bear fruit over the next decade.
Developments in antimicrobial and anti-inflammatory
therapy are occurring at a rapid pace. Therapies targeting

Prospects for the future
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altered ion transport and abnormal mucus clearance are
being investigated.

Successful transfer of the CFTR gene to CFTR-deficient
cultured cells with production of effective chloride chan-
nels has been performed [129], but progress in gene trans-
fer in vivo has been less successful [130]. Improvement 
in duration of expression, vector delivery and production
and reduction in inflammatory responses are needed to
progress this ultimate cure of CF.
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Table 11.3 Comparison of cystic fibrosis and chronic obstructive pulmonary disease. Similarities are in bold type.

Cystic fibrosis COPD

Age of onset Childhood Adulthood

Genetics Autosomal recessive Complex environmental and genetic 
interaction

Pathophysiology Obstructive airway disease Obstructive airways disease
secondary to CFTR malfunction,  secondary to increased mucus production,
with viscous sputum and chronic  tissue damage and inflammation secondary 
infection leading bronchiectasis to cigarette smoke

No alveolar disease Alveolar disease (emphysema)

Pulmonary symptoms Cough Cough
Sputum production (large volume, Sputum production (smaller volume,

purulent; bronchiectasis) usually mucopurulent)

Pulmonary signs Dyspnoea Dyspnoea
Hyperinflation Hyperinflation
Wheeze Wheeze
Inspiratory crackles

Pulmonary function tests Obstructive defect Obstructive defect
High residual volume High residual volume
Normal diffusion capacity Reduced diffusion capacity

Microbiology Staphylococcus aureus Streptococcus pneumonia
Pseudomonas aeruginosa Haemophilus influenza
Burkholderia cepacia Moraxella catarrhalis
NTM
ABPA

Diagnosis Sweat test Clinical features
Genetic testing Radiography
Nasal potential difference Pulmonary function tests

Radiology Cystic bronchiectasis Bronchial thickening
Upper lobe predominance Increased lung markings, 

Translucency in advanced emphysema

Treatment of pulmonary disease Airway clearance
Antibiotics (inhaled and intravenous) Antibiotics (oral)
Bronchodilator therapy Bronchodilator therapy
DNAase Anti-inflammatory therapy
Macrolides Volume reduction surgery

ABPA, allergic bronchopulmonary aspergillosis; NTM, non-tuberculous mycobacteria.
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CHAPTER 12

Bronchiectasis and COPD

Robert Wilson

Patients with bronchiectasis usually complain of a chronic
productive cough and recurrent lower respiratory tract
infections. They often become breathless with exertion 
and wheeze, without much variability. Chest discomfort is
common and they may also have sharper pains or aching
over the sites of bronchiectasis. These symptoms are easily
confused with the chronic bronchitic end of the COPD 
spectrum. However, in more severe cases, the volume of
sputum produced and the presence of chronic bronchial
suppuration resulting from bacterial infection makes 
it unlikely that the two conditions will be confused.
Haemoptysis, which nowadays is seldom severe, is more
common in bronchiectasis, as is chronic rhinosinusitis.
Tiredness is a symptom common to both conditions, but in
poorly controlled bronchiectasis it is much more severe,
and patients are unable to function normally later in the
day [1].

Most patients diagnosed with bronchiectasis are non-
smokers. This may be influenced by current medical 
practice, in that an opinion is more likely to be sought 
and investigations performed in non-smoking patients who
have a productive cough. Patients often have symptoms
from an early age, which are very different from COPD, 
and make it less likely that patients will begin smoking. A
history of wheezy bronchitis in childhood may be present,
and in some patients bronchiectasis (and the consequent
symptoms) occurs following a childhood pneumonia. Sim-
ilarly, hereditary causes of bronchiectasis such as cystic
fibrosis and primary ciliary dyskinesia have symptoms from
birth or soon after.

Other features of the two conditions are similar.
Symptoms of anxiety or depression may be present as in
any chronic illness. We have found that in bronchiectasis
depression correlates with severity of disease, but the level
of anxiety may be much higher than is appropriate [2].
Exercise tolerance, the frequency of exacerbations, require-
ment for hospital admission, the presence or absence of

Pseudomonas aeruginosa infection, and raised systemic 
markers of inflammation in the stable state are the best 
predictors of quality of life in bronchiectasis [3–5], which is
not dissimilar to studies of this type in COPD [6].

The prevalence of severe cystic bronchiectasis has
decreased since the introduction of vaccination against
childhood infections, improved socioeconomic conditions
and the availability of antibiotics, but in parts of the world
where social conditions are poor and health care less 
available, bronchiectasis remains a much more common
cause of morbidity and mortality. The availability of high-
resolution computed tomography (CT) has increased the
recognition of milder forms of disease. This cylindrical or
tubular form has been termed ‘modern’ bronchiectasis [7].
The disease is usually bilateral and may be widespread,
although the lower lobes are usually worst affected.
Progression of disease may be bimodal, with most patients
stable or declining slowly, whereas a smaller number pro-
gress more rapidly for reasons that are not clear at present.

The findings on examination are similar to COPD. Coarse
inspiratory crackles are sometimes heard over the site of
bronchiectasis but quite often, particularly in milder cases,
there are no signs in the lung to suggest the diagnosis.
Wheezes and squeaks may be heard as a result of obstructed
airways, and patients may have signs of hyperinflation.
Clubbing is quite unusual, because it only occurs in severe
cases with cystic bronchiectasis, which are less prevalent
than in the past.

Bronchiectasis results from loss of structural proteins such
as elastin from the bronchial wall, and the muscle and carti-
lage layers also show signs of damage. These changes lead to
abnormal chronic dilation of the affected bronchi. Copious
secretions may be produced by increased numbers of goblet
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cells and hypertrophic submucosal glands, and these are
poorly cleared and hence partially obstruct the airway
lumen. Mucociliary clearance is delayed for several reasons:
there is pooling of excess secretions in abnormal dilated air-
ways; ciliated cells are lost when the epithelium is damaged
and they are replaced by goblet cells; purulent mucus is less
elastic and more viscous, making it difficult to clear by both
ciliary beat and coughing. Side branches of the tortuous air-
ways are frequently obliterated, and there may be complete
fibrosis of small airways. There may be peribronchial pneu-
monic changes with evidence of parenchymal damage.

Lymphocytes predominate in the bronchial wall, which
contains lymphoid follicles and nodes, whereas neutrophils
are abundant in the lumen. As well as B lymphocytes,
plasma cells and CD4+ T lymphocytes in the follicles, there
is a well-developed cell-mediated immune response, with
increased numbers of activated T lymphocytes, mainly 
of the suppressor/cytotoxic CD8+ phenotype, antigen-
processing cells and mature macrophages [8].

We remain ignorant of the cause of bronchiectasis in up to
half of cases. The more important causes that have been
identified are listed in Table 12.1. Broadly speaking, the
host defences are usually impaired in some way, and this
may either be a systemic problem or one that is local in the
lung, and it may be hereditary or acquired. Whatever the
cause, inhaled bacteria that are normally cleared are able 
to persist and multiply in the airway lumen. Neutrophils
are then attracted to this site by products of bacteria 
themselves, and also by mediators released from host 
cells (e.g. interleukin 8 [IL-8], C5a and LTB4). Serum 
levels of the adhesion molecules E-selectin, ICAM-1 and
VCAM-1 are elevated, suggesting that endothelial activa-
tion occurs, probably within the lung [9]. Many patients
with bronchiectasis have chronic bacterial infection of the
airway, and the failure of the inflammation to eradicate the
infection is partly caused by the impaired defences, but also
by the number of bacteria present and their pathogenic
determinants [10].

Chronic neutrophilic inflammation has the potential to
cause tissue damage via spillage of proteolytic enzymes
such as elastase and reactive oxygen species, which over-
whelm the lung’s ability to neutralize them. Immune com-
plexes, which are formed between bacterial antigens and
antibodies (produced locally and by protein transudation),
trigger other inflammatory cascades. Infection and inflam-
mation may spread to involve adjacent areas of normal
bystander lung. The lung’s defences are further weakened
by damage to both the surface epithelium and deeper struc-
tures of the bronchial wall, leading to the accumulation 
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of mucus-containing bacteria in the lumen. These changes
in turn promote continued infection and this perpetuates
chronic inflammation. Epithelial cells, lymphocytes and
macrophages release mediators that orchestrate this
sequence of events (Fig. 12.1), which has been called a
‘vicious circle’ [7]. Bacterial numbers are higher during an
exacerbation, either because a new strain is not constrained
by the immune defences, or the defences are further
impaired (e.g. because of a viral infection), and this leads to
an increase in the amount of inflammation.

In COPD, tobacco smoke is the predominant cause of
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Table 12.1 Causes of bronchiectasis.

Congenital
e.g. defective bronchial wall (Mounier–Kuhn syndrome and
others), pulmonary sequestration

Postinfective
e.g. tuberculosis, whooping cough, non-tuberculous
mycobacteria especially Mycobacterium avium complex and
adenoviruses

Mechanical obstruction/bronchial stenosis
e.g. within lumen (tumour) or external compression 
(lymph node)

Deficient immune response
e.g. common variable immunodeficiency, HIV, acute or
chronic lymphocytic leukaemia

Inflammatory pneumonitis
e.g. aspiration of gastric contents, inhalation of toxic gases

Excessive immune response
e.g. allergic bronchopulmonary aspergillosis, lung transplant
rejection, chronic graft-versus-host disease

Abnormal mucociliary clearance
e.g. primary ciliary dyskinesia, cystic fibrosis, Young’s
syndrome

Fibrosis traction
e.g. cryptogenic fibrosing alveolitis, sarcoidosis, radiation
pneumonitis

Associated with inflammatory bowel disease
Especially ulcerative colitis, also Crohn’s disease and coeliac
disease

Associated with connective tissue disorders
Especially rheumatoid arthritis, also Sjögren’s syndrome 
and SLE

Others
e.g. diffuse panbronchiolitis, yellow nail syndrome,
associated with α1-antiproteinase deficiency

HIV, human immunodeficiency virus; SLE, systemic lupus
erythematosus.



lung damage and impaired airway defences against inhaled
matter including bacteria. Bacteria are isolated in half or
more of exacerbations [11], and isolation of a new bacterial
strain makes the chances of an exacerbation twice as likely
as when this is not the case [12]. Evidence is accumulating
that exacerbations contribute to disease progression when
they are frequent, and that lower airway bacterial coloniza-
tion (LABC) in the stable state, which is present more often
in patients with frequent exacerbations, stimulates chronic
inflammation [13–16]. An animal model of chronic expos-
ure of the lung to bacterial lipolysaccharide has shown
changes characteristic, in some ways, of those seen in both
COPD and bronchiectasis in terms of inflammatory cells,
cytokine expression and pathological changes in both air-
ways and alveoli [17]. Therefore, bacterial infections and
LABC in stable state COPD patients have been linked to air-
way inflammation in a way similar to bronchiectasis, and
one study has shown a more rapid decline in forced expir-
atory volume in 1 s (FEV1) in patients with LABC [18].
Bacterial numbers isolated when LABC is present correlate
with markers of inflammation, including the important
neutrophil chemoattractant IL-8 [15,18,19]. 

A ‘vicious circle’ similar to that proposed in bronchiec-
tasis might therefore operate in some patients with COPD
[20], particularly those patients with frequent exacerba-
tions and LABC. If this were the case one would expect
high-resolution CT scans to reveal evidence of bronchiec-
tasis, although the predominant pattern might still be of
COPD. In these circumstances, sputum bacteriology might
reflect this shift in disease pattern. Several recent studies
have shown that Gram-negative species (e.g. P. aeruginosa),
more commonly associated with bronchiectasis and cystic
fibrosis, are isolated in COPD patients [21–23]. The risk 
factors for isolation of P. aeruginosa include severe airflow
obstruction and frequent prior courses of antibiotics. P.
aeruginosa isolation in bronchiectasis is similarly associated
with more severe disease and airflow obstruction [24].

Suspicion of the presence of bronchiectasis should lead 
to investigation of possible causes, and an assessment of 
the extent of disease and functional impairment, before a
management plan is constructed. This advice is unchanged 
if significant bronchiectasis is found in a COPD patient,
because cigarette smoking does not cause this type of air-
way disease. The protocol of investigations performed in
our unit is given in Table 12.2. Using a similar protocol,
Pasteur et al. [25] found a cause that influenced manage-
ment in approximately one-third of cases.

A chest radiograph is an insensitive test for bronchiec-
tasis. In one study, less than 50% of patients who subse-
quently had positive bronchography were detected [26].
Therefore, to investigate the prevalence of bronchiectasis 
in COPD would require high-resolution thin section (1–
2 mm) CT scans, and this would not be justifiable as a
screening method because of radiation exposure. However,
CT is now regarded as the ‘gold’ standard for establishing
the diagnosis and extent of disease, and bronchography is
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Figure 12.1 A ‘vicious circle’ of bacteria-stimulated host-
mediated lung damage, which may occur with chronic
bacterial infection of the airways or with frequent bacterial
infective exacerbations.

Table 12.2 Investigation of bronchiectasis.

All patients
Chest radiograph (PA and lateral)
Sinus radiographs
High-resolution thin-section computed tomography scan
Respiratory function tests
Blood investigations*
Sputum microscopy including eosinophils
Sputum culture and sensitivities
Sputum smear and culture for acid-fast bacilli
Skin tests (atopy, Aspergillus)
Sweat test (nasal potential difference, genotyping)
Nasal mucociliary clearance and nasal nitric oxide and 

proceed to cilia studies if these tests are abnormal

Selected patients
Fibreoptic bronchoscopy
Barium swallow (video fluoroscopy)
Respiratory muscle function
Semen analysis for ciliary function
Tests for associated conditions
Blood tests for rarer immune deficiencies

* To include: differential white cell count; erythrocyte
sedimentation rate and C-reactive protein; total
immunoglobulin (lg) levels of IgG, IgM, IgA, and IgE; 
specific antibodies to bacterial polysaccharide and protein
antigens, e.g. pneumococcal and tetanus antibodies, repeat
after vaccination if low; Aspergillus radioallergosorbent
RAST test and precipitins; autoantibodies including
rheumatoid factor; α1-antiproteinase.



almost never undertaken. CT scans are performed with a
fast scan time (1 s or less) to reduce artefacts from respir-
atory motion and cardiac pulsation. The whole of the lung
should be examined with 10-mm intersection spacing. The
characteristic features are lack of bronchial tapering as the
airways progress to the outside of the lung. The easiest
method of ascertaining whether a bronchus is dilated is to
compare it with the adjacent pulmonary artery. Dilated
bronchi that are perpendicular to the scanning plane have a
circular appearance, and then the smaller pulmonary artery
gives a ‘signet ring’ appearance. Mucus-filled bronchi
appear as branching tubules or nodules, and there may be a
‘tree-in-bud’ appearance indicating exudative bronchioli-
tis. End-expiratory scans identify increased transradiency
in areas where air-trapping has occurred because of
obstruction of small airways. Because the gas trapping is
usually patchy, this gives a pattern of mosaic perfusion.

An example of bronchiectasis in a COPD patient with a
long smoking history is shown in Figure 12.2. However,
this patient also had rheumatoid arthritis (see Table 12.1),
which may have influenced his lung disease. Although 
certain features on CT may suggest a cause of bronchiectasis
(e.g. cystic fibrosis, upper lobe disease), allergic broncho-
pulmonary aspergillosis (proximal disease), non-tuberculous
mycobacteria (diffuse mild disease with peripheral nodules
that might be cavitating) or diffuse panbronchiolitis
(widespread small nodules), they do not usually allow 
a confident diagnosis [27]. Several new volumetric tech-
niques have improved accuracy in the assessment of
bronchiectasis, but all have required increased doses of
radiation which is unlikely to be justifiable [28]. 

Lung function tests provide a measure of functional
impairment and an assessment of change with time.
Airflow obstruction, which is largely fixed, and gas trapping

are very common as in COPD. However, unlike COPD,
where there is often a component of emphysema, gas trans-
fer values that have been adjusted for alveolar volume are
usually well persevered unless the disease is severe. We also
include a measure of exercise capacity in our assessment,
because this has a strong correlation with quality of life
scores [3].

Variable immune (antibody) deficiency is a relatively
common cause of bronchiectasis. Immunoglobulin G (IgG)
subclass deficiency by itself is not a cause of susceptibility 
to infection. Specific antibody levels should be measured,
and if these are low the ability to respond appropriately 
to vaccination with polysaccharide (pneumococcal and
Haemophilus influenzae type b) and protein (tetanus) anti-
gens should be tested. All cases of immune deficiency 
may be secondary to malignancy, particularly of the lym-
phoreticular system, so a high index of suspicion must be
maintained [1]. 

Sputum should be examined by microscopy as well 
as culture for respiratory pathogens including fungi and
mycobacteria, because eosinophils can cause mild purul-
ence, and their presence would indicate asthma or allergic
bronchopulmonary aspergillosis. H. influenzae, H. parain-
fluenzae and P. aeruginosa are the species identified most 
frequently, but Streptococcus pneumoniae and Moraxella
catarrhalis are also common isolates, so the microbiology of
COPD and bronchiectasis is similar. In a CT study, the extent
and severity of bronchiectasis, the severity of bronchial 
wall thickening and the extent of decreased attenuation
were strikingly greater in the patients who cultured P.
aeruginosa [24], but it is not clear whether isolation of this
bacterium is simply a marker of disease severity, as it seems
to be in COPD [21–23]. Staphylococcus aureus is less commonly
isolated in both diseases, and we found regular isolation 
of this pathogen in bronchiectasis to predict allergic bron-
chopulmonary aspergillosis or atypical cystic fibrosis [29].

The prevalence of bronchiectasis in the community is
unknown and will remain so until a cheap and safe screen-
ing tool is developed. Magnetic resonance scans would 
be ideal, but have not to date proved useful, although 
new approaches might hold some promise [30]. Possibly,
low-dose CT could screen for the ‘signet ring’ appearance 
of bronchiectatic airways, in the same way as nodules 
are screened for in a smoking population. Empirically one
would expect the pick-up rate of bronchiectasis to be
increased by targeting patients with daily sputum produc-
tion of significant volumes. Munro et al. [31] investigated
27 patients with such a history, 11 of whom were ex-
smokers and 10 had an FEV1 ≤ 80%. Bronchiectasis was
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Figure 12.2 High-resolution computed tomography of lung 
of patient with COPD, rheumatoid arthritis and Pseudomonas
aeruginosa infection showing bronchiectasis (arrow).



identified in 15. Chronic mucus hypersecretion in COPD
has been associated with more frequent exacerbations,
excess decline in FEV1 and mortality resulting from an
infectious cause [32–34], and it is likely that such patients
have a high prevalence of bronchiectasis.

However, in the largest CT study of the prevalence of
bronchiectasis in COPD performed so far, this expected
association with sputum production was not found in
milder cases of cylindrical bronchiectasis. O’Brien et al. [35]
studied 110 patients aged 40–80 years old who had been
diagnosed as having COPD by their primary care physician.
Patients were in a stable condition at the time of the study,
and had a high-resolution CT scan and full lung function
tests. The finding of a wide variation in the severity of
airflow obstruction was to be expected, as was the finding
of emphysema in 51% of CT scans. Bronchiectasis was
found in 29%, a much higher proportion than expected. In
23 patients this was tubular bronchiectasis, but in five it 
was cystic and in four varicose (i.e. more severe forms of
disease). Six of the patients with tubular bronchiectasis 
had no history of sputum production. This result suggests
that in the future when designing studies on the role of 
bacterial infection in COPD consideration will have to be
given to performing CT scans on all patients to ensure that
comparisons are made of like with like.

The East London Group have published many studies 
of their hospital clinic-based COPD population. An overt
history of bronchiectasis is one of the exclusion factors 
for participation in their studies. Despite this, they have
recently reported the results of high-resolution CT scans 
in 54 subjects from this population of older patients (mean
age 69 years) with severe COPD (mean FEV1 0.96 L, 38.1%
predicted). Bronchiectasis was present in 72.2%, usually
mild tubular disease in the lower lobes. Interestingly, these
patients with bronchiectasis had more severe exacerba-
tions, with greater rise in symptom scores and slower rates
of recovery of peak flow [36]. Our own anecdotal experi-
ence at the Royal Brompton Hospital, London, is similar 
to this, bronchiectasis by CT scan criteria is common in
COPD patients selected because of recurrent bacterial chest
infections confirmed by sputum culture and particularly
isolation of P. aeruginosa.

More studies are required before the prevalence of
bronchiectasis in COPD is determined, particularly studies
of unselected patients from primary care. The results of 
the studies performed so far suggest that bronchiectasis by
CT scan criteria will be quite commonly found. This is not
surprising given evidence of the role of neutrophilic inflam-
mation during exacerbations and in the stable state. A more
difficult question is the clinical relevance of this finding.
The study of the East London Group showing that these
patients have more severe exacerbations, suggest that the
presence of bronchiectasis may influence management.

Two recent studies have shown a prolonged infection-free
interval following treatment of an infective exacerbation
with quinolone antibiotics which also achieved superior
bacteriological eradication compared with comparator
antibiotics [37,38]. Therefore, antibiotic treatment could
influence exacerbation frequency, and in this way slow
decline in FEV1 [16,39]. The presence of bronchiectasis
might identify patients in whom bacterial infection has an
important role in provoking heightened airway inflamma-
tion and frequent exacerbations [19,40]. It is our practice 
to carry out a high-resolution CT scan in patients with 
documented frequent (more than four per year) bacterial
infective exacerbations of COPD if this does not respond 
to appropriate antibiotic management and optimization of
other aspects of treatment, particularly if P. aeruginosa is
isolated. Other causes of increased susceptibility to infec-
tion should be screened for in such patients. 

We have studied serial change in lung function and 
CT scans in bronchiectasis over time [41], and overall 
most patients show little change. FEV1 correlated best with
mosaic attenuation (small airways disease) in the CT scans,
and this feature rarely regressed. When change did occur in
FEV1, it correlated with changes in mucus plugging (small
and large airways) seen on CT. Finally, when patients’ 
disease progressed, an increased bronchiectasis score went
hand in hand with increased mucus plugging and bron-
chial wall thickening, which is thought to reflect airway
inflammation. Therefore, knowledge that a COPD patient
has bronchiectasis should focus attention on efforts to
improve mucus clearance and reduce airway inflammation
by controlling bacterial infection.

Poor clearance of mucus from bronchiectatic airways is
probably the fundamental reason that patients become 
colonized. Therefore, physiotherapy exercises to clear
secretions are a critical aspect of management. Patients are
advised to perform postural drainage at least once daily,
and increase the frequency to twice or three times daily if
they suffer an exacerbation. Patients know from experience
their most productive time of day to perform the exercises.
They should be taught by a trained physiotherapist to adopt
the correct position to drain an affected area identified 
by CT scan, and clear mucus by controlled breathing tech-
niques (e.g. active cycle of breathing and huffing), some-
times assisted by chest clapping from the patient themselves
or a partner. Approximately 10 min in any one productive
position is required so, understandably, compliance with
physiotherapy is poor because of the nature of the process

Non-antibiotic management of
bronchiectasis and its applications 
to COPD
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and the time involved. Evidence of benefit from physio-
therapy is largely anecdotal, but the importance of mucus
clearance is emphasized by patients with primary ciliary
dyskinesia who have widespread bronchiectasis, and by a
group of patients in whom cough suppression had an
adverse effect on their clinical condition [42]. Medical staff
should regularly remind patients of the importance of 
physiotherapy. Controlled breathing techniques to clear
mucus may be performed more conveniently in a sitting posi-
tion, and physical exercise is also an effective way of encour-
aging mucus clearance. These latter methods should be
encouraged in COPD patients with daily mucus production.

Any asthmatic component of bronchiectasis should be
treated in the usual way. Systemic corticosteroids have
unacceptable side-effects when used long term to try to
reduce airway inflammation, although they are used for
short periods during severe exacerbations. Inhaled corticos-
teroids are commonly prescribed to bronchiectasis patients
in an attempt to reduce airway inflammation and relieve
airflow obstruction [43], but unlike COPD there is no 
evidence that they reduce exacerbation frequency, nor 
that they influence disease progression. If they are used, an
objective assessment of symptoms and lung function tests
should be made several months after their introduction 
to justify continuation. Treatment of allergic bronchopul-
monary aspergillosis with high-dose inhaled corticosteroids
may prevent exacerbations and airway wall damage, but in
some patients systemic corticosteroids are required. The
antifungal antibiotic itraconazole may be used as a steroid-
sparing agent [44]. Acid reflux and rhinosinusitis should 
be treated if present and influenza (annual) and pneumo-
coccal vaccinations should be encouraged. Nebulized saline
may be given in an attempt to promote cough clearance by
liquefying secretions in some patients, although mucolytic
agents have no proven benefit. This includes nebulized
recombinant DNase which improves lung function and
may decrease exacerbation frequency in cystic fibrosis, but
not in other forms of bronchiectasis [45].

The only curative treatment of bronchiectasis is surgical
resection. ‘Modern’ cylindrical bronchiectasis is usually
bilateral and surgery is rarely considered for this reason and
because it is a less problematic type to the patient. Palliative
resection may be considered if a localized area of severe
bronchiectasis defies medical management and acts as a
sump for infection, even if less severe disease is present
elsewhere. Nasal intermittent positive pressure ventilation
is often surprisingly well tolerated despite sinusitis and
excess bronchial secretions, and is used in patients with 
respiratory failure and bronchiectasis [46]. Lung trans-
plantation is used to treat end-stage respiratory failure
resulting from bronchiectasis. This is usually bilateral or
heart–lung transplantation, otherwise infection in the
remaining lung may spread to the new organ.

When bronchiectasis is mild to moderate, antibiotic treat-
ment reduces the bacterial numbers in the airway to low
levels and can even achieve sterility, leading to resolution
of the bronchial inflammation and symptoms. The next
exacerbation occurs either with a new bacterial infection,
or if residual bacterial numbers increase for some reason
(e.g. a reduction in the host defences with a concomitant
viral infection, or a change in the bacterial strain allowing it
to escape the host defences). When bronchiectasis is more
severe, the airways are usually chronically colonized and
the symptoms of an exacerbation may recur soon after
stopping the antibiotic. In these different circumstances,
antibiotics may be needed only during an infective exacerba-
tion when there is a change in sputum production, breath-
lessness or malaise, or at the other end of the spectrum 
continuously if relapse is rapid following treatment.

LABC in bronchiectasis and COPD probably represents a
balance in which the impaired host defences are able to
limit the number of bacteria, such that they do not stimu-
late an overt inflammatory response sufficient to generate
symptoms of an exacerbation [47–49]. LABC is a dynamic
process, multiple strains may be present and changes may
occur in both their genotype and phenotype over time;
strains may be carried for variable periods of time before
being lost and replaced by others [50]. Acquisition of a new
strain, which is not constrained by the immune system,
may lead to an exacerbation associated with an increase in
bacterial numbers [12]. The total bacterial load in the
bronchial tree is a very important parameter in determining
the level of inflammation [19], but other factors such as the
species involved may be influential, and even different
strains in the same species vary in their ability to elicit an
inflammatory response [51]. Some patients with COPD
behave in a similar fashion to those with bronchiectasis,
having LABC and repeated chest infections. Their antibiotic
management can therefore be planned in a similar way.
These patients are probably best recognized clinically by
frequent (more than four in 12 months) exacerbations
associated with purulent sputum production.

The choice of antibiotic is influenced by the high fre-
quency of β-lactamase production by strains of H. influenzae
and M. catarrhalis in patients who have taken frequent
antibiotic courses in the past, and the presence or absence
of P. aeruginosa that is resistant to oral antibiotics other than
ciprofloxacin [52]. Co-amoxiclav and ciprofloxacin are our
first-line choices. Dosage is usually at the higher end of 
the options available, to ensure good concentrations are
achieved in bronchial secretions, and the length of the
course should be determined by resolution of symptoms

Antibiotic management of bronchiectasis
and its application to COPD
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(particularly sputum purulence) rather than fixed at a cer-
tain number of days. Although initial antibiotic choice may
be empirical, sputum culture should always be performed
in cases of treatment failure.

If patients are severely unwell at presentation or infected
by resistant strains, intravenous antibiotics are necessary.
These should be commenced in hospital where supportive
treatment such as physiotherapy can also be given, but
increasingly patients are being taught to administer their
own injections, so that when their condition is improving
their hospital stay can be shortened by finishing the course
at home. Ceftriaxone (non-P.aeruginosa patients) and cef-
tazidime plus an aminoglycoside (P. aeruginosa patients) are
our first-line antibiotics with piperacillin–tazobactam and
meropenem second-line.

Patients with frequent exacerbations who relapse quickly
following antibiotic treatment may be considered for long-
term prophylactic antibiotics, in some cases restricted to the
winter months when infective exacerbations are more 
frequent. This approach should only be taken after careful
consideration, and only after other aspects of management
have been optimized. There are several concerns about anti-
biotic prophylaxis: development of resistance in the strains
already present; promotion of infection by more antibiotic-
resistant species (e.g. P. aeruginosa); and antibiotic-induced
side-effects (e.g. Clostridium difficile infection). Three differ-
ent approaches to antibiotic prophylaxis have been used:
oral antibiotics, which can either be with a single antibiotic,
or a rotation of several antibiotics from different classes
[53]; inhaled antibiotics given as an isotonic solution via a
nebulizer [54]; and regular pulsed courses of intravenous
antibiotics [55]. The first two approaches have been shown
to reduce exacerbation frequency, although doubts have
been expressed about the third [56]. Other benefits have
also been shown in various aspects of patient well-being. 
In broad terms, we use oral prophylaxis in patients not
infected with P. aeruginosa, nebulized antibiotics for patients
with chronic P. aeruginosa infection, and pulsed intravenous
antibiotics for patients with most severe disease in whom
other forms of prophylaxis have failed.

Continuous treatment with macrolide antibiotics has
been used effectively to treat diffuse panbronchiolitis, even
when there is chronic infection with P. aeruginosa. This con-
ditions was first described in Japan [57], where it seems to
be much more common. There are unique radiological and
histological features, but clinically many features are sim-
ilar to idiopathic bronchiectasis. The benefit of macrolides
seem certain to be more than simple antibacterial effect,
although azithromycin is active against P. aeruginosa with
prolonged courses. Macrolides also affect P. aeruginosa
virulence determinants including biofilm made of growth.
However, it is more likely that the anti-inflammatory prop-
erties of the macrolide class are responsible [58]. A recent

study has shown promising results in cystic fibrosis, and
further studies in bronchiectasis and COPD are planned
[59,60].
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CHAPTER 13

Obliterative bronchiolitis

Hélène Levrey Hadden and Marshall I. Hertz

The term ‘obliterative bronchiolitis’ refers to a specific
histopathological pattern resulting from fibroproliferation
in the walls and lumen of bronchioles; and to the clinical
syndrome which results from these abnormalities. In 
general, obliterative bronchiolitis results from airway epithe-
lial injury, leading to a lymphocytic and/or neutrophilic
inflammatory reaction, with subsequent fibroproliferation
around and within affected airways. Obliterative bron-
chiolitis is a distinct entity from bronchiolitis obliterans 
organizing pneumonia (‘BOOP’) and several other clinico-
pathological entities characterized by inflammation of small
airways. The clinical, histological, radiographical and thera-
peutic aspects of obliterative bronchiolitis are reviewed in
this chapter.

Obliterative bronchiolitis can result from direct airway
injury from external agents, including viral infections and
toxic inhalations, and from autoimmune and alloimmune
reactions taking place within airway structures.

Postinfectious obliterative bronchiolitis

Airway infections frequently result in airway epithelial
inflammation and injury. However, given the very high 
frequency of these infections in normal populations, evolu-
tion into obliterative bronchiolitis is uncommon. In children,
obliterative bronchiolitis can follow acute bronchiolitis
caused by adenovirus, but it is a very unusual complication,
occurring in less than 1% of cases. Adenovirus serotypes 3,
7 and 21 have been particularly associated with the develop-
ment of obliterative bronchiolitis [1–3]. Influenza virus,
parainfluenza virus, measles, pertussis and Mycoplasma
pneumoniae alone or in combination with an adenovirus
have also been reported as preludes to the disease [2,4–6].

Aetiology and clinical associations

Although respiratory syncytial virus (RSV) is the most com-
mon cause of acute bronchiolitis in infancy, and may be 
followed by recurrent wheezing and airflow obstruction,
little information is available to directly link RSV to the later
development of obliterative bronchiolitis [5,7].

Adults with postinfectious obliterative bronchiolitis have
usually been reported as isolated cases with a diversity of
agents, including adenovirus, parainfluenza virus, cytome-
galovirus and Mycoplasma pneumoniae [8]. Occasionally,
adult patients present with a clinical syndrome suggest-
ing lower respiratory infection, followed by progressive
dyspnoea and irreversible progressive airflow obstruction;
airway infections are frequently implicated as causative of
this syndrome based on clinical suspicion, despite negative
cultures and serological studies.

Toxin inhalation

Inhalation of chemical fumes may lead to bronchiolar
epithelial injury and inflammation, followed by airway
fibroproliferation. The prototype of this mechanism of
injury is the syndrome of silo filler’s lung, in which inhala-
tion of silo gas containing high concentrations of nitrogen
dioxide leads to respiratory illness [9,10]. Depending on the
severity of the exposure, the clinical syndrome may range
from mild to severe, and from slowly progressive to fulmin-
ant. In severe cases, lung injury usually overshadows the
bronchiolar abnormalities, and may lead to respiratory fail-
ure and death. After milder exposures, cough and dyspnoea
are often accompanied by nausea, vomiting, headache and
other non-specific symptoms. After recovery from the acute
illness, progressive dyspnoea and decreased pulmonary
function tests signal bronchiolar inflammation and oblitera-
tion. Corticosteroids are generally recommended for patients
with significant exposures to inhaled nitrogen dioxide; they
should be started as soon after exposure as possible and the
duration of therapy is usually at least 8 weeks.
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Anhydrous ammonia and sulphur dioxide are much
more water-soluble than nitrogen dioxide; therefore, they
usually dissolve in secretions on the mucus membranes 
of the upper airways and bronchial tree and may cause
intense irritation. Eye irritation, laryngitis, cough, wheez-
ing and airflow obstruction often follow exposure, and
obliterative bronchiolitis may ensue [11,12].

An outbreak of obliterative bronchiolitis has been reported
in patients who had all worked at a microwave popcorn
production plant. This was believed to have been caused by
the inhalation of diacetyl, a volatile artificial butter flavour-
ing agent [13].

Toxin ingestion

Obliterative bronchiolitis resulting from ingested toxins is
rare. Several cases have been reported from Taiwan and
China which were associated with consumption of the
plant Sauropus androgynous [14]. Although the syndrome 
is hypothesized to result from the papaverine contained 
in the plant, papaverine has not been shown to lead to
obliterative bronchiolitis in experimental animals. This
injury has proven to be quite resistant to therapy, and 
several affected patients have undergone lung transplanta-
tion [15]. 

Connective tissue disease

Obliterative bronchiolitis is one of many pulmonary prob-
lems that occur in patients with connective tissue disease
[16,17]. This problem complicates rheumatoid arthritis in 
a small proportion of patients [18] and systemic lupus 
erythematosus even more infrequently. Although bronchial
inflammation may occur in Sjögren syndrome, progressive
systemic sclerosis and other connective tissue syndromes,
obliterative bronchiolitis is rarely observed. Treatment with
penicillamine may contribute to the development of oblit-
erative bronchiolitis, although the literature is not clear as
to whether the penicillamine or the underlying connect-
ive disease is the causative factor [19]. Evidence against
penicillamine as a causative agent is the failure to observe
obliterative bronchiolitis in patients treated with penicil-
lamine for Wilson disease.

Alloimmune reactions

Lung transplant recipients now constitute the largest 
population of patients with obliterative bronchiolitis, with 
a cumulative incidence of approximately 50% during 
the first 5–8 years after transplantation [20]. The exact
pathogenesis of this problem is not clear, although an
alloimmune-mediated mechanism is almost certainly
involved [21,22]. The occurrence of acute lung rejection,

especially when episodes are recurrent or severe, is a major 
statistical risk factor for the subsequent development of
obliterative bronchiolitis [23]. Infections, including cyto-
megalovirus, and the community respiratory viruses respir-
atory syncytial virus, parainfluenza virus and influenza
may also contribute in some patients [24]. Gastroeso-
phageal reflux has recently been identified as a risk factor
for obliterative bronchiolitis after lung transplantation; it
has been suggested, but not yet conclusively proven, that
antireflux surgery may reduce the incidence of this prob-
lem in selected patients [25,26].

Obliterative bronchiolitis may also complicate allo-
geneic and autologous bone marrow transplantation [27].
Although this occurs much less frequently than in lung
transplant patients, the incidence of this problem may be
higher than previously appreciated [28]. The disease is usu-
ally seen in the setting of chronic graft-versus-host disease,
but it is less common than other clinical manifestations 
of graft-versus-host disease, including skin and gastro-
intestinal manifestations.

Histopathological findings of obliterative bronchiolitis mir-
ror the clinical manifestations, with anatomical obstruction
of bronchioles resulting from fibroproliferation in the air-
way walls and lumen [29] (Fig. 13.1). The lesions primarily
affect terminal bronchioles. A spectrum of histopatholo-
gical abnormalities is seen, ranging from inflammation 
and fibrosis of the bronchial wall, sometimes referred to as
‘constrictive bronchiolitis’, to fibroproliferation within of the
lumen, referred to as ‘proliferative bronchiolitis’. Although
these histopathological patterns may coexist, one or the
other tends to predominate within the lungs of an affected
individual. In many cases, the process is spatially inhomo-
geneous, with diseased and apparently normal bronchioles
appearing in the same anatomical area. The airway epi-
thelium is often disrupted and abnormalities ranging 
from none, to squamous metaplasia, to complete absence of
epithelium are seen. Eventually, affected bronchioles are
replaced by a small nubbin of a scar, which may be quite
inapparent on lung biopsy. In postinfectious obliterative
bronchiolitis, fibroblasts, leucocytes and fibrin partially or
fully obstruct the airway lumen, and signs of active inflam-
mation may still be present several years after the initial 
illness [30]. In many cases, abnormalities of the large air-
ways coexist with bronchiolitis, resulting in bronchiectasis
and a chronic bronchitis-like clinical picture. Inflamma-
tion of the alveolar ducts and alveoli is not a primary 
manifestation of obliterative bronchiolitis, but may occur if
bronchopneumonia results from obstruction of more prox-
imal airways.

Histopathology
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Progressive dyspnoea on exertion is the hallmark symptom
of obliterative bronchiolitis. Cough, which may be product-
ive at first, is often the presenting complaint. Wheezing may
be present and the condition is often initially diagnosed as
asthma. In cases associated with known causes, such as
infections and toxic gas inhalation, the clinical symptoms
generally appear within weeks of the initial insult. In gen-
eral, systemic complaints and fever are absent unless 
secondary infections supervene.

The clinical course and progression of the disease are
variable. In children with postinfectious obliterative bron-
chiolitis and patients with toxic gas inhalations, the clinical
and radiographical features of the disease may wax and
wane for several weeks or months, sometimes with recur-
rent episodes of atelectasis, pneumonia and wheezing.
Some patients recover completely [30,31], while others 
display permanent obstructive airways disease that is only
partially reversible [4]. In some cases patients die of pro-
gressive respiratory failure [30]. This variability in the clin-
ical course presumably reflects a variable balance between
reversible inflammation and irreversible fibroproliferation
in the lower airways.

In patients with obliterative bronchiolitis resulting from
alloimmune or autoimmune reactions, the course of the
disease tends to be more relentlessly downhill. Periods of
relative quiescence may be punctuated by bouts resembling
acute exacerbations of COPD, often resulting in further
irreversible loss of lung function. Although stabilization of

Clinical presentation
pulmonary function may occur, significant recovery of lost
lung function is unusual.

It is important to differentiate bronchiolitis obliterans from
many other entities with similar names, physiological
findings and histopathology. Other forms of COPD, includ-
ing chronic bronchitis, emphysema and chronic asthma,
generally evolve over a much longer time than does obliter-
ative bronchiolitis. Obliterative bronchiolitis is not asso-
ciated with cigarette smoking, and demonstrates minimal,
if any, response to bronchodilator medications. Often, a
history of infection or exposure to another known causative
agent is present in patients with obliterative bronchiolitis. 

Respiratory bronchiolitis with interstitial lung disease
(RBILD) primarily affects alveolar ducts and respiratory
bronchioles [32]. An increased number of alveolar macro-
phages is a characteristic biopsy finding. This syndrome is
most often associated with cigarette smoking, and usually
improves or resolves with smoking cessation. Pulmonary
function tests reflect a restrictive ventilatory abnormality.
High-resolution computed tomography (HRCT) scans can
be very helpful in differentiating these entities, because
RBILD may be characterized by extensive ground glass
opacities, which are not typical of obliterative bronchiolitis. 

Bronchiolitis obliterans organizing pneumonia (BOOP) 
is a distinct entity characterized by polyps of loose con-
nective tissue in alveolar ducts, in association with alveo-
lar inflammation [33]. Although BOOP and obliterative 

Differential diagnosis
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Figure 13.1 Histology of bronchiolitis obliterans. (a) ‘Constrictive’ obliterative bronchiolitis. Peribronchiolar lymphocytic
inflammation is accompanied by an increase in the number of mesenchymal cells and their connective tissue products 
in the lamina propria (arrow), compromising the airway lumen in an eccentric, constrictive fashion. An inflammatory 
infiltrate comprised of small round cells can be appreciated in the bronchial epithelium, and in the advancing fibrous tissue. 
(b) ‘Proliferative’ obliterative bronchiolitis, in which granulation tissue comprised of mesenchymal cells and capillary loops
virtually fill the lumen (L, airway lumen; S, airway smooth muscle).



bronchiolitis share associations with many causative agents
and conditions, they are distinct clinically, radiographically,
histologically and in their response to treatment. It is not
clear whether these differences result from the location 
and severity of the initial insult, or differential healing
responses between individuals. The histological lesions of
BOOP may be seen in association with almost any insult
known to cause obliterative bronchiolitis. However, an
underlying aetiology is often not apparent, and the illness is
called ‘idiopathic BOOP’ or ‘cryptogenic organizing pneu-
monia’. Idiopathic BOOP is often accompanied by signs of
systemic illness, including fever, malaise and weight loss.
The chest radiographical findings are quite variable, but a
normal radiograph is unusual. In BOOP, pulmonary func-
tion testing generally demonstrates a restrictive ventilatory
abnormality with decreased diffusing capacity. In some
patients with only segmental involvement, pulmonary
function is normal [4].

Diffuse panbronchiolitis is a relatively common condition
in Japan, China and Korea, but rare in other parts of the
world [34,35]. It is most often associated with chronic
sinusitis and productive cough, features that are not char-
acteristic of obliterative bronchiolitis. Pulmonary function
tests usually show airflow obstruction and a reduction in
diffusing capacity. Radiographically, the disease is char-
acterized by small nodular opacities and peripheral linear
densities. Because this syndrome is quite unusual outside 
of Asia, it rarely confuses the diagnosis of obliterative bron-
chiolitis in Western countries.

Swyer-James, or MacLeod, syndrome is a variant of
postinfectious bronchiolitis. It usually develops as a sequela
of pulmonary infection in infancy or early childhood and
leads to alveolar destruction and obliterative bronchiolitis.
This may prevent the normal development of the affected
lung, resulting in decreased lung volumes and blood flow,
which is characterized radiographically by a unilateral
hyperlucent lung with normal or reduced lung volume 
during inspiration and air trapping during expiration.

Physical examination

On physical examination, affected patients may appear
normal, or may display varying degrees of dyspnoea and
decreased oxygen saturation, depending on the severity of
their disease. Percussion of the chest may demonstrate
hyperresonance, but not usually to the degree observed in
patients with emphysema. Auscultation usually shows
decreased inspiratory breath sounds, and end-inspiratory
squeaks and crackles may be heard. Expiratory wheezes
may be present, but are often absent, even in advanced dis-
ease. Clubbing is generally absent.

Diagnostic testing

Pulmonary function

Pulmonary function tests typically show airflow obstruc-
tion with decreased forced expiratory volume in 1 s (FEV1),
FEV1 : FVC (forced vital capacity) ratio and mid-expiratory
flow rates. There is characteristically minimal response to
inhaled bronchodilators. Lung volumes are usually normal
or increased, although in some cases total lung capacity
(TLC) is reduced. The diffusing capacity for carbon mon-
oxide is normal or mildly reduced. Some patients with
obliterative bronchiolitis demonstrate a restrictive pattern
of pulmonary function abnormalities with reduced FEV1,
FVC and TLC; presumably the anatomical lesions in these
individuals are primarily of the proliferative type, with
complete obstruction of bronchiolar lumena.

Chest radiograhy

The plain chest radiograph is the most common non-
invasive diagnostic test in obliterative bronchiolitis. Typic-
ally, pulmonary parenchymal opacities are absent, unless 
pneumonia complicates the picture. Hyperinflation may be
apparent, and bronchial markings may be accentuated. 

In children with postinfectious bronchiolitis, five radio-
graphical patterns have been recognized [4]:
1 bilateral hyperlucent lungs;
2 unilateral hyperlucency and expansion of all or part of 
a lung;
3 unilateral hyperlucency of a small to normal-sized lung
with air trapping on expiration (Swyer-James or MacLeod
syndrome);
4 persistent complete collapse of the affected lobe; and
5 a mixed pattern of persistent collapse, hyperlucency and
peribronchial thickening.

High-resolution computed tomography

The advent of HRCT has markedly improved the accuracy
of non-diagnostic testing. Patients with obliterative bron-
chiolitis may show mosaic perfusion, with variable opacity
in different lung zones reflecting hypoperfusion of some
anatomical regions. Comparing inspiratory and expiratory
HRCT scans can be very useful when inhomogeneous empt-
ing of alveolar structures is seen, reflecting patchy air trap-
ping. Finally, HRCT images may show peripheral branching
structures that are thought to represent collapsed or fluid-
filled small airways distal to obstructed bronchioles [36,37].

The use of ultrafast HRCT scans is feasible in children too
young or too sick to hold their breath and allows early
detection and accurate characterization of the lung process
[38,39]. HRCT findings include varying degrees of bronchial
wall thickening and bronchial dilatation, pulmonary vascu-
lar attenuation and areas of collapse, hyperlucency and air
trapping on expiration.
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Obliterative bronchiolitis is generally poorly responsive to
treatment with bronchodilators, corticosteroids and other
medical therapeutics. Clearly, when a treatable infection 
is identified, it should be treated; however, even when 
the aetiology of obliterative bronchiolitis is known, spe-
cific therapy is difficult because the lesion evolves long 
after the initial insult. For example, there may be a hiatus 
of several weeks between toxic fume inhalation or respiratory
viral infection and the development of progressive airflow
limitation.

Bronchodilator therapies are relatively ineffective be-
cause the lesions are the result of fibroproliferation with
anatomical obstruction, rather than of bronchoconstriction
resulting from smooth muscle contraction. Corticosteroids
are often administered, with variable results; undoubtedly
they are more helpful in the early stages of the disease
when anti-inflammatory therapy might be expected to 
be of benefit. As the disease progresses, corticosteroids are
less effective. Corticosteroids are administered routinely in
patients with silo filler’s lung and other non-infectious
inhalational airway injuries. They are also used frequently
in obliterative bronchiolitis associated with connective 
tissue syndromes.

Erythromycin and other macrolide antibiotics have anti-
neutrophil properties, and are used routinely in patients
with diffuse panbronchiolitis. They have also been reported
to benefit some patients with lung transplant-associated
obliterative bronchiolitis [40].

Immune modulatory therapies are the mainstay of 
treatment for obliterative bronchiolitis resulting from
alloimmune reactions. Immunosuppressive medications
employed include ciclosporin, tacrolimus, mycophenolate
mofetil, methotrexate and cyclophosphamide. There is evid-
ence in the lung transplant literature that each of these
agents is effective in stopping the progression of the disease
in some patients, although reversal of established airflow
obstruction is unusual [21]. Photochemotherapy (photo-
pheresis) has also been shown to be beneficial in slowing
disease progression in some patients [41,42].

Because the end lesion of obliterative bronchiolitis
results from fibroproliferation, one would expect that
antiproliferative therapies might be useful. Thalidomide
has been used in some cases of chronic graft-versus-host
disease after bone marrow transplantation, but its efficacy
in treating obliterative bronchiolitis in that setting has 
not been established [43–45]. Rapamycin, a relatively new
medication with immunosuppressive and antiproliferative
properties, is also promising on theoretical grounds [46].
However, its clinical efficacy for obliterative bronchiolitis is
also unknown at this point.

Treatment
The treatment of postinfectious obliterative bronchiolitis

in children is mostly supportive, consisting of oxygen ther-
apy, bronchodilators, antibiotics for secondary infections
and regular chest physiotherapy, especially if bronchiecta-
sis is present. Despite the persisting inflammatory lesions
still present at a late stage, the use of corticosteroids remains
controversial, and no clinical trials in children are available.
Treatment with non-steroidal anti-inflammatory therapies
has been reported, as has intravenous gammaglobulin 
infusion.

Lung transplantation is a therapeutic option for obliter-
ative bronchiolitis patients with severe airflow obstruction
not responsive to medical therapy. The Registry of the
International Society for Heart and Lung Transplantation
indicates that 263 single or bilateral lung transplants were
performed between January 1995 and June 2004 for patients
with obliterative bronchiolitis; this represents approxim-
ately 2% of all lung transplants during that time interval
[20]. Of these, approximately half were retransplant pro-
cedures for patients with obliterative bronchiolitis after
lung transplantation. Recurrent obliterative bronchiolitis
after repeat lung transplantation does not appear to occur
with increased frequency relative to that seen in patients
undergoing repeat lung transplantation for other indica-
tions [47].
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CHAPTER 14

Asthma

Diana C. Grootendorst and Klaus F. Rabe

A major differential diagnosis in patients with COPD is
asthma (Fig. 14.1) [1]. Although these diseases are clearly
different, in some patients with chronic asthma a clear dis-
tinction from COPD is not possible [2], even when history,
physical examination, physiology testing and imaging 
are used. A minority of patients with asthma develop irre-
versible airflow obstruction and other features of COPD
over time [3]. Asthma is assumed to coexist with COPD 
in these patients and management is highly similar in
severe forms of the disease(s) [1]. This chapter presents 
an overview of the current knowledge on aetiology, path-
ology, pathogenesis, pathophysiology and treatment of
asthma, and discusses the possible (dis)similar pathways
underlying asthma and COPD.

Asthma is a chronic inflammatory disease of the airways,
characterized by variable airflow obstruction and bronchial
hyperresponsiveness to a variety of stimuli. Symptoms of
asthma include episodes of wheeze, breathlessness, chest
tightness and cough, particularly at night and/or in the
early morning [4]. Usually, the airflow limitation observed
in asthma is (at least partly) reversible either spontaneously
or following treatment [4].

The clinical diagnosis of asthma is usually prompted by
symptoms such as episodic breathlessness, wheezing, chest
tightness and cough. These are often more pronounced at
night and in the early hours of the morning [4]. Although
the diagnosis of asthma can be made on the basis of symp-
toms alone, the accuracy is improved when objectified by
lung function measurements, including the assessment of
airflow limitation together with the reversibility and vari-
ability of airflow limitation.

Measurement of the forced expiratory volume in 1 sec-
ond (FEV1) and forced vital capacity (FVC) by flow–volume
curves is used for the assessment of airflow limitation [5].
FEV1 and FVC values below 80% of the reference value 
are usually considered as abnormal [5]. In addition, when
FEV1 normalized for FVC (FEV1 : FVC) is below 75%, this is
indicative or airflow limitation or airways obstruction.

Variability in airflow limitation is most frequently tested
by measuring the response of FEV1 to an inhaled bron-
chodilator such as the β2-agonist salbutamol [5]. An
improvement in FEV1 and/or FVC following the admini-
stration of a bronchodilator by more than 12% predicted
and 200 mL or in peak expiratory flow rate by more than 
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Figure 14.1 Proportional Venn diagram of obstructive lung
disease (asthma, chronic bronchitis and emphysema) (a) in
the USA (National Health and Nutrition Examination Survey
[NHANES] III surveys from 1988 to 1994) and (b) in the UK
(UK General Practices Research Database [GPRD] in 1998) for
all ages. (From Soriano et al. [164] with permission.)



60 L/min is considered an unambiguous bronchodilator
response [5], fitting in with the diagnosis of asthma. Even
in the absence of a bronchodilator response, the airflow
limitation can be reversible after a short course of pred-
nisolone [4]. In addition to reversibility testing, daily
recording of the peak expiratory flow rate can be used to
assess (daily) variability in lung function. Daily variability
in peak expiratory flow rate > 20% is usually considered as
a sign of unstable asthma, requiring a change in treatment
[4].

Variable airways obstruction can be mimicked in the lung
function laboratory by challenge tests with bronchocon-
strictive stimuli such as histamine or methacholine [6]. In
subjects with airways hyperresponsiveness, an exaggerated
response to the bronchoconstrictor can be observed. The
response to a bronchoconstrictor is usually expressed as the
provocative dose or concentration of bronchoconstrictor
causing a fall in FEV1 of > 20% from baseline (PD20 or PC20).
In normal subjects, the PC20 is > 8 mg/mL (PD20 > 7.8 μmol)
of histamine or methacholine.

Having a bronchodilator response or airways hyper-
responsiveness is considered to be indicative for asthma.
However, absence of these features does not exclude the
possibility of asthma. Furthermore, each of these features
can also be present in patients with COPD [7]. Other patient
characteristics, such as the presence of atopy or a positive
smoking status or history, are helpful to increase or decrease
the diagnostic probability for asthma instead of COPD. 

Bronchial asthma is one of the most common chronic dis-
eases in high-income countries, affecting over 100 million
people [4]. Reported prevalence rates for asthma show a
wide variation. In adults, the prevalence of symptoms of
wheeze varies from 4.1 to 32.0%, whereas the preval-
ence of diagnosis of current asthma varies between 2.0 
and 11.9% [8]. The international patterns in asthma preva-
lence show that prevalences are highest among English-
speaking countries (UK, New Zealand, Australia, USA and
Canada) and Western Europe, and much lower in Eastern
and Southern Europe [9]. During the last decades, not only
the prevalence and but also the severity of asthma has
increased [10,11]. Recent studies, however, show trends
for a plateau in the prevalence of asthma [12].

Several risk factors for the development of asthma have
been described. The strongest predisposing factor associ-
ated with the development of asthma, and in particular

Aetiology

Epidemiology

childhood-onset asthma, is atopy [4]. Approximately 50%
of asthma cases are attributable to atopic sensitization [13].

Atopic sensitization

Up to 90% of children with asthma are sensitized to com-
mon airborne allergens such as domestic mites, furred 
animals, fungi and pollens [14]. In particular, sensitization
to house dust mite [15], Alternaria [16] and cockroach [17]
has been shown to be associated with an increased risk for
asthma in children. The relation between level of exposure
and development of asthma is far from clear and seems rather
controversial. In one study, the risk for the development 
of asthma in house dust mite sensitized children doubled
with every doubling of indoor house dust mite level [18],
although this dose–response relation was not confirmed 
in another large study [19]. Furthermore, being allergic to
cat dander is a risk factor for the development of asthma,
but having a cat in the house may be protective for the
development of asthma [20]. Several studies have also 
suggested a relation between level of exposure to allergens
and severity of asthma. First, patients with severe asthma 
are exposed to higher levels of domestic allergens to which
they are sensitized, compared with patients with mild asthma
[21,22]. In addition, sensitization to the moulds Alternaria
alternata and Cladosporium herbarum occurs more frequently
in patients with severe asthma, while this is not the case for
sensitization to grass and tree pollens [23]. Secondly, seasonal
variation in, for instance, house dust mites is associated
with changes in peak expiratory flow rates [24] and airways
hyperresponsiveness [25]. Taken together, these studies
show that allergic sensitization is not only an important
precursor of developing asthma, but also is associated with
severity of the disease.

Genetic predisposition

In addition to atopic sensitization, asthma, which develops
during childhood, has a clear genetic component [4].
Children from allergic and/or asthmatic parents have an
increased risk for asthma [26,27]. Several gene loci have
been linked to atopy and asthma, including chromo-
some 5q31 (IgE), chromosome 5q31–33 (multiple genes
modulating atopic responses: IL-4, IL-13, IL-5, CD14 
and GM-CSF), major histocompatibility complex region on
chromosome 6, several genes on chromosome 7 (atopy,
asthma and eosinophilia), chromosome 11q13 (atopy,  high
affinity receptor for IgE), chromosome 13q (atopy), chro-
mosome 14, chromosome 16 [28] and the ADAM33 gene
on chromosome 20p13 [29]. Genetic background and envir-
onment may interact in the development of asthma: high
levels of cat allergen in the house are associated with a
reduced risk of wheezing in childhood in children from
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mothers with no history of asthma, whereas this is related
to an increased risk for wheezing in children from mothers
with a history of asthma [30].

Socioeconomic status

Another important determinant of childhood asthma may
be socioeconomic status. Recently, it has been shown that
the increase in incidence of asthma is driven by factors asso-
ciated with improved social circumstances (higher income
and education of parents, less unemployment, welfare and
overcrowding), whereas severity of asthma is related to 
factors associated with poverty [31].

Late-onset asthma

In asthma that starts later in life, the role of atopy is less
clear. The prevalence of being non-atopic is higher in adult-
onset asthma than in childhood-onset asthma, and preval-
ences of atopy ranging from 25–30% [32] to more than
60% [33] have been described in adult-onset asthmatics.
Non-atopic adult-onset asthma is known to have a more
severe clinical presentation and to be less responsive to
standard therapy [34]. This type of asthma may also be
associated with the rapid development of persistent airflow
limitation [35], indicating a worse prognosis when com-
pared with childhood asthma. As such, late-onset asthma
may be more difficult to distinguish from COPD. Factors
implicated in causing adult-onset asthma include aspirin
sensitivity [36], rhinitis and chronic sinusitis [37], occupa-
tional exposure to chemicals [38], exposure to fungi on the
skin and nails [39], and persistent infection with respiratory
pathogens [40].

The pathology underlying the clinical presentation of both
asthma and COPD is chronic inflammation of the airways
[41,42]. However, even in patients with comparable fixed
airflow obstruction, patients with a history of asthma have
distinct pathological characteristics compared with those
with COPD (see Plate 14.1; colour plate section falls
between pp. 354 and 355) [2].

In general, the inflammatory infiltrate in the airway wall
mucosa of patients with asthma (mainly) consists of eosino-
phils, mast cells and lymphocytes [43]. These features can
even be found in subjects with newly diagnosed asthma
[44]. Interestingly, lymphocytic and mast cell inflammation
seems to be associated specifically with childhood-onset
asthma, and not with late-onset asthma [45]. 

In patients with severe asthma, increased neutrophil
numbers have been found in the lamina propria [46].

Pathology

Moreover, an increase in neutrophils in the submucosa 
has also been implicated in sudden-onset, fatal attacks of
asthma [47]. Other pathological changes of the airways that
have been described in association with asthma include loss
of epithelial integrity [48], smooth muscle hypertrophy and
hyperplasia [49], changes in the vasculature including 
neovascularization, dilation and leakage [50], and thicken-
ing of the reticular layer beneath the basement membrane
[48]. In patients with late-onset asthma without eosino-
philia in the airways, however, subepithelial basement
membrane thickening is not present, suggesting a different
pathological process in these patients [45].

In addition to inflammation in airway tissue, changes 
in cellular infiltrate in the airway lumen are present in
patients with asthma. As in bronchial biopsies, an increase
in eosinophils and mast cells characterizes the inflammat-
ory infiltrate in both bronchoalveolar lavage fluid [51,52]
and induced sputum [53], with an additional increase in
sputum neutrophil numbers in patients with severe asthma
[54]. Furthermore, an increase in a variety of cytokines,
chemokines and markers of microvascular leakage can be
found in the sputum of patients with asthma, including
eosinophil cationic protein (ECP), fibrinogen, albumin and
interleukin 8 (IL-8) [55,56]. 

How do each of these factors interact and contribute to clin-
ical asthma? It is clear that the presence of both host and
environmental factors are needed for the transition from
sensitization alone to allergic asthma. According to current
concepts, these include dysregulation of immunological
control mechanisms within the airway mucosa, and a series
of environmental factors [57,58]. 

Initial priming of T helper (Th) cells against environ-
mental allergens occurs in utero, presumably by means of
transplacental transport of allergens to which the mother is
exposed during pregnancy [59]. Cord blood mononuclear
cells of all infants produce high levels of the Th2 cytokines
IL-4 and IL-5, and low levels of γ-interferon (IFN-γ), upon
stimulation of cells by house dust mite allergen. During 
the first year of life of non-atopic children, there is rapid
suppression of these Th2 responses, with skewing towards
the Th1 phenotype (high expression of IFN-γ and low
expression of IL-4 and IL-5) [60]. However, in potentially
atopic children, Th2 responses are consolidated, which
appears to be associated with a defective neonatal IFN-γ
response [60]. During this postnatal period, environmental
exposures appear to be important. Exposure to high levels
of microbial products reduces the risk for atopy and asthma
[61]. Furthermore, exposure to dietary allergens in early
childhood leads to negative regulation of Th responses via
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T-cell anergy and/or deletion [57]. In contrast, postnatal
exposure to inhalant allergens results in redirection
towards the Th1 profile in non-atopics or in further boost-
ing of the fetally primed Th2 response in potential atopic
children [57]. 

Still, only a subset of subjects who are sensitized during
childhood develop severe long-term sequelae [62]. An
important feature appears to be the (dysregulation of)
Th1–Th2 cell balance [63]. Recently, it has been shown that
atopic asthmatic patients with severe persistent disease
have a reduced allergen-induced Th1 response, whereas
those subjects with resolved asthma do not. On the other
hand, subjects with a history of asthma have increased
house dust mite induced Th2 cytokine responses, irrespect-
ive of the presence or absence of ongoing asthma. These
observations suggest that impaired house dust mite induced
IFN-γ production might be an important factor contributing
to ongoing severe asthma, whereas increased IL-5 and 
IL-13 production by Th2 cells upon allergen stimulation
reflects the presence of the atopic state per se rather than
being specifically linked to ongoing asthma [63]. In other
words, this may imply that an exaggerated Th2 response
induces atopy, whereas impairment in the Th1 response
contributes to the severity of the disease.

Once high levels of Th2-mediated inflammation are
manifest, airway remodelling may occur [57,58]. In atopic
asthmatic subjects, the ‘inappropriate’ Th2 response may
cause pulmonary inflammation, airway eosinophilia, mucus
hypersecretion and airways hyperresponsiveness to a 
variety of specific and non-specific stimuli, and together
result in the symptoms of asthma [64]. Notably, when con-
sidering those patients with early-onset asthma, the earlier
in life sensitization develops, the more likely they are to
have persistent wheeze at an adult age [65], and the more
severe are the long-term consequences including wheeze
[66,67] and bronchial hyperresponsiveness [67]. Never-
theless, overall, patients with late-onset asthma have more
severe asthma than those with early-onset disease.

A central part in the transition from atopy to allergic
asthma appears to be played by the airway epithelium,
which is in a key position to translate gene–environment
interactions [68]. It has been postulated that, in asthma, the
airway epithelium has enhanced susceptibility to injury or
an inadequate repair response, or a combination of both. As
a consequence, the epithelium maintains a ‘repair pheno-
type’, which is responsible for increased production of 
pro-inflammatory mediators and pro-fibrinogenic growth
factors [68]. For instance, activated epithelium releases
transforming growth factor β2 (TGF-β2), which activates
myofibroblasts under the epithelium to secrete matrix 
proteins, and smooth muscle and vascular mitogens [69].
Together, these processes may result in the airway remod-
elling that is characteristic in asthma and involves epithelial

shedding, sub-basement membrane thickening, smooth
muscle hyperplasia and an increase in nerves and blood
vessels [70].

What are the consequences of inflammation and airway
remodelling on airway physiology? The two predominant
manifestations of disordered lung function in asthma are
airways hyperresponsiveness and airflow limitation [4]. 

Subjects with asthma can have an exaggerated bron-
choconstrictor response to a wide variety of stimuli such as
allergen, exercise, cold air, fumes and chemicals [4].
Typically, in subjects with asthma, the dose–response curve
to bronchoconstrictor stimuli is characterized by increased
sensitivity, reactivity and maximal response plateau [71].
Several factors may contribute to the development and/or
worsening of hyperresponsiveness. As such, reduced airway
calibre, increased smooth muscle contractility, dysfunctional
neural regulation, altered permeability of the bronchial
mucosa, pro-inflammatory humoral and cellular mediators,
and cytokines including granulocyte–macrophage colony-
stimulating factor (GM-CSF) and tumour necrosis factor 
α (TNF-α) have been discussed as critical for bronchial
hyperresponsiveness [70]. 

Many factors contribute to airway narrowing in asthma,
including contraction of airway smooth muscle, swelling of
the airways as a result of oedema, mucus plug formation
and airway wall remodelling [4]. In most subjects with
asthma, these features appear to be variable, as reflected in
day-to-day variation in lung function which is reversible
either spontaneously or upon treatment with bronchodil-
ators and/or anti-inflammatory agents [4,70]. In some 
subjects, the airflow limitation is not reversible, which
seems more prominent in patients with severe asthma [72].

In addition to hyperresponsiveness and airflow limita-
tion, it has been hypothesized that destruction and sub-
sequent remodelling of the airways in asthma is also 
associated with an accelerated decline in lung function.
Accelerated decline in lung function is an important feature
of COPD, again underlining the parallels between the two
diseases. Interestingly, in patients with persistent asthma
followed prospectively, the number of CD8+ T lymphocytes
in the lamina propria of bronchial biopsies is associated
with the subsequent decline in FEV1 [73]. This is of interest
because CD8+ T lymphocytes were thought to be important,
particularly in COPD patients. Furthermore, it has been
demonstrated that subjects with self-reported asthma have
a greater decline in FEV1 over time than those without
asthma [74]. Risk factors that further seem to worsen the
yearly decline in FEV1 are airflow limitation [75], bronchial
hyperresponsiveness [74,76] and adult-onset asthma [77].

Pathophysiology
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It should not be forgotten that in patients with asthma,
smoking is a risk factor for an increased decline in lung
function [74], as is the case in COPD. The influence of atopy
on the rate of decline in FEV1 is unclear, as some studies
have shown no effect of atopic status [75,76], while others
report a steeper decline in atopics [78], or a steeper decline
in non-atopic asthmatics [77,79].

A new concept in the understanding of airway narrowing
and bronchial hyperresponsiveness is perturbed myosin
binding within airway smooth muscle [80,81]. According
to this concept, the binding of myosin to actin, within the
smooth muscle cell, is perturbed with each breath in
healthy individuals. As a consequence, the number of
bridges between actin and myosin are low, and the rate of
turnover of actin–myosin bridges is high. In subjects with
asthma, the cytokine-driven thickening of the airway wall
that is associated with remodelling is thought to uncouple
the load fluctuations of each breath from the muscle [82].
This allows an unperturbed binding equilibrium of myosin
to actin. In this state, there are many links between myosin
and actin that cycle very slowly, resulting in a static con-
dition of the smooth muscle, also called latch [80,81]. 
The unperturbed myosin-binding concept can be used to
explain the airways obstruction, excessive airway narrow-
ing and bronchial hyperresponsiveness as is seen in clinical
asthma.

It is evident that airways inflammation has a central role 
in asthma. Several studies have demonstrated that the
severity of asthma is related to the degree of airways
inflammation. Eosinophil and neutrophil numbers in 
sputum increase significantly over the spectrum from inter-
mittent to severe persistent asthma [54,83,84]. Fibroblast
accumulation and airway smooth muscle hypertrophy are
specific characteristics of severe asthma, as opposed to mild
asthma [85]. In particular, airways hyperresponsiveness is
associated with the cellular infiltrate; with mast cells, CD8+

T lymphocytes and eosinophils within the lamina propria
[86], but also eosinophil numbers in sputum [87,88] 
showing an inverse correlation with PC20. Furthermore,
increased sputum eosinophils are also associated with more
pronounced exercise-induced bronchoconstriction [89]
and lower lung function [87]. In patients with persistent
asthma, the level of airflow limitation is inversely related to
the number of eosinophils [35] and neutrophils in induced
sputum [90]. Finally, exacerbations of asthma are asso-
ciated with a further increase in eosinophils [91] and/or
neutrophils in sputum [92] and sputum eosinophils can
even be predictive of an exacerbation [93–95]. 

Relations between airway inflammation
and severity of asthma

The associations between degree of inflammation and
severity of asthma are usually weak and show a large vari-
ation. Nevertheless, these associations indicate that patients
with more severe or unstable asthma, as characterized by
increased bronchial hyperresponsiveness to various stimuli,
airflow limitation and/or exacerbations, have more pro-
nounced airway inflammation.

Clearly, asthma is a heterogeneous disease and different
phenotypes within this disease have been recognized.
Important and distinct phenotypes of asthma that may
have an important role in the differential diagnosis of COPD
include non-allergic asthma and/or late-onset or adult-
onset asthma. These two phenotypes of asthma have an
important overlap because the majority of patients with
late-onset asthma are non-atopic [33].

Non-allergic patients with asthma have a negative skin
prick test and score negative for allergen-specific IgEs in a
radioallersorbent test (RAST). Asthma in non-atopic indi-
viduals has been associated with risk factors such as older
age, female sex, sinonasal polyposis, late onset of asthma,
FEV1 below 80% predicted, lower socioeconomic class,
smoking, urban location [96–98] and with a polymorphism
in the RANTES gene promoter region [99]. 

In non-allergic subjects with asthma, a steeper decline in
FEV1 has been described [77,100], which seems associated
with a (history of a) high degree of reversibility in FEV1

[100]. As such, non-atopic asthma seems distinctly differ-
ent from atopic asthma, because in atopics not reversibility
in FEV1 but rather the degree of airways obstruction (FEV1 :
FVC) together with need for treatment with oral corticos-
teroids are associated with a more pronounced and progress-
ive decline in FEV1 [100]. Again, these studies underline
that those patients with non-allergic asthma are the most
difficult to distinguish from COPD.

In addition to this, the pathology in the airways is 
different between allergic and non-allergic asthmatics:
eosinophil and mast cell numbers in the lamina propria 
of bronchial biopsies are increased both in atopic and 
non-atopic asthmatics, although eosinophil numbers are
significantly more increased in atopic asthmatics. Further-
more, neutrophil numbers are increased in non-atopic
asthmatics whereas CD3, CD4, CD8 and CD25 positive T
lymphocytes are increased in biopsy specimens from atopic
asthmatics only [101]. Also, cytokine expression is different
between the two phenotypes, with IL-4 and IL-5 being
expressed in airway tissue from atopic asthmatics and IL-8
in non-atopic patients with asthma [101]. The mechanism
by which T cells are activated in non-atopic asthma, where
no causative antigen is identified, is not fully understood.

Different phenotypes of asthma
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Recently, an ex vivo study demonstrated that T cells infiltrat-
ing in the lower airways of non-atopic patients with asthma
recognize relatively limited epitopes of antigens and are
clonally expanded by antigen-driven stimulation [102],
which may, at least in part, explain cellular activation path-
ways in non-atopic asthma.

Recent studies show that asthma, in some patients, is a 
risk factor for the development of COPD [103]. In addition,
the presence of ‘asthmatic features’, including bronchial
hyperresponsiveness and IgE, are significant predictors of
the rate of FEV1 decline in patients with COPD [104]. These
studies are in line with the ‘Dutch Hypothesis’ from the
early 1960s, stating that asthma and COPD should be 
considered as different expressions of one disease entity, in
which both endogenous (host) and exogenous (environ-
mental) factors have a role in the pathogenesis [105].
According to this hypothesis, the phenotype of the patient
(i.e. clinical expression of asthma or COPD) is the result of a
combination of genetic and environmental factors, modu-
lated by age and sex.

In view of the increasing prevalence of asthma and allergic
diseases, primary prevention in at-risk infants is a public
health priority. Several risk factors have been identified
with potential for primary prevention of asthma, of which
the most important is indoor allergen avoidance [106].
Recently, it was shown by Koopman et al. [107] that when
house dust mite impermeable mattress encasings are
applied to the beds of atopic, expecting parents and of the
infant, there is a 35% risk reduction for cough at night at
the age of 2 years. When indoor allergen avoidance mea-
sures are extended (the combination of mattress and pillow
encasings, use of high filtration vacuum cleaner, removing
wall-to-wall carpets from the bedroom, and chemical
cleaning of carpets and soft furnishings), there is a 50–80%
risk reduction for the infant to wheeze at the age of 1 year
[108]. Interestingly, in genetically at-risk children, such
interventions, when combined with breastfeeding during
infancy, may reduce the risk for current wheeze, nocturnal
cough, asthma and atopy by approximately 80% [109].
Further follow-up of these cohorts of children is needed to
determine the effect of the interventions on the develop-
ment of atopic disease, including asthma.

Several reports have suggested that exposure to environ-
mental endotoxin might prevent the development of atopy
and asthma [61,110,111]. Remarkably, in farm children

Primary prevention

Asthma as risk factor for COPD

who are frequently exposed to dust in stables and consume
raw milk, both of which contain high levels of endotoxin,
there is a very low prevalence of asthma, hay fever and
atopic sensitization [61,110]. This may be explained by the
fact that endotoxins reduce IgE production, Th2 cytokine
production and airway eosinophilia [112].

A number of other environmental factors are known to
be associated with a lower incidence of allergic diseases
early in life. Oral supplementation with Lactobacillus rham-
nosus (probiotics) during pregnancy and breastfeeding
[113,114], the presence, from birth onward, of a furred pet
in the home [115], and attendance at day care during the
first year of life [116] are all environmental factors that 
protect against the development of allergies and asthma 
in childhood. Furthermore, active immunoprophylaxis
[114,117,118] and anthroposophic lifestyle [119] have
been associated with lower prevalence of allergies and
asthma.

The role of breastfeeding in the prevention of atopy and
asthma is controversial. Some studies show a protective
effect of exclusive breastfeeding during the first 4 months 
of life for atopy and asthma during childhood [120], while
this is associated with an increased risk for allergies and
asthma during adulthood [121]. A suggested explanation
for this complex relation might be that breastfeeding reduces
the effect of bacteria and endotoxins on the immune 
system, either by direct reduction of exposure or by passive
transfer of immune responses from the mother. This may
lead to incomplete development of mature immune response
mechanisms in the infant, resulting in a lower prevalence
of atopy and asthma early in life, and a reversed trend in
adulthood [121].

In addition to these issues, smoking (during pregnancy)
clearly has an effect on fetal growth and preterm delivery
[122]. More importantly, a lower birth weight is associated
with worse lung function at adult age, and with death from
chronic obstructive airways disease [123]. Furthermore,
smoking has been identified as a risk factor for the develop-
ment of persistent asthma later in life [124]. As such, cessa-
tion of smoking by pregnant mothers should be considered
as primary prevention of both asthma and COPD.

Treatment of asthma consists of two parts: first, avoidance
of the sensitizing trigger and, secondly, pharmacological
treatment.

Avoidance of allergen exposure is an integral part of the
management of atopic asthmatic patients [4,125]. Effective-
ness of avoidance measures was first demonstrated in patients
with atopic asthma moving to a low allergenic environment
at high altitude, resulting in large improvements in clinical
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outcomes [126–128]. Measures aimed at reducing indoor
allergen levels, including house dust mite impermeable
mattress and/or pillow covers, and chemical approaches,
are much more practical. However, conflicting data on 
the effectiveness of such allergen avoidance have been
reported [129,130].

At present, pharmacological treatment of asthma aims at
reducing symptoms and optimizing lung function [4]. In
most patients, daily treatment with inhaled corticosteroids
with or without the addition of long- and/or short-acting
β2-agonists is sufficient to obtain control of asthma [4,125]. 

In asthmatic patients, treatment with inhaled corti-
costeroids improves lung function and bronchial hyperre-
sponsiveness, and reduces eosinophil numbers in induced
sputum [131–133], even at very low doses of inhaled
steroids [134]. Furthermore, the exacerbation rate is
reduced during treatment with inhaled corticosteroid treat-
ment [135]. These changes are accompanied by a decrease
in mucosal mast cells, eosinophils and T lymphocytes [136],
a reduction in reticular layer thickness [137] and in sub-
mucosal vascularity [138]. During treatment with long-
acting bronchodilators alone, lung function improves, but
inflammatory parameters in sputum remain unchanged
[139]. However, the combination of inhaled steroids with
long-acting bronchodilators is very effective and widely
recommended for treatment of persistent asthma [4].

Patients at the severe end of the spectrum may still 
have recurrent exacerbations and non-optimal control of
their disease, despite treatment with inhaled steroids and
(long-acting) bronchodilators. Addition of theophylline,
oral corticosteroids and/or leukotriene receptor antagonists
is optional and may improve disease outcomes in these
patients [4]. Nevertheless, novel treatments are needed 
for the management of severe disease. At present, many
different specific anticytokine treatments are being devel-
oped for the indication of persistent asthma [140,141], but
these seem to have limited clinical effect. Among the few
effective novel therapies for severe allergic asthma is treat-
ment with antibodies directed against IgE [142]. 

Finally, an integral part of the treatment of persistent
asthma (as in COPD) should always be smoking cessation.
Several studies have demonstrated that smokers with
chronic asthma have a reduced response to corticosteroid
therapy [143,144], requiring higher doses of corticosteroids
to obtain clinical control. Patients with COPD show a 
form of steroid resistance, which appears to be caused 
by decreased histone deacetylase activity [145]. Such a
decrease in histone deacetylase activity allows a pro-
inflammatory state, as is seen in COPD. It has been 
hypothesized that histone deacetylase activity in COPD is
impaired by cigarette smoking and oxidative stress, and that
this leads to a pronounced reduction in the responsiveness
to corticosteroids [146]. This mechanism may also have a
role in steroid insensitivity in smoking asthmatics. Together,

this underlines the importance of smoking cessation in both
asthma and COPD.

Surveys investigating clinical management of asthma 
globally have shown that asthma control is suboptimal for
many patients despite the availability of effective therapies
[147]. In part, this is because of lack of compliance to pre-
scribed therapy [148], which in turn may be caused by lack
of patient education [148] and difficulties with inhaler
devices [4]. An additional finding of these surveys was that
education of treating physicians may be suboptimal and
could be improved [149]. 

Current guidelines state that treatment of patients should
be aimed at reducing symptoms and optimizing lung func-
tion [4]. However, in patients with ‘controlled’ asthma, 
the disease management can be improved if treatment is
aimed at additional outcomes. For instance, when reducing
airways hyperresponsiveness is included in the treatment
algorithm, patients have fewer exacerbations of asthma,
better FEV1, and a reduction in mast cell numbers and retic-
ular layer thickness in bronchial biopsies when compared
with the patients who are treated by the conventional treat-
ment strategy [150]. In addition, inclusion of normalizing
sputum eosinophilia in the treatment algorithm results in a
reduction in sputum eosinophil count and bronchial hyper-
responsiveness, together with a 70% reduction in exacer-
bation rate [151]. Together, this suggests that monitoring of
(markers of) inflammation, in addition to symptoms and
lung function, improves the long-term management and
control of asthma. More importantly, these studies imply
that the current treatment regimens are far from optimal,
leaving room for further clinical improvement. In COPD,
studies aiming treatment at outcomes other than those con-
ventionally included (symptoms and lung function) has not
yet been performed and, intuitively, seem more difficult.

As reflected in this and previous chapters, both asthma 
and COPD can (in general) be described as airways diseases
that are characterized by airflow limitation and chronic per-
sistent airways inflammation [1,4]. Otherwise, however,
the two airways diseases are distinctly different (Table 14.1).
The main cause of asthma is atopic sensitization to (inhalant)
allergens, while that in COPD is tobacco smoking [152],
although a sizable proportion of asthmatics are non-atopic
and smoke. Both diseases have a genetic component, 
albeit at different genetic locations [153]. The pathological
findings implicated in asthma consist of increased influx of
eosinophils, mast cells and CD4+ T lymphocytes, whereas 
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in COPD this is characterized by macrophages, mast cells
and CD8+ T lymphocytes [154,155]. During stable disease,
the sputum of patients with asthma is characterized by
eosinophilia, with an additional increase in neutrophils
during exacerbation of the disease. COPD is characterized
by massive influx of neutrophils within the airway lumen
[156]. The physiological abnormalities seen in asthma 
are bronchial hyperresponsiveness and reversible airflow
limitation as opposed to the progressive, irreversible airflow
limitation seen in patients with COPD [1]. Furthermore,
the mechanisms underlying airflow limitation are different
for asthma and COPD. Primary prevention can be achieved
in both diseases by avoidance of the trigger: sensitizing
allergens in asthma, tobacco smoke in COPD [1]. At pre-
sent, treatment of both asthma and COPD consists of trigger
avoidance and pharmacological intervention. Patients with
asthma can achieve trigger avoidance mainly by reducing
the indoor allergen load; in patients with COPD this is
smoking cessation [1,157]. However, in patients with
asthma, smoking cessation is also an important issue.
Pharmacological options of asthma and COPD are essen-
tially the same. All interventions aim at reducing or pre-
venting symptoms and consist of inhaled bronchodilators
in combination with corticosteroids [1]. However, for
milder forms of disease the approaches are markedly differ-
ent: a patient with asthma who has few symptoms may be
of particular concern as symptoms may be underestimated.
On the other hand, the current concept for COPD would
suggest that a patient with this disease and no symptoms

should not be treated at all. Furthermore, the benefits of
treatments, for example with the combination of inhaled
steroids and bronchodilators, are markedly different for
asthma and COPD. Following inhalation of bronchodilators,
a bronchodilator response can be demonstrated in patients
with asthma, which is usually absent in patients with COPD.
Furthermore, lung function, bronchial hyperresponsive-
ness and eosinophilia improve upon inhaled corticosteroid
therapy in asthmatics. In contrast, neither lung function
[158–160] nor airway inflammation [161–163] is affected
by inhaled corticosteroid therapy in patients with COPD.

Given the increasing prevalence of and morbidity from
asthma and COPD, and the increasing costs of treatment, it
is becoming more important to tailor treatment to indi-
viduals. In patients with asthma, current pharmacological
treatment in general is effective, but there is room for
improvement in the subset of patients who suffer from
severe asthma and in those who do not use or receive 
adequate treatment. However, current pharmacological
treatments have real but limited benefits in patients with
COPD and none of the drugs available influence the accel-
erated loss of lung function observed in these patients.
Novel drugs are needed for the treatment of patients 
with severe asthma and patients with COPD, in order 
to improve the long-term outcome of disease in these

Conclusions
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Table 14.1 Similarities and differences between asthma and COPD.

Asthma COPD

Aetiology
Environmental Atopic sensitization Tobacco smoke
Genetic + +

Symptoms Episodic wheeze Dyspnoea upon exertion
Breathlessness Sputum production
Chest tightness Cough
Cough

Airflow limitation + +
Bronchodilator response + –
Bronchial hyperresponsiveness + +/–
Airways inflammation + +

Biopsies Eosinophils Macrophages
Mast cells Mast cells
CD4+ T lymphocytes CD8+ T lymphocytes

Sputum Eosinophils Neutrophils
Exacerbation Neutrophils Eosinophils

Restructuring airways + +
Destruction parenchyma –  +
Steroid responsiveness + –
Main limits of current treatment Severe asthma Across all severity groups



patients. Finally, physicians need to differentiate, wher-
ever possible, between asthma and COPD in order to tailor
treatment more accurately. This is more difficult in more
advanced forms of asthma and COPD.
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CHAPTER 15

COPD: clinical presentation and evaluation

Bartolome R. Celli

The American Thoracic Society and the European
Respiratory Society (ATS/ERS) [1] have recently defined
chronic obstructive pulmonary disease (COPD) as a pre-
ventable and treatable disease state characterized by airflow
limitation that is not fully reversible.

The airflow limitation is usually progressive and asso-
ciated with an abnormal inflammatory response of the
lungs to noxious particles or gases, primarily caused by cigar-
ette smoking. In some areas of the world where biomass
fuel is used as a source of energy primarily for cooking, 
persons exposed to the particles can develop airflow obstruc-
tion that is indistinguishable from that characteristic of
COPD [2].

Although COPD primarily affects the lungs, it also 
produces significant systemic consequences which are 
very important because their presence is associated with
significant morbidity and mortality and also because some
of them are amenable to therapy. Indeed, as detailed else-
where in this book, oxygen therapy, an intervention that
does not reverse airflow limitation, has been shown to 
prolong survival [3,4].

The clinical evaluation is based on a medical history and
physical examination. Although a complete examination is
indicated for all patients, there are specifically important
elements for patients with suspected COPD. These elements
include specific symptoms and signs that relate to the respir-
atory system and the presence of certain risk factors.

Symptoms

Several symptoms should alert the clinician to the possible
presence of COPD. Although not pathognomonic for the
disease, they are intimately associated with the exposure 

Clinical manifestations

to the risk factor and the manifestations of COPD. They
include cough, sputum and dyspnoea.

Cough
The cough may initially be intermittent (early morning),
progressively becoming present throughout the day, but is
seldom entirely nocturnal [1,2,5]. Once it becomes chronic,
the cough is usually productive and is very often discounted
by the patient as being an expected consequence of smok-
ing. Thus, the patient may not offer the information and the
astute clinician should always ask for its presence and its
specific characteristics. If the cough is severe and persistent,
syncope or cough rib fractures may occur.

Sputum
The presence of sputum is associated and usually follows
the development of progressive cough. It initially occurs in
the morning but later may be present throughout the day.
It is usually tenacious and mucoid in small quantities [5].
The production of sputum for ≥ 3 months in 2 consecutive
years is the epidemiological definition of chronic bronchitis
[1,2]. This definition has been useful to attempt to charac-
terize the phenotypical presentation of certain patients
with COPD. A change in sputum colour (purulent) or vol-
ume suggests an infectious exacerbation [6].

Dyspnoea
Perhaps the most alarming symptom of COPD is the 
presence of dyspnoea. It is usually progressive and becomes
persistent over time. At the onset it occurs during exercise
(climbing up stairs, walking up hills) and may by avoided
entirely by appropriate behavioural changes (e.g. using a
lift or avoiding exercise or physical effort). However, as the
disease progresses dyspnoea is elicited even during minimal
exertion or at rest.

A quantification of dyspnoea using the Modified Medical
Research Council scale is indicated. This simple scale 
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(Table 15.1) objectively grades the level of functional 
dyspnoea and should become part of the evaluation of all
patients with COPD because it predicts quality of life and
survival independent of the degree of physiological airflow
limitation [7,8]. Furthermore, the evaluation of functional
dyspnoea may be the single most helpful way to evaluate
the effect of therapy [1,2].

Dyspnoea with activities can also be objectively evalu-
ated with the use of scales such as the visual analogue scale
(VAS) or the modified Borg dyspnoea scale (Fig. 15.1a,b)
[9]. These scales are simple and provide information
regarding the level of dyspnoea perceived by the patient,
for example with a known exercise load. These scales 
have been very useful in evaluating the beneficial effect of
therapy using cardiopulmonary exercise testing or timed
walked distance as the load.

Although there is some correlation between the degree of
airflow limitation and dyspnoea, this correlation is weak at
best [8,9]. The same can be said for the correlation between
arterial blood gas abnormality and the presence and degree
of dyspnoea [9]. These findings are best explained by the
fact that dyspnoea is a very complex symptom where 
several factors interact. There is evidence that the intrinsic
response of the central controller [10], the dissociation

between the demand to breath and the mechanical
response [11], the action of the respiratory muscles [12]
and the nature of the mechanical load and the final output
can all relate to the genesis of dyspnoea. However, inde-
pendent of the mechanism, the presence of dyspnoea with
previously well-tolerated activities or, worse yet, with daily
activities, should alert the clinician to the possible presence
of COPD.

Other symptoms
Patients may report the presence of wheeze, especially dur-
ing episodes of respiratory tract infection or heavy exercise.
Similarly, some patients may complain of chest pain asso-
ciated with cough or increased activity. This may be caused
by increased respiratory muscle effort or stress on ribs or
vertebrae.

The development of leg oedema could indicate develop-
ment of right-side heart failure cor pulmonale. In such
cases, the possibility of associated sleep apnoea should also
be explored as the coexistence of two highly prevalent 
diseases is very common [13].

In more advanced disease, the development of weight
loss and skeletal muscle wasting should be cause for con-
cern. Indeed, a low body mass index (BMI < 21 kg/m2) is an
independent predictor of mortality [14,15]. This has led to
the recommendation that all patients with COPD should
have their weight and height determined and the BMI 
calculated using the simple formula:

BMI = weight in kilograms/height in metres squared.

Many patients with COPD complain of fatigue and are
often depressed. The latter may be manifested by the pres-
ence of its characteristic complaints of malaise, change in
appetite, lack of interest in life, sleepiness and insomnia.
Clinicians should be aware of this problem because treat-
ment of depression may become a therapeutic goal in itself.

The development of haemoptysis is unusual in COPD 
and should raise the possibility of lung cancer. Seasonal
exacerbation during spring or summer, or the development
of symptoms with exposure to specific agents, suggests
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Table 15.1 Modified Medical Research Council scale
recommended to evaluate grade of functional dyspnoea.

0 Not troubled with breathlessness except with strenuous
exercise
1 Troubled by shortness of breath when hurrying or walking
up a slight hill
2 Walks slower than people of the same age because of
breathlessness or has to stop for breath when walking at own
pace on the level
3 Stops for breath after walking approximately 100 m or
after a few minutes on the level
4 Too breathless to leave the house or breathless when
dressing or undressing

0

1
2
3
4
5
6
7
8
9

10

(a) (b)

Nothing at all
Very, very slight (just noticeable)
Very slight
Slight
Moderate
Somewhat severe
Severe

Very severe

Very, very severe (almost maximal)
Maximal

Greatest breathlessness

No breathlessness

0.5

Figure 15.1 The Borg (a) and
the visual analogue scale (b) are
validated scales that can be used
to estimate the perception of
dyspnoea during activities.



asthma. The presence of large amounts of purulent sputum
is more consistent with bronchiectasis. The presence of
chest pain can also be caused by concomitant coronary
artery disease or pulmonary embolism.

Presence of risk factors

A history of exposure to risk factors, such as smoking, or
occupational or environmental noxious agents, should be
noted. A detailed smoking history is essential. A useful tool
to express the exposure to cigarettes is the calculation of
pack-years. This is obtained by multiplying the number 
of pack equivalents smoked every day by the total number
of years; thus, 20 pack-years can result from smoking 
one pack per day for 20 years. The number of pack-years
calculated in this way correlates well with objective deter-
mination of cigarette exposure [16]. The possibility of 
passive smoking should also be ascertained, with special
emphasis on early exposure to smoking parents, a factor
that has been shown to relate to early development of lung
disease [17].

In patients from areas of the world where biomass fuel 
is used as a source of energy or heat, the history of closed
environment exposure (i.e. cooking with wood) should
also raise the possibility of COPD [18].

In addition to exposure, other risk factors known to be
associated with COPD should be investigated. The most
important is the presence of a family history of COPD, with
α1-antitrypsin as the main risk [19,20]. 

Signs

As part of the vital signs, all patients should have their 
respiratory rate measured, weight and height determined,
and their BMI calculated. A normal physical examination 
is frequent in early COPD [1,2]. As the disease progresses
some signs become apparent and in the advanced stages
many are almost pathognomonic.

The examination should be aimed at eliciting the pres-
ence of the respiratory and systemic effects of COPD. On
inspection, check for barrel chest deformity, pursed lips
breathing, chest or abdominal wall paradoxical movements
and use of accessory respiratory muscles. All these are signs
of severe airflow limitation, hyperinflation and impairment
of the mechanics of breathing [21].

Percussion can reveal decreased motion of the diaphragm
and tympanic sounds resulting from hyperinflation or bul-
lae; in addition, the liver becomes easily palpable. During
auscultation, a forced expiratory manoeuvre that is unduly
prolonged (> 6 s) suggests significant airflow limitation.
Adventitious rhonchi and wheezing may help differentiate
COPD from congestive heart failure or pulmonary fibrosis,
which are often associated with rales. The heart sounds

may be distant as a result of hyperinflation. However, with
advanced disease they may show signs of cor pulmonale,
such as split of second sound (pulmonic), murmurs of 
pulmonic or tricuspid insufficiency. In addition, atrial
arrhythmias such as fibrillation and flutter may be detected
in patients with significant compromise. Cyanosis or bluish
colour of the mucosal membranes may indicate hypoxae-
mia. Clubbing is not a usual feature of COPD and its pres-
ence should direct the physician to evaluate other possible
explanations such as the presence of lung cancer, idiopathic
pulmonary fibrosis or bronchiectasis.

The suspected clinical diagnosis of COPD needs to be
confirmed with the rational use of laboratory testing.
Mandatory tests for all patients include spirometry using
the forced vital capacity (FVC) manoeuvre and the chest
roentgenogram [1,2]. Other tests that can complement and
help in a more comprehensive evaluation of a particular
patient are listed as optional.

All patients

Spirometry
Spirometry should be performed in all patients suspected 
of COPD. This is necessary for diagnosis [22], assessment 
of the severity of the disease [23] and for following the
progress of the disease [24]. Without spirometry, the dia-
gnosis of persistent and partially reversible airflow limita-
tion cannot be confirmed. Spirometry should include an
evaluation of bronchodilator reversibility using an inhaled
bronchodilator. This should be performed at least once 
to exclude asthma, to establish the best lung function for
the individual patient and, to a lesser degree, to estimate
the prognosis. The increase in forced expiratory volume in 
1 s (FEV1) should be expressed as a percentage of the pre-
dicted value which is less dependent on the baseline FEV1.
Although some bronchodilation may be present in some
patients with COPD, a large increase in postbronchodilator
FEV1 supports the diagnosis of asthma [23].

A typical spirogram of a patient with COPD is shown in
Figure 15.2. The FEV1 and its ratio to the FVC remain as the
gold standard to diagnosis and follow-up in patients with
COPD. The FEV1 should also be expressed as a percentage 
of the predicted values obtained from population studies of
non-smokers without lung disease. The factors known to
determine lung function include gender, age, height and
race. After the diagnosis is established, the exact frequency
and timing of repeat spirometry has not been determined.
However, it is advisable to repeat the test 2–4 weeks after
initiation of therapy, whenever the patient reports changes

Laboratory tests
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in symptoms or at least every year. The advent of portable
and reliable pneumotacograph-based spirometers should
make testing easier and more widely available [25]. 

Chest roentgenography
Chest radiography [1,2,26] should be obtained in all 
patients. It is not used for the diagnosis, but is helpful in
excluding other diseases (pneumonia, cancer, congestive
heart failure, pleural effusions and pneumothorax). It is
also of value to detect bullous disease. Common but not
specific signs of emphysema are (Fig. 15.3): flattening of 
the diaphragm, irregular lung radiolucency and reduction
or absence of vasculature (rapid tapering). The presence of
cardiomegaly with encroachment of the cardiac silhouette
on the retrosternal space and increased width of the

descending branch of the right pulmonary artery (> 20 mm)
suggests the diagnosis of cor pulmonale. The presence of
other abnormalities, such as infiltrates, hilar node enlarge-
ment, parenchymal nodules and interstitial infiltrates,
should suggest an alternative diagnosis.

Selected patients

Lung volumes
The measurement of static lung volumes is useful in the
evaluation of patients because the level of hyperinflation
helps to determine the degree of air trapping and loss of lung
elastic recoil [21,27]. Lung volumes are best measured using
body plethysmography. This method is more precise than
the simpler method of gas dilution because with increas-
ing disease severity, the amount of non-communicating
portions of the lung results in an underestimation of air-
trapping by dilution methods [28]. The total lung capacity
(TLC), residual volume (RV), functional residual capacity
and the ratio RV/TLC are all characteristically increased 
in advanced COPD. The increase in TLC is the consequence
of loss of lung elastic recoil, which allows the inspiratory
muscles to stretch the lungs to a greater volume. The
increase in RV occurs because of premature closure of nar-
rowed airways at higher lung volumes. Usually, the increase
in RV is greater than the change in TLC and therefore the
RV/TLC increases. The most important lung volumes are
shown in Figure 15.4.

The evaluation of the degree of hyperinflation has gained
popularity because it has been related to the development
of dynamic hyperinflation with increased ventilatory
demand, such as during exercise [29–31]. A good index of
hyperinflation is the measure of the inspiratory capacity,
which in essence represents the mirror image of the end-
expiratory lung volume (EELV). Figure 15.5(a,b) repres-
ents the inspiratory capacity as determined during flow 
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Figure 15.2 The forced vital capacity manoeuvre is needed 
to confirm the diagnosis of airflow limitation, as shown in 
this tracing. The small increment in postbronchodilator FEV1

confirms poor reversibility characteristic of COPD. BD,
bronchodilator; FEV1, forced expiratory volume in 1 s; 
FVC, functional residual capacity.
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Figure 15.3 (a,b) The chest
roentgenograms of patients with
severe COPD characteristically
show hyperlucent fields,
flattened diaphragm and
increased retrosternal and
retrocardiac air space.



volume manoeuvres at rest and during exercise in a patient
with COPD who does not hyperinflate with exercise and
that of a patient with COPD who develops significant air
trapping during exercise. The importance of this measure-
ment stems from the fact that the degree of dynamic
hyperinflation relates better to the degree of dyspnoea
measured with increased ventilatory demand than more
conventional measurements of lung function such as the

FEV1. Further, lesser increases in EELV have been asso-
ciated with the symptomatic benefit observed after broncho-
dilators [30,31]. Indeed, measurements of static lung volume
and lung volume response to exercise have become import-
ant physiological independent outcomes after interventions
[31,32]. Finally, the determination of lung volumes is 
useful in patients with advanced disease who are being 
considered for surgery [33,34] (see Chapter 55).

Diffusing capacity for carbon monoxide
Transfer factor of the lung for carbon monoxide (TLCO) is
usually reduced in COPD, particularly in emphysema [35]
because of the destruction of alveolar and capillary beds.
The TLCO is interchangeable with the term diffusing cap-
acity for carbon monoxide (DLCO) as used in North America.
The term is very indicative of the test itself. In essence, 
it provides information regarding the ease of transfer of 
CO molecules from alveolar gas to pulmonary capillary hae-
moglobin. The diffusion capacity for CO is low in smokers
compared with non-smokers even in the absence of 
spirometric abnormality. Of interest, if DLCO is reduced,
asthma can be excluded. The measurement of DLCO is
important in the evaluation of patients being considered 
for lung volume reduction surgery because values lower
than 20% of predicted implies undue risk of poor outcome
[34].

Arterial blood gases
As COPD progresses, there is development of progressive
ventilation/perfusion mismatch. This results in hypoxaemia
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Figure 15.4 The lung volumes are useful in determining
degree of inflation. The most important lung volumes are:
total lung capacity (TLC), inspiratory capacity (IC), functional
residual capacity (FRC), vital capacity (VC), residual volume
(RV), end-expiratory reserve (ERV) and tidal volume (VT).
All except VC increase in COPD, especially in patients with
predominant emphysema. However, because RV increases
more than TLC, the ratio of RV/TLC decreases as the disease
progresses.

COPD: flow limited

EELV – rest

Volume

EELV – exercise

Flow

(a) (b)

COPD: not flow limited

EELV – rest

Volume

EELV – exercise

Flow

Figure 15.5 The two flow–volume loops shown correspond to those of two patients with COPD. (a) The patient is flow-limited 
so that increase in ventilatory demand (as during exercise) results in air-trapping and an increase in end-expiratory lung volume
(EELV). Because total lung capacity (TLC) does not change, the inspiratory capacity decreases. These changes have been shown to
relate to degree of breathlessness during exercise. (b) The other patient has no flow limitation, the EELV does not increase during
exercise and inspiratory capacity remains unchanged.



easily shown while the patient breathes room air. The
hypoxaemia may determine compensatory hyperventila-
tion, which, at least at the beginning, may cause mild
hypocarbia. As the disease progresses and hypoventila-
tion becomes more manifest, hypercapnia may be seen.
Hypoxaemia and hypercapnia are independent predictors
of morbidity and mortality [36]. As a consequence of the
progressive increase in PaCO2, there is compensatory bicar-
bonate retention and the serum bicarbonate may be ele-
vated (respiratory acidosis with compensatory metabolic
alkalosis).

In stable patients, the measurement of arterial blood
gases while the patient breathes room air is recommended
in moderate and severe stages of the disease. The documen-
tation of hypoxaemia (PaO2 < 55 mmHg) indicates the need
to consider long-term oxygen therapy (LTOT) because it
reverses hypoxaemia and has been shown to improve life
expectancy [3,4]. 

In some patients with low but not critical hypoxaemia
(PaO2 > 60 mmHg), the PaO2 usually worsens during exacer-
bations and may reach levels consistent with respiratory
failure [37]. Indeed, arterial blood gases should be obtained
during exacerbations as the level of PaO2 should be used to
guide oxygen treatment. In addition, arterial blood gases
provide the level of PaCO2, which, in combination with the
degree of acidosis, determines the need for non-invasive or
invasive mechanical ventilation [38,39].

The determination of oxygen saturation is very helpful 
in clinical practice [40]. Non-invasive pulse oximetry SpO2

is useful for assessing changes in SaO2 as well as adjusting
oxygen flow settings; it is less reliable in exercise studies
than at rest (although newer pulse oximeters may be less
sensitive to movement artefact and may be more accurate
during exercise). Patients with values < 94% at sea level
breathing room air suggests the need for blood gases.
However, a word of caution must be raised. Some patients
may manifest borderline oxygen desaturation easily cor-
rectible with supplemental oxygen. This correction may
hide the development of hypercapnia [41]. Therefore, 
arterial blood gases should be obtained in patients with low
oxygen saturation requiring progressive oxygen supple-
mentation to maintain the targeted oxygen saturation.

Assessment for air travel

Commercial airliners can cruise at altitudes over 40 000 feet
(12 000 m) with cabins pressurized from 6000 to 8000 feet
(from 1800 to 2400 m). This is equivalent to an inspired O2

concentration at sea level of approximately 15%. Patients
with severe COPD experience falls in PaO2 that average 
25 mmHg but may be more than 30 mmHg at 8000 feet
(2400 m) during this exposure to hypobaric hypoxia. Because
their sea level PaO2 values are on the steep part of the 

oxygenhaemoglobin dissociation curve, the fall in SaO2

with falls in PaO2 may be quite sharp [42].
The preflight assessment should incorporate the follow-

ing steps:
1 Estimate the expected degree of hypoxaemia at altitude;
2 Identify comorbid disease conditions;
3 Prescribe oxygen if necessary [43].
Counselling the patient and documenting recent clinical
condition and laboratory tests are also desirable elements 
of preflight patient care, particularly if the patient is travel-
ling abroad. Most national and international airlines will
provide supplemental oxygen on request.

Exercise tests

Exercise testing is of practical value in patients with a 
disproportional degree of dyspnoea to FEV1 because it may
help establish the physiological cause of dyspnoea [44,45].
Exercise tests can also help in the evaluation of candidates
who are not hypoxaemic at rest for oxygen therapy. In
addition, an increasing body of evidence has shown that
exercise capacity is a predictor of mortality [46,47] inde-
pendent of the FEV1. There are several exercise protocols.
For simplicity they can be classified as laboratory tests 
(the cardiopulmonary exercise test) and field tests (timed
walked distance and the shuttle walk test).

Cardiopulmonary exercise test
The cardiopulmonary exercise test (CPET) can be per-
formed on a cycle or treadmill ergometer. The CPET pro-
vides very accurate information regarding the physiological
response to exercise [48]. The variables measured include:
mechanical work performed, oxygen consumption (VO2),
carbon dioxide output (VCO2) and ventilatory response with
its components (minute ventilation [VE], tidal volume [VT]
and respiratory rate). In addition, continuous monitoring 
of the cardiac rhythm and electrocardiography as well as
blood pressure allows an accurate evaluation of the cardiac
response to exercise. The measurement of blood gases at
rest and at peak exercise provides information related to gas
exchange, dead space and alveolar ventilation. Finally, the
measurement of dyspnoea using the VAS or Borg scale at
intervals during the test and at its end, add very important
information. Indeed, the systematic evaluation of dyspnoea
during exercise has helped to explain the mechanisms
underlying the genesis of dyspnoea and the effect of bron-
chodilators on this symptom. Recent evidence indicates
that peak exercise VO2 is an excellent predictor of long-term
survival [46] and also helps in the prognosis of postoperat-
ive outcome in patients being considered for lung resection
[49]. The response to a cardiopulmonary exercise test also
helps to plan the exercise intensity to be used in pulmonary
rehabilitation [50]. The use of CPET should be encouraged
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because the completeness of information obtained from 
its performance compensates for the need for special equip-
ment and resources.

Field exercise tests
Field exercise testing should be available to everyone.
These tests are becoming increasingly popular because they
not only provide information of functional capacity, but 
the 6-minute walk distance has also been shown to be an
independent predictor of mortality in COPD [47,51] and of
morbidity and mortality after lung volume reduction [52].

Six-minute walk test
This test has recently been standardized by the ATS [53]. 
In summary, the test should be performed in a corridor
30–40 m long. The patient is instructed to walk as far as
possible at his or her own pace for a total of 6 minutes. 
The dyspnoea induced by the exercise is scored using the
VAS or modified Borg scale. The distance walked over that
time is measured and reported. Two tests performed at least 
30 minutes apart are recommended because more than 
two tests do not provide additional information. Two recent
studies have provided values from control subjects which
can be used to normalize the results [54,55]. The predictive
formulas are summarized in Table 15.2. They are very help-
ful because the distance walked is influenced by gender, 
age and height, and the formulas help to correct for these
differences. The 6-minute walk test is highly reproducible,
simple and easy to administer. It represents the functional
capacity of patients very well and is an excellent predictor
of mortality [47]. There is increasing support for the inclu-
sion of the 6-minute walk test in the routine evaluation of
patients with moderate to severe COPD.

Incremental shuttle walk test
Although it is a field test, the incremental shuttle walk test
truly represents an intermediate test between the CPET and
the 6-minute walk test. It is easy to conduct in a monitored

setting and involves walking at ever faster speed around
cones placed 10 m apart [56]. Increasing speed is encour-
aged by the use of an audio signal from a tape cassette. In
essence, it is a symptom-limited maximal performance test.
Indeed, the values of oxygen uptake measured during 
this test approximate those achieved during a formal CPET
[57]. Thus, the maximum heart rate, oxygen uptake and
ventilatory demands are higher than those seen during the
6-minute walk test. 

Stair climbing
Walking up stairs is a less explored test that correlates very
well with cycle ergometry [58]. It is more demanding than
walking but it has not been compared with the shuttle 
walk test. However, it has recently proven very useful in
predicting postoperative pulmonary complications [59]. Like
the incremental shuttle walk test, its applicability remains
to be more widely explored.

Respiratory muscle testing
The function of the respiratory muscles is invariable
affected in patients with COPD. With disease progression
there is flattening of the diaphragm which results in the
incapacity of this muscle to generate adequate inspiratory
pressure [60]. The diaphragm adapts by shortening the
number of sarcomeres and adopting a new optimal length–
tension relationship [61]. Indeed, studies from biopsies of
patients with severe COPD have revealed an increase in the
proportion of fatigue-resistant muscle fibres type IA and a
reduction of the less fatigue-resistant muscle fibres type II
[62]. In order to maintain appropriate ventilation, espe-
cially in situations of increased ventilatory demand, the
accessory muscles increase their participation in pressure
generation. This results in the frequent observation of
accessory muscle recruitment during tidal breathing in
patients with severe COPD.

The tests used to evaluate respiratory muscle function
have been recently updated by the ATS/ERS [63] and
include tests of strength and endurance. In general, respir-
atory muscle function should be tested in patients with 
evidence of poor nutrition or with suspected myopathy,
including that induced by continuous use of corticosteroids.
In addition, one should consider testing respiratory muscle
function if dyspnoea or hypercapnia is disproportionally
increased with respect to FEV1.

The maximum inspiratory pressure is impaired usually
because of hyperinflation or abnormal mechanics of
breathing. In contrast, a reduction in maximum expiratory
pressure could be attributed to muscle weakness (see
Chapter 3).

Pulmonary vasculature and heart function
Pulmonary vascular pressure and right ventricular function
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Table 15.2 Spirometric classification of severity of COPD.

Postbronchodilator FEV1

Severity FEV1/FVC (% predicted)

At risk > 0.7 ≥ 80
Mild COPD ≤ 0.7 ≥ 80
Moderate COPD ≤ 0.7 50–80
Severe COPD ≤ 0.7 30–50
Very severe COPD ≤ 0.7 < 30

FEV1, forced expiratory volume in 1 s; FVC, functional
residual capacity.



can be assessed using non-invasive methods, such as 
two-dimensional and Doppler echocardiography [64,65].
Left ventricular function is usually normal in patients 
with COPD. However, in patients with a significant degree
of emphysema it may be technically difficult to obtain 
adequate imaging because of the greater distance between
the probe and the heart resulting from the hyperinfla-
tion. In these patients, transoesophageal echocardio-
graphy appears to offer an advantage and can provide 
information not otherwise routinely obtainable. The most 
frequent echocardiographical findings in patients with 
cor pulmonale include: increased right ventricular size,
moderate to severe tricuspid regurgitation with widened
right ventricular to right atrial pressure drop, and a delayed 
onset of right ventricular filling. However, the gold 
standard method of measuring pulmonary hypertension
and its possible response to therapy remains right heart
catheterization.

Electrocardiography
Frequently performed in all patients needing medical ser-
vices, the electrocardiogram (ECG) is not a good tool to
detect the cardiac consequences of pulmonary disease. The
ECG is relatively insensitive to detect pulmonary hyperten-
sion and right ventricular enlargement. However, it is very
good in diagnosing and helping to monitor the presence 
of arrhythmias, such as atrial fibrillation and flutter, fre-
quently found in patients with COPD. The ECG finding of
an R or R′ inflection greater or equal to the S wave in V1, the
presence of an R wave smaller than the S wave in V6, or
right axis deviation greater than 110° without right bundle
branch block are all supportive of the presence of coexisting
cor pulmonale [66].

Computed tomography
Computed tomography (CT) should be recommended if 
the diagnosis is in doubt or for preoperative assessment for
bullectomy or lung volume reduction surgery. However, 
as this relatively new and ever-expanding technology is
increasingly used, more indications are found for its use
[67–70].

High-resolution CT is defined as thin section images (1–
2 mm collimation scans). Spiral CT provides continuous
scanning as the patient is moved through the scanner.
High-resolution CT has helped to visualize early inter-
stitial and vascular disease, as well as help in diagnosing
bronchiectasis and detecting small lesions [71]. Experi-
mentally, it has been used to detect and follow-up emphy-
sematous changes as well as attempt to quantify bronchial
size and infer the degree of bronchitis [71,72]. There are
recent reports of the capacity of CT to detect emphysemat-
ous changes in patients with α1-antitrypsin deficiency 
earlier than the development of pulmonary function

changes [73]. Spiral CT with the use of intravenous contrast
is very good at detecting pulmonary embolism, a diagnosis
frequently suspected in patients with COPD who develop
worsening dyspnoea. 

The use of CT in the evaluation of patients with moderate
to severe COPD has been expanded with the results of the
National Emphysema Therapy Trial (NETT), which studied
the value of lung volume reduction surgery compared with
pulmonary rehabilitation and optimal medical care [34].
The results of NETT, conducted in 1277 patients, showed
CT to be instrumental in the selection of candidates who
may benefit from surgery as well as those for whom surgery
may confer a poor outcome. Indeed, the most important
factor to predict outcome was the tomographical distribu-
tion of emphysematous lesions. The presence of inhomo-
geneous lesions of upper lobe predominance indicates a good
prognosis after surgery while the converse, the presence of
homogeneous distribution with non-upper lobe predomin-
ance was indicative of a poor outcome. Table 15.3 shows
the indications for CT scans based on current available
information. With the expansion of its use, this list is likely
to increase. 

Blood tests
Haemography
The effects of hypoxaemia on compensatory erythrocytosis
have been well studied [74]. However, the red blood cell
line response of patients with COPD to the effects of hypox-
aemia is less well characterized. Indeed, normal, decreased
or increased responses have all been documented. This may
in part be caused by the difficulty in studying patients with
‘pure’ COPD and also to the multiple factors influencing the
red cell life cycle. There is evidence of erythrocytosis in
smokers and also increased red cells in patients with sleep
apnoea and associated hypoxia. However, many patients
with COPD have normal values, especially if receiving sup-
plemental oxygen, and others may present with anaemia.
However, severe anaemia (haemoglobin values < 10 g/dL)
should alert the clinician to the possible presence of coexist-
ing disease.
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Table 15.3 Current indications for computerized
tomography (CT) in patients with COPD.

1 Evaluation for surgery
bullectomy
lung volume reduction
transplant
lung resection

2 Consideration of pulmonary embolism (spiral CT 
with contrast)
3 Suspicion of bronchiectasis



Smokers without airflow obstruction also have an
increased number of peripheral neutrophils, which is also
present in patients with COPD even after having stopped
smoking [75]. The actual reason for this and its pathophysi-
ological implications are under investigation. Elevation of
white blood cell counts during exacerbations should sug-
gest the presence of bacterial infection of the respiratory
tract, especially if there is coexisting fever and purulent
sputum.

α1-Antitrypsin
The α1-antitrypsin levels should be measured in young
patients (< 45 years) who develop COPD, especially if the
disease predominantly affects the lower lobes [1,2]. The
diagnosis is even more likely if there is an associated strong
family history. A serum value of α1-antitrypsin < 15–20% of
the normal limits is highly suggestive of homozygous α1-
antitrypsin deficiency. If the diagnosis is confirmed, it may
be followed by a family screening. A deficiency of the ZZ
allele is the best documented genetic factor for COPD. This
recessive trait may lead to emphysema even if the person
has never smoked and certainly accelerates the develop-
ment of COPD in patients with the deficiency who smoke.
Heterozygotes usually have intermediate levels of the
inhibitor and are therefore more susceptible to the develop-
ment of emphysema than normal subjects without the trait
[76–78].

Sputum examination
In spite of providing information on the functional dynamic
of the airways and the lungs, the routine analysis of the
sputum has not gained wide acceptance in clinical practice.
Present in patients whose main expression of the disease 
is that of chronic bronchitis, it is often contaminated by
mouth secretions, thereby rendering any finding somewhat
difficult to interpret. In the stable state, the sputum should
be mucoid and if examined under the microscope it usually
shows a predominance of macrophages with neutrophils
and in some cases bacteria. The presence of the same bacte-
ria in cultures of the sputum suggests chronic colonization.
Recent evidence indicates that mutations in the typing 
of the same bacteria may be associated with exacerbations
of COPD [79]. During exacerbations, the sputum becomes
purulent, changing its colour and viscosity. The most 
frequent bacteria associated with exacerbations include
Streptococcus pneumoniae, Haemophilus influenzae and Moraxella
catarrhalis. Using polymerase chain reaction (PCR) tech-
niques, careful evaluation of sputum from patients during
exacerbations has documented a significant proportion of
them to be caused by viruses, which apparently confer a
slower recovery [80].

There is new interest in attempting to standardize the
appropriate collection, examination and interpretation of

sputum [81–83]. Indeed, because many patients produce it
in significant amounts and sputum induction using nebul-
ized hypertonic saline is safe and effective, there is reason 
to expect that more use of this technique will be made in
future.

Bronchoalveolar lavage and biopsy
These techniques have proven useful in providing new
insights into the inflammatory nature of COPD. Indeed,
results from such studies have shown that in COPD the
inflammation is primarily characterized by the presence of
CD4 lymphocytes, neutrophils and macrophages. In addi-
tion, the effect of therapy on the type and number of cells
has also been explored using this technique [84–86]. The
possibility that lung volume reduction could be accom-
plished with the insertion of one-way valves or airway seal-
ing material via the bronchoscope will probably accelerate
the use of these techniques in the management of COPD.

Exhaled breath
This is a recently applied technique that is finding its true
role in the evaluation of patients with COPD. A number of
substances can be identified and their presence and levels
measured [87]. These substances include: leukotrienes,
prostaglandins, cytokines, isoprostanes, products of lipid
peroxidase, ethane and, most frequently, nitric oxide (NO).
There have been problems with standardization and reli-
ability; however, its simplicity and the fact that exhaled
breath could provide a window to metabolic lung function
make this a very attractive tool. Of all of the substances
reported, NO is the one that has been most consistently
detected [88]. The findings suggest that the levels of NO are
lower in smokers and patients with COPD than in normal
individuals [89]. In contrast, the levels appear elevated in
patients with asthma [90]. Although it may be premature
to use the levels as a specific disease marker, it is possible 
to conceive that a high level of NO in a patient suspected 
of COPD could actually represent an overlapping case of
asthma and may suggest a possible reason for the use of 
corticosteroids. There have already been studies reporting
increased levels of interleukin-6 (IL-6) and leukotriene B4

(LTB4) in patients with COPD.

Sleep studies
Sleep has effects on breathing, which include changes in
central respiratory control, airways resistance and muscle
contractility. These do not have an adverse effect in healthy
individuals but may cause problems in patients with COPD
[91]. The sleep-related disturbances in gas exchange in
COPD are a consequence of the disease itself, and are dif-
ferent from sleep apnoea. Sleep-related hypoxaemia and
hypercapnia in COPD are most pronounced during rapid
eye movement (REM) sleep. Oxygen desaturation in COPD
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is considerably greater during sleep than during maximum
exercise [92] and predisposes to nocturnal cardiac arrhy-
thmias [93], pulmonary hypertension and possibly death
during acute exacerbations [94]. 

Patients with COPD have a higher prevalence of insom-
nia, fragmentation with frequent arousals, nightmares and
daytime sleepiness than the general population, with close
to 50% of patients reporting significant disturbance in sleep
quality. Sleep disturbance probably contributes to the non-
specific daytime symptoms of chronic fatigue, lethargy and
overall impairment in quality of life [95]. 

Disturbances of breathing during sleep are highly preval-
ent in the population at large and increase with increasing
age. This makes the possible coexistence of sleep apnoea in
patients with COPD a frequent problem. A polysomnogram
is indicated in these patients. Treatment of the apnoea and
the COPD can lead to improvement above and beyond that
expected from the treatment of the hypoxaemia or airflow
limitation [96].

COPD is characterized by poorly reversible airflow limita-
tion [1]. Since it was first described by Fletcher et al. [97],
the rate of decline of lung function has become the hall-
mark of the progression of COPD. This is expressed in a
modified version in Figure 15.6 which not only shows the
change in FEV1 over time, but also adds the theoretical
change brought about by early smoking and also the effect
of smoking cessation on that rate of decline. It is interesting
that therapy has been directed at reversing what has been

Classification of severity and staging 
of COPD

defined as being irreversible and to altering the accelerated
rate of decline of the FEV1 in patients with the disease. 
So far, only smoking cessation [98] has been shown to
reduce the rate of lung function, as shown in Figure 15.6.
However, supplemental oxygen in hypoxaemic patients
[3,4], lung volume reduction surgery in patients with non-
homogeneous emphysema of upper lobe predominance
[34], and non-invasive ventilation during acute on chronic
respiratory failure [99] have all been proven to increase
survival in patients with COPD.

Unfortunately, the fact that several trials of medication
failed to show any effect on the rate of lung function
decline [100,101] has led to a dangerously nihilistic attitude
towards the disease. Traditionally, the severity of COPD has
been graded using a single physiological variable, the FEV1

[1,2]. However, COPD is associated with systemic conse-
quences such as dyspnoea and exercise limitation [102],
pulmonary hypertension [103], peripheral muscle weak-
ness [104] and malnutrition [105]. Furthermore, the FEV1

is not the only predictor of mortality in COPD. Several stud-
ies have identified other risk factors such as hypoxaemia or
hypercapnia [106], the timed walk distance [47,51], degree
of functional breathlessness [107] and a low BMI [108].
Therefore, grading COPD solely on the FEV1 does not ade-
quately reflect the clinical manifestations of the disease and
its ultimate prognosis. The ATS recently expressed the need
for a multicomponent staging system that in addition to the
degree of impairment could express the heterogeneous
manifestations of COPD.

Using the FEV1, the disease has been classified arbitrarily
in five stages (see Table 15.2). This classification has proven
useful in epidemiological and large group and drug studies,
but the simple grading by spirometry fails to fully represent
the different dimensions that are affected by the disease.
COPD could be represented as a pulmonary disease that
affects several domains: the respiratory, systemic and 
perceptive. All of these domains can be evaluated with 
relatively simple tools (Fig. 15.7) and provide important
prognostic information. Indeed, the measurement of dysp-
noea with the Medical Reseach Council (MRC) scale [107],
of exercise capacity with the cardiopulmonary exercise test
or the 6-minute walk distance [47] and the BMI [108] have
been shown independently to predict survival. We have
expanded this concept to develop a grading system that
includes all of these domains in a single index, the BODE
index (body mass index, airflow obstruction, dyspnoea,
exercise performance). The BODE index proved to be a bet-
ter predictor of all cause and disease-specific mortality than
the FEV1 [109]. The measurement of outcomes different
from the FEV1 is important because it changes the way in
which we interpret the course of the disease. Based on 
this concept, several medical therapies that failed to show
changes in FEV1 have been deemed ineffective [100,101].
However, the same studies demonstrated improvement 
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Figure 15.6 The forced expiratory volume in 1 s (FEV1)
increases from birth until about age 21 years and then
progressively decreases with age. In patients susceptible to 
the effects of cigarette smoke, the decline is steeper so patients
become symptomatic by the 5th or 6th decade. Notice that
smoking cessation results in an early increase in FEV1 and,
very importantly, a normalization of the rate of decline, 
which tends to return to that of non-smokers of similar age.



in other outcomes such as rate of exacerbation, dyspnoea
and health status, all of which are of extreme importance to
patients with COPD. These contradictory findings can be
reconciled by acknowledging that COPD is not just a pul-
monary disease and is therefore incompletely described by
the FEV1.

The disease has been termed progressive and irreversible.
However, this is not so and therapeutic interventions such
as smoking cessation, supplemental oxygen for hypox-
aemic patients, non-invasive ventilation in patients with
acute on chronic respiratory failure and lung volume
reduction surgery in selected patients with inhomogeneous
emphysema have all been shown to prolong survival. In
addition, pharmacological therapy and pulmonary rehabili-
tation improve dyspnoea, exercise capacity and health sta-
tus. Finally, preventive measures such as vaccination have
decreased the rate of complications and, more specifically,
the dreaded exacerbations. Perhaps the most important
problem facing this disease is its lack of recognition and the
lack of use of spirometry [110]. Currently, patients who are
diagnosed at an early stage have a very good prognosis.
Once symptomatic, treatment is very effective in improving
symptoms and smoking cessation usually helps to reverse
the progression of the disease. In more severe disease,
which unfortunately represents most of the patients who
are seen by specialists, there are many therapeutic tools

Prognosis

that can help patients to maintain a productive life. Figure
15.8 represents the therapeutic options that are available to
patients with COPD. With these tools at hand, a negative
attitude is not justified.
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CHAPTER 16

Monitoring and outcomes

Paul W. Jones

COPD is a complex disease. Its primary effects are symp-
toms arising from the lungs – principally cough, sputum
production and breathlessness on exercise. However, it is
now clear that there are major secondary effects on other
organs. The impact of pulmonary hypertension and chronic
hypoxia on right ventricular function has been recognized
for a long time, but there is now good evidence, discussed
elsewhere in this book, concerning the link between the
lungs, skeletal muscle and lean body mass. While breath-
lessness is recognized universally to be important in COPD,
the impact of fatigue is less well known, although it has
been described as a major factor in COPD for a long time
[1,2]. Mechanisms responsible for fatigue are almost 
completely unknown, but progress is being made, because
recent studies have shown that quadriceps strength is
linked to circulating proinflammatory cytokines, which 
rise during an exacerbation [3]. Sleep disturbance resulting
from respiratory symptoms is a common feature of COPD,
affecting half of patients [4], and disturbances of mood state
occur [5].

Put together, a picture emerges of a disease affecting
many organ systems through many different mechanisms.
Specific measurements are available for many of the effects
of COPD: physiological tests including lung function, exer-
cise capacity and muscle strength; psychophysiological tests
of breathlessness and fatigue during exercise; diary cards
for symptoms; questionnaires for disability and mood.
While all of these build up a picture of the components of
the disease and their effects, they do not provide a measure
of the overall impact of COPD on the patient. This can only
be achieved through formal measurement of health status.

Two general terms are used when discussing the effects of 
a disease: outcomes and markers. They are often used 

Outcomes and markers

interchangeably, but it is useful retain a distinction between
them; indeed, markers should not be confused with 
outcomes:
• Outcome: consequence of the disease, as experienced by
the patient.
• Marker: disease-related factor known to be associated
with a clinical outcome.

Examples of outcomes in COPD include: symptoms,
weight loss, exercise intolerance, disability, exacerbations,
impaired health-related quality of life (HRQoL), increased
health resource use and death. Quantification is important
in medicine, both for routine care and research, so out-
comes should be measured, but many patient-experienced
outcomes are difficult to quantify in a standardized manner.
By contrast, a marker should be a standardized measure-
ment. For example, exercise intolerance in daily life is an
outcome resulting from COPD, but it is difficult to quantify
each patient’s unique and subjective experience of his or
her exercise intolerance. Exercise capacity, on the other
hand, is a standardized measurement obtained in the labor-
atory. It can be used as a marker of exercise intolerance
because there is good evidence that exercise capacity cor-
relates with patients’ reports of the effect of exercise limita-
tion on their daily physical activity (reviewed in [6]).

The distinction between an outcome and its associated
markers is also important when considering the impact of
disease on the patient’s quality of life. A number of terms
are used in this setting, often interchangeably: ‘health 
status’, ‘functional status’, ‘well-being’, ‘quality of life’ 
and ‘health-related quality of life’. Well-being is usually
reserved for subjective perceptions, but may include 
symptoms as well as global evaluations of health status. The
concept of quality of life is much broader than health status,
because it includes aspects of the patient’s environment
that may not be affected by health or treatment. Because
there are so many other influences on a patient’s quality 
of life, the term health-related quality of life (HRQoL) 
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was coined to indicate that the measurement is focused on
the specific effects of health conditions. Unfortunately, it
has also come to be used loosely as a synonym for all self-
reported health status measures. The factors that determine
an individual’s quality of life are unique to that person, so
the quality of life effects of disease will also be unique to
each patient. Methods of measuring individual HRQoL
have been developed [7], but they are difficult to stand-
ardize. Nearly all so-called HRQoL questionnaires are 
standardized and treat each patient as if they were a ‘typical’
patient. As a result, the capacity for a patient to express the
individuality of their experience is very limited. For that
reason these questionnaires should be called health status
instruments. Health status scores provide a marker of the
patient’s HRQoL – which is an outcome that is currently not
measurable.

The term ‘surrogate’ is used often in the context of out-
comes and markers. In one respect this is quite appropriate
because a marker is measured when it is not possible to
measure its associated outcome, but in medicine the term
‘surrogate marker’ takes on a specific meaning where one
marker is used in place of the marker of interest. A good
example is emphysema – which is difficult to measure
directly in vivo, so diffusing capacity is often used in practice
as a surrogate. Another term in wide use is biomarker,
which is a characteristic that is objectively measured and
evaluated as an indicator of normal biological processes,
pathogenic processes or pharmacological responses to 
therapeutic interventions. An example in COPD is exhaled
nitric oxide (NO), when used as a biomarker for an
inflammatory process in the airways.

An important feature of markers is that there should 
be a known and well-characterized relationship between
the marker and its outcome. It is important to appreciate
that this relationship may be modified by other factors, and
those factors may change. These modifiers may be internal
to the patient (e.g. presence of comorbidities) or external
(e.g. level of family or social support). The influence of
modifiers is yet another reason why it is important to main-
tain a clear distinction between markers and outcome. The
relationship between the two is probabilistic. For example,
a low forced expiratory volume in 1 s (FEV1) is a marker for
an increased risk of exacerbations (an outcome), but that
does not mean that all patients with low FEV1 have many
exacerbations, or that patients with relatively well-preserved
FEV1 may not also have frequent exacerbations [8].

Markers are used for different purposes and the same vari-
able can be used as a different type of marker, depending
upon the application.

Use of markers

Diagnostic marker

In this context, markers are used mainly as a dichotomous
variable (i.e. it is either present or absent). This does not
mean that the marker has to be measured on a dichotom-
ous scale, but that the measured value is assigned to one 
of two states (normal or disease), based on ranges defined
from experience (e.g. α1-antitrypsin level, or FEV1, when
used for COPD diagnosis).

Measure of disease severity

A marker may be used to define different levels of disease
severity, or stage. When used in this way, measured values
for the marker are categorized into predefined ranges. The
chosen ranges for these categories may or may not be 
evidence based. Examples include: body mass index (BMI),
or FEV1 – as used in ERS and Global Initiative for Chronic
Obstructive Lung Disease (GOLD) staging.

Marker of disease progression

In this application, the marker is used as a derived para-
meter, usually as a value per year (e.g. exacerbation rate,
decline of FEV1 or deterioration of health status score). 

Marker of treatment effect

These are the familiar markers used to measure response to
treatment (e.g. dyspnoea score, lean body mass, exercise
capacity, health status, FEV1). Confusion around termin-
ology can arise in this setting, because in clinical trials these
markers are often termed ‘outcome variables’. They are, of
course, outcomes for the trial, not clinical outcomes.

This term has come into use to describe outcomes that
depend on the patient’s self-report or self-assessment. 
This dependence is entirely appropriate, although the 
terminology is slightly tautologous, because outcomes are
consequences of disease experienced by the patient. The
remainder of this chapter discusses outcomes concerned
with symptomatic well-being and what used to be termed
impairment, disability and handicap. The concept of 
disability has changed over time and in some respects 
has become quite complex. The current World Health
Organization (WHO) definition uses the word as an
umbrella to include impairment, activity limitation and
participation restriction:
• Impairments: include problems in body function (e.g. lung
function or exercise capacity).

Patient-reported outcomes
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• Activity limitations: difficulties an individual may have in
executing activities (such as mobility or self-care).
• Participation restrictions: problems an individual may
experience in involvement in life (what an individual does
in his or her current environment).
Impairments and activity limitations can usually be meas-
ured as markers, whereas participation restriction is an 
outcome that is difficult to assess in a standardized way.

Scales used to quantify limitation of activity in daily life in
COPD come under a number of labels.

Dyspnoea scales

Breathlessness can be measured directly using the Visual
Analogue and Borg Scales during laboratory exercise tests.
Unfortunately, the term ‘breathlessness measurement’ is
also used to describe methods of recording patients’ self-
report of activities that cause them breathlessness, or more
usually are limited by breathlessness. The most widely used
example is the Medical Research Council (MRC) Dyspnoea
Scale (Table 16.1). Although described as a dyspnoea scale,
this is really a scale of activity limitation resulting from
breathlessness. It is simple to use and can be translated 
into different languages with little ambiguity. Its principal
application is as a marker of severity, because it categorizes
patients into five levels of breathlessness-associated disabil-
ity. A recent validation in COPD patients has shown that it
discriminates between different levels of disability, at least
in the three most severe grades [9]. However, it has two
minor weaknesses. The first is that its simplicity is achieved
at the cost of precision. The five-point scale is adequate for
assessing severity, but is too coarse for measuring treatment
effects or disease progression. The second weakness arises

Measures of activity limitations

from the combination of two activity limitations within 
one grade (e.g. grade 5: difficulty dressing and leaving the
house). Using factor analysis of a range of activities limited
by breathlessness, we found that these limitations were
highly correlated (P.W. Jones, unpublished observations),
but no formal analysis has ever been published of the 
validity of combining these different aspects of dyspnoea-
induced disability. When using this scale, it is important to
be aware of the existence of two methods of scoring: 0–4
(widely used in the USA) and 1–5 (used in the USA, UK and
elsewhere). Whenever the MRC grade is reported, the scale
must also be clarified. Despite these minor deficiencies, this
questionnaire is a very good marker of disability in chronic
lung disease.

A more sophisticated measure of disability resulting from
breathlessness is the Baseline Dyspnea Index (BDI) [10]. It
provides an index of functional impairment by addressing
the magnitude of the task and the magnitude of effort 
associated with it. Unlike the other instruments described
in this chapter, it is currently only available as a clinician-
administered instrument. The BDI could be used as a marker
of severity, but does not appear to be used in this way very
often. Its usual application is to provide a baseline for the
Transition Dyspnoea Index (TDI) which quantifies the change
in breathlessness. Like the BDI, this is clinician admin-
istered, but a computerized patient self-administration
method has been developed. The TDI was developed as a
marker of treatment efficacy and has been shown to be
responsive in a number of studies [11,12]. It is not yet clear
whether it has properties that make it suitable for use as a
marker of disease progression.

The UCSD Shortness of Breath Questionnaire is a com-
prehensive 24-item dyspnoea questionnaire that measures
disability resulting from breathlessness [13]. It has good
reliability and validity and has found application in trials of
pulmonary rehabilitation [14].

Functional limitation questionnaires

These questionnaires record limitations of function, not
necessarily limited to physical activity. They are used as
markers of treatment efficacy. The most comprehensive is
the Sickness Impact Profile (SIP) [15]. It has 136 items and
is often also classified as a general health measure because 
it covers a wide range of functions, both physical and 
psychosocial. It was widely used in COPD studies in the past
[16], but has been abandoned, largely because of its size
and the fact that its content results in low severity scores
even in patients with severe disease.

There are two comprehensive function limitation ques-
tionnaires, developed specifically for COPD, the modified
Pulmonary Functional Status and Dyspnea Questionnaire
(PFSDQ-M) [17] and the Pulmonary Functional Status
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Table 16.1 Medical Research Council (MRC) 
Dyspnoea Scale.

MRC breathlessness questionnaire
I only get breathless with strenuous exercise
I get short of breath when hurrying on the level of walking

up a slight hill
I walk slower than people of the same age on the level

because of breathlessness, or I have to stop for breath
when walking at my own pace on the level

I stop for breath after walking about 100 yards or after a few
minutes on the level

I am too breathless to leave the house or I am breathless
when dressing or undressing



Scale (PFSS) [18]. These cover physical functions and are
used most widely in the context of pulmonary rehabilita-
tion, especially in the USA. 

Activity of daily living scales

Activity of daily living (ADL) scales are usually restricted to
basic self-care and mobility around the home, so question-
naires of this type tend to be more suitable for patients 
with severe COPD. The Nottingham Extended Activity of
Daily Living Scale, developed for patients with stroke, 
has been shown have validity in COPD [19] and a new 
ADL questionnaire specifically for COPD has also been
described [20]. 

Health status questionnaires cover a wider range of effects
of disease than measures of activity limitation and include
well-being. They fall into two types: generic and disease-
specific. The most widely used general health status meas-
ure is the SF-36 (www.sf-36.org). This questionnaire is 
a population-based marker of disease severity. It is used as a
marker of treatment efficacy in COPD, and can be used as a
marker of disease progression [21], but is not consistently
responsive to effective treatments for COPD [22–24].

The two most widely used disease-specific health status
measures for COPD are the CRQ [25] and St George’s
Respiratory Questionnaire (SGRQ) [26,27]. They differ a
little in content, but more significantly in their design 
philosophy and scoring systems. The CRQ was designed as
an evaluative instrument (i.e. as a marker of therapeutic
outcome). The SGRQ was designed not only as a marker of
outcome, but also to have discriminative properties so that
it could be a marker of disease severity. It was developed to
be suitable for long-term trials and be used as a marker of
disease progression. These different design considerations
led to the use of different methods of collecting responses to
the constituent items and for scoring the instrument. The
CRQ uses Lickert scales that offer seven severity response
categories to each item. The SGRQ uses mainly dichotom-
ous (yes/no or true/false) responses, and each response in
the questionnaire has an empirically derived weight. The
SGRQ falls very clearly into the category of a health status
measure, but the CRQ has one element that permitted it 
to be designated as an HRQoL instrument. As originally
designed, the dyspnoea component of the CRQ required
the patient to identify activities restricted by breathlessness
that are important to them (i.e. a component of quality of
life). More recently, a standardized and self-administered
version has been developed and validated [28,29], although
this means loss of its HRQoL designation. Direct compar-

Health status questionnaires

ison of the sensitivity of the two instruments in rehabilita-
tion studies is now possible. Overall, they appear to have
similar levels of sensitivity and responsiveness [23,24,30].
Direct comparisons of the two instruments in pharmacolo-
gical studies have not been made. There have also been 
few long-term comparisons, but in a large 1-year follow-up
of patients in a rehabilitation trial, differences between treat-
ment and control arms of the study were more apparent
with the SGRQ than the CRQ [23].

The CRQ and SGRQ are complex instruments, but the
development of the standardized self-complete version of
the CRQ should make it easier to apply. To improve ease 
of scoring of the SGRQ, a Microsoft Excel-based scoring 
system has been available for users of paper-based ques-
tionnaires for some time, but the development and valida-
tion of a computerized patient-entered and scored system 
is a significant step forward. The advantage of computer
systems for patient questionnaire completion is that data
capture is always ‘clean’ with no missed responses. Both are
available from the author (pjones@sghms.ac.uk). Other
shorter questionnaires have become available, but there 
are fewer data about them than the two more established
instruments. One is the Quality-of-life for Respiratory
Illness Questionnaire (QOLRIQ), developed originally in
Dutch, but available in English [31]. Two other question-
naires are the Breathing Problems Questionnaire (BPQ) [32]
and the AQ20. The latter has been validated in COPD in
Japan and in the USA [33,34]. A UK study concluded that
the BPQ provided more valid assessments of health status
than the CRQ [35], although a Japanese group found that
the CRQ and SGRQ discriminated between patients with
different degrees of severity better than the BPQ [36].
There is one report that the BPQ was not as sensitive as the
CRQ in detecting change following a pulmonary rehabilita-
tion programme, but the AQ20 did discriminate between
patients as well as the CRQ and SGRQ and was also respons-
ive to changes following pulmonary rehabilitation [33].

The standard method of assessing and categorizing COPD
severity is through the FEV1, but COPD is characterized 
by disability that results, not only from breathlessness, but
also through secondary effects on other organs such as
musculoskeletal function. For that reason, the association
between FEV1 and health status is weak. Within each
GOLD category of COPD severity, there is a very wide range
of health impairment (Fig. 16.1). Quite clearly these two
measurements provide complementary information. This
has been confirmed by the demonstration that health status
scores, when measured using the SGRQ or the SF-36 

Health status as a marker of 
disease severity
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predicted death in patients with COPD independently of
age, FEV1 and BMI [37]. A similar observation was made in
another study, in which exercise capacity appeared to be
the key determinant of health status (measured using the
SGRQ) that linked it to risk of death [38]. It should be noted
that these authors found that the CRQ did not predict
COPD mortality [39]. 

These questionnaires are designed to provide a measure of
the overall impact of COPD on patients’ health and an over-
all measure of treatment efficacy. This requires an estimate
of the threshold for clinical significance. Such estimates are
available for both the CRQ and the SGRQ. Issues around
the development of these thresholds are too complex to be
addressed here, but they have been reviewed recently [40].
The first demonstration that health status measurement
can make a major contribution to trials of pharmacological
therapy in COPD was the demonstration that clinically
worthwhile improvements in health could be obtained
with salmeterol in COPD, despite only modest improve-
ments in FEV1 [22]. Since then, health status measure-
ments have been incorporated into nearly all major trials in
COPD. In addition to providing estimates of the overall
efficacy of the treatment, these trials have provided new
insights into COPD. This is illustrated well in a comparison
of the long-acting bronchodilator tiotropium compared
with regular ipratropium (Fig. 16.2). The benefit of the

Health status as a marker of 
treatment efficacy

long-acting drug on trough FEV1 over the short-acting
agent was apparent within a few days, but there was little
further change during the following year. By contrast, the
improvements in SGRQ score continued to improve over
the next 6 months and the difference between treatment
arms increased throughout the study [41]. A very similar
pattern was seen when tiotropium was compared with
placebo [42]. The different time course of response is
almost certainly caused by different mechanisms of action
of the drug. Exercise capacity with tiotropium improved
over 6 weeks of treatment [43]. Thereafter, the accumulat-
ing benefit may be a result of the reduction in exacerbations
that occurs with this drug [41], because there is evidence
that the effect of inhaled corticosteroid on health status 
in COPD is attributable to a reduction in exacerbations 
[44]. Demonstration that the benefit of modern therapies
for COPD increases progressively over time is a major 
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contribution of health status markers to current under-
standing of the disease.

COPD is a progressive disease. The rate of deterioration in
health is quantifiable with use of appropriate question-
naires, such as the SGRQ and SF-36 [21], although it has
proved difficult to detect longitudinal changes with the
CRQ [45]. Mechanisms responsible for the deterioration
include decline in FEV1 and exacerbation rate (Fig. 16.3),
but these explain only part of the deterioration [44]. There
is evidence from the ISOLDE study [46], that reducing
exacerbations with fluticasone reduces the rate of deter-
ioration in health status.

Use of health status measurement has forced a re-evalua-
tion of the importance of acute exacerbations of COPD.
Using standard clinical criteria for treatment success follow-
ing an Anthonisen type 1 exacerbation of COPD, in a recent
trial of antibiotics 85% of patients were judged cured or
improved 2 weeks after the start of treatment [47]. In a sim-
ilar study, measurements using the SGRQ showed that it
took much longer for health to recover [48]. The improve-
ment between 4 and 12 weeks after the exacerbation was
greater than the threshold for a clinically significant
improvement and even between 12 and 26 weeks there
was a further small but statistically significant improvement
(Fig. 16.4). Equally important was the observation that
patients who had a further exacerbation within 6 months of

Health status as a marker of 
disease progression

the first had a much smaller improvement in health. Early
pulmonary rehabilitation greatly improved the degree of
recovery of health following hospital admission for a COPD
exacerbation [24].

Assessment of health status clearly has an important role in
COPD that complements spirometry. Reliance on the FEV1

would fail to identify the true impact of the disease in many
patients with COPD, as shown in Figure 16.1. It is clear that
simple markers of the severity of health status impairment
are needed for use in routine practice. Most of the available
questionnaires are still too complex for everyday practice,
but the MRC Dyspnoea Scale is easy to use, standardized
and can be used in any clinical setting whether primary 
care or specialist clinic. It correlates well with health status
measured using the SGRQ (Fig. 16.5). The development of
health status questionnaires for use as markers of treatment
efficacy in individual patients provides a complex challenge.
There are many technical issues concerning methodology
that have to be resolved before practical and reliable 
methods can be applied in routine practice. There is, how-
ever, good evidence that patients’ retrospective estimates of
overall treatment efficacy correlate with assessment made
prospectively using the SGRQ [22]. An assessment that the
treatment was effective was associated with a clinically
significant change in SGRQ score.

Measurements of health status in 
routine practice
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Health status measurement provides an important marker
of COPD severity and complements spirometry. Measure-
ments made with well-validated questionnaires can now
provide reliable markers of treatment efficacy and disease
progression. In recent years they have provided major
insights into COPD, but they still remain largely research
tools, except in rehabilitation where they are often used to
monitor a programme’s effectiveness. In routine practice,
the MRC Dyspnoea Scale provides a reliable marker of
impaired health, but for the foreseeable future the patient’s
global estimate of treatment efficacy will remain the only
practical marker of treatment efficacy in individual patients.
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CHAPTER 17

Mucociliary clearance

Souheil El-Chemaly, Adam Wanner and Matthias Salathe

The lungs fulfil the unique task of gas exchange, requiring 
a human body to ventilate approximately 20 000 L of air 
during quiet breathing every day. This task exposes the
conducting airways and the alveoli to a significant burden
of organic and inorganic particulate and gaseous material
that must be either prevented from entering or, if it has
entered, be constantly removed from the airways. An initial
mechanical barrier at the entrance of the nose, nasal hair,
serves as a coarse filter. Turbulent flow in the nose, pharynx
and larynx causes larger particles to settle before they can
enter the trachea. Furthermore, turbulent flow in large 
airways also enhances the deposition of particles onto the
liquid/mucus blanket covering the epithelium. At locations
of extreme turbulent flow, such as airway bifurcations, 
particle deposition rate is enhanced and reaches values that
are approximately 100 times higher than elsewhere [1].
While the body has developed multiple mechanisms to pre-
vent growth of organic infectious materials that have been
deposited onto the airway surface (be it in the nose or lower
airways), these organisms still need to be removed from
these sites together with inorganic substances before they
can cause harm, a task handled by the mucociliary trans-
port system. Like other transport mechanisms, this system
contains a motor for propulsion provided by cilia beating 
in the periciliary fluid layer on the airway surface and a
vehicle provided by a mucus layer which is transported out
of the airways by cilia. When this system fails, regardless of
the underlying mechanism, respiratory secretions accumu-
late in the airways, leading to airflow obstruction and an
increased susceptibility to bacterial colonization of normally
sterile airways.

This chapter reviews the main concepts of mucociliary
clearance, focusing on ciliary function and the collective
clearance mechanism.

Each human airway cilium is approximately 6 μm long and
0.3 μm in diameter and contains an array of microtubules
in the classic ‘9 + 2’ configuration (the detergent-resistant
structure called axoneme). This morphological configura-
tion is a hallmark of almost all motile cilia (with the excep-
tion of cilia in the embryonic node, which are motile
despite their ‘9 + 0’ structure [2]), indicative of their struc-
tural preservation throughout evolution [3]. The micro-
tubules are constructed primarily from heterodimers of 
α- and β-tubulin and dynein, but more than 200 other 
proteins are associated with a variety of circumferential,
spoke and radial linkages which serve to maintain the
axonemal structure and play a part in the control of ciliary
movement [3–5]. Bridges between the ciliary membrane
and the outer nine doublet microtubules along the length
of the cilium seem to participate in the regulation of ciliary
beating [6,]. Along the entire axonemal length (except for
the tip region and the base), the doublet is a repetitive
structure with a unit length of 96 nm consisting of four
outer dynein arms, three to four inner dynein arms, one
spoke group (three radial spokes) and one pair of inter-
doublet links [3]. The outer arm dynein from mammalian
tracheal cilia is a two-headed bouquet-like molecule with a
molecular size of 1–2 million daltons (MDa) [8]. Each head
contains a heavy chain ATPase of 400 000–500 000 Da.

During ciliary movement, dynein arms originating from
outer microtubule doublets interact transiently with adja-
cent microtubules and undergo a conformational change
using energy from ATP hydrolysis. This conformational
change causes microtubules to slide relative to each other
[9]. To date, several distinctly different axonemal dynein
genes have been cloned; for instance, seven cDNAs were
cloned from rat airway epithelium [10]. Although it seems
logical that this dynein variety has biological consequences,
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the exact location of assembly of the different dynein 
isoforms is not known. In vitro data, however, suggest 
that at least the inner and outer dynein arms are function-
ally distinct [11], a finding confirmed in Chlamydomonas
mutants where outer arm dynein was found to be respons-
ible for ciliary beat frequency (CBF) regulation and inner
arm dynein for bend formation and beating form [12,13].
The correlation between outer dynein arm and CBF regula-
tion seems to hold true in humans based on evidence from
subjects with primary ciliary dyskinesia [14].

The beating of airway cilia has been adjusted to the
unique task of mucus transportation [15,16]. The cycle
consists of a resting state as well as effective and recovery
strokes. Through its recovery stroke, the cilium swings
almost 180° backwards close to the cell surface. The ability
of the cilium to do so in a watery environment (i.e. within
the periciliary fluid level) is critical for adequate mucocil-
iary clearance (see below). After the recovery stroke, the
cilium fully extends and goes directly through its effective
stroke in a plane perpendicular to the cell surface, reaching
a maximal velocity of 1 mm/s at its tip. The extended cilium
engages the overlying mucus describing an arc of approxim-
ately 110°. This engagement has been thought to be critical
for adequate mucociliary clearance; however, recent data
have challenged this concept (see below). After completion
of the effective stroke, the cilium rests shortly and then
resumes its recovery and effective strokes. Distal to the 
larynx, the effective stroke has a cephalad orientation and
is about two to three times faster than the recovery stroke
[17,18]. When CBF increases, all three phases of the beat
cycle are shortened, but the resting period is most markedly
affected [17]. The power that the cilium produces is related
to the number of dynein–microtubule interactions [19,20]
and can be, at least partially, adjusted to different loads of
varying viscosity [21]. Ciliary beating in the airways seems
coordinated (i.e. cilia beat as part of a metachronal wave).
As cilia are densely packed onto the airway epithelial sur-
face, significant hydrodynamic forces exist between single
cilia. These hydrodynamic interactions are likely the most
important factor for ciliary coordination [22] and may
explain why the lengths of metachronal waves are limited,
restricting the field of metachrony [16,23].

Human cilia beat at approximately 12–15 Hz at body
temperature when measured in vitro. CBF is adjusted by 
the regulation of dynein–microtubule interactions, but the
cellular and molecular mechanism by which this is accom-
plished is incompletely understood. Evidence has been
accumulated showing that mammalian CBF changes in
response to changes in the phosphorylation state of ciliary
targets (mainly through cyclic adenosine monophosphate
[cAMP]-dependent phosphorylation) and to changes in
cytoplasmic calcium ([Ca2+]i).

Many different experimental methods have been used 
to increase cAMP levels inside cells, and all have been 

shown to increase human, bovine, ovine and rabbit CBF.
Manipulations of cAMP were achieved with β-adrenergic
agonists that stimulate transmembrane adenylyl cyclases
(tmAC) [24–29], forskolin that directly activates tmAC, 
and membrane-permeable cAMP analogues. CBF increases
upon cAMP rise were blockable by non-specific protein
kinase inhibitors, implicating a role for cAMP-dependent
protein kinase (PKA) [27,30–32]. The molecular mech-
anism by which PKA increases mammalian CBF is likely
analogous to the stimulation of Paramecium ciliary activity
by PKA. Hamasaki et al. [33] showed that a ciliary PKA
phosphorylation target of 29 kDa in Paramecium was an
outer dynein arm light chain [34] and that the phosphory-
lation of this light chain was sufficient to increase the velo-
city of microtubule gliding across dynein-coated surfaces 
in vitro and the swimming speed in vivo [34]. Since then,
mammalian respiratory axonemal targets of PKA with 
similar molecular weights have been identified by their
cAMP-dependent phosphorylation [35–37]. It is also clear
that a ciliary PKA is localized to mammalian axonemes
[35–37], a fact supported by the presence of a specific A-
kinase anchoring protein in human airway cilia [35].

cGMP-dependent protein kinase (PKG) has also been
shown to be involved in the regulation of CBF in certain
mammalian species [27,38,39]. There is controversy
whether or not a combined signalling by [Ca2+]i is required
[38,39] and some experiments suggest that PKG may act
through PKA to stimulate CBF [27].

The intracellular calcium concentration ([Ca2+]i) has a
crucial role in the regulation of CBF but the mechanism by
which calcium influences frequency seems to differ between
unicellular organisms and mammals. In Paramecium, rising
[Ca2+]i slows CBF to the point where the beat direction is
reversed [40]. Mammalian cilia, on the other hand, never
reverse their beating direction and elevations of [Ca2+]i

increase CBF [24,25,41–46] whereas decreases in [Ca2+]i

below baseline decrease CBF [43]. Some reports, using
inhibitors of calmodulin, have suggested that [Ca2+]i may
act through calmodulin via Ca2+/calmodulin-dependent
kinase (CaM kinase) [41,47] and ciliary targets of CaM
kinase have been described at least in Tetrahymena [48].
However, some of these calmodulin inhibitors are ciliotoxic
and CaM kinase targets were not found in mammalian 
cilia [49]. More recent evidence suggests that Ca2+ in
mammalian cells acts directly on the axoneme, presumably
on a Ca2+-binding protein that is not calmodulin [50], to
change CBF [39,51–53]. However, increases in intracellular
calcium may also rise cAMP [54,55] and potentially 
cGMP via an NO pathway to activate PKG inside cilia that
modulates CBF as well [56]. This complicates interpretation
of the calcium-related CBF increase. Whether or not an 
elevation of cyclic nucleotides is required for calcium 
to change CBF is currently under intense investigation
[38,39,57].
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The cAMP and Ca2+ pathways have been shown to 
interact at several levels with respect to ciliary function. 
β-Adrenergic agonists, for instance, have been shown to
stimulate CBF not only through a cAMP-dependent path-
way, but also through an initial calcium-coupled mech-
anism [25,30]. Furthermore, Smith et al. [58] reported 
that CBF of human nasal cells was rendered insensitive 
to [Ca2+]i changes upon continued exposure to increased
intracellular cAMP levels and that the cAMP-mediated
changes of the CBF sensitivity to [Ca2+]i were dependent on
PKA activation.

A large body of literature has been published on 
mediator- and drug-induced changes of ciliary beating. 
It is beyond the scope of this chapter to discuss all these 
publications (reviewed in [59]). However, under normal
conditions, paracrine actions of secreted adenosine triphos-
phate (ATP), primarily via [Ca2+]i and secondarily via
cAMP, have been identified to be crucial in regulating CBF
[54,55,60,61]. There is also some evidence that acetyl-
choline, made within the airway epithelium itself, may be
used in a paracrine fashion to stimulate M3 receptors
[56,62,63]; however, there seems to be a vast difference in
the importance of this pathway between different mam-
malian species. 

It is interesting that many inflammatory mediators 
stimulate ciliary beating in vitro [64–67], although muco-
ciliary transport velocity is usually decreased during estab-
lished airway inflammation, including COPD (see below).
Exceptions are platelet-activating factor [68,69] and major
basic protein of eosinophils which accumulates in the 
sputum of asthmatic patients [70]. Furthermore, serum pro-
teins released into the airway lumen during inflammation
[71,72], leucocyte elastase [73,74], and neutral protease
are cilioinhibitory [75]. The latter mediators of inflamma-
tion are especially relevant in COPD.

The periciliary fluid is a watery environment allowing the
cilia to beat without interacting with mucus at all times. In
the presence of mucus, the fluid depth is approximately
equal to the extended cilium in length [76]. The height of
this fluid above the airway epithelial cells is tightly regu-
lated, as recently shown in cell culture systems [77–79].
The regulation mechanisms are still poorly understood 
but are related to the ion transport characteristics of airway
epithelial cells [80]. A small osmiophilic film is present on
the luminal surface of the periciliary fluid layer and repre-
sents surfactant [81], likely produced locally by epithelial
cells rather than stemming from the alveoli [82–84].

For a long time, it was assumed that ciliary tips could 
not interact with mucus if the periciliary fluid level was 
too high and thus mucus could not be moved under these

Periciliary fluid

conditions. However, this concept has been challenged 
by showing that the whole periciliary fluid layer actually
moves in a cephalad direction together with the mucus
blanket (but only if mucus is present [85]), suggesting that
cilia may not need to interact directly with the mucus 
blanket. In support of this hypothesis, it has been found
that patients with a genetic defect in an apical sodium chan-
nel, resulting in increased water amounts in the airways,
actually have significantly increased mucociliary transport,
again suggesting that an excess of apical water is not deleter-
ious, but in fact beneficial to mucociliary transport [86].

On the other hand, if the periciliary fluid level is too 
low, the mucus blanket itself impedes ciliary beating by
interacting with cilia during the recovery stroke. That this
mechanism truly impedes mucus transport has been shown
in culture models of cystic fibrosis [80]. Restoring appropri-
ate depth of the periciliary fluid level in these models
restores mucociliary transport [87].

The periciliary space is not only filled with electrolyte
solution; close to the apical surface of the epithelium, high
molecular weight structures such as glycosaminoglycans
and membrane-bound mucins can be found. These 
structures fulfil their own functions on the apical surface.
Glycosaminoglycans, for instance, immobilize host defence
molecules at the surface thereby protecting them from
clearance [88]. The glycocalyx also prevents viruses from
infecting ciliated cells [89]. Many of these functions 
have not been examined in detail but are currently under
investigation.

Mucus is mandatory for mucociliary transport; if no mucus
is present the system fails [85,90]. Mucus is a mixture of
glycoproteins, proteoglycans, lipids, other proteins, and
sometimes DNA. Mucus contains secretory IgA immuno-
globulins that form an immunological barrier against 
bacterial colonization, lysozyme that is bactericidal, and
lactoferrin that scavenges oxygen radicals and traps iron
ions, thereby preventing biofilm formation [91]. Multiple
other innate host defence molecules such as defensins
[92–94] and the lactoperoxidase system can be found in
mucus and the periciliary fluid [95–97]. 

Gel-forming mucins form the basic polymer structure 
of mucus. The gel phase is initially formed by rapid hydra-
tion of mucins secreted from vesicles where they are stored
in a condensed form. Secretion of mucus from these gran-
ules has been has been compared to a ‘jack-in-the-box’
mechanism [98]. To stay in a condensed form inside the
cell, the charges of the mucin polyions are rendered neutral
by acidic pH and counterion shielding, achieved by high
[Ca2+] inside the vesicles [98]. Upon secretion, the con-
densed mucus undergoes a polymer phase transition by

Mucus
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hydration according to Tanaka’s [99] polymer gel theory.
This hydration is aided by an exchange of calcium in the
vesicles with sodium ions which are weaker supporters 
of the condensed phase form. Thus, hydration of mucus
results in rapid expansion of the gel with a volume increase
of several hundred-fold in only a few seconds.

The rheological properties of mucus, a non-Newtonian
fluid, are expressed by its viscosity and elasticity; these are
mainly determined by the mucin tangle density in the gel
[100], which decreases during mucus hydration. Thus, 
one of the most critical factors regarding mucus rheology 
is mucus hydration (another would be mucin molecule
length), a fact shown by the inability of cilia to move mucus
with high solute concentrations [87]. The ability of cilia 
to transport mucus is indirectly proportional to viscosity
and directly proportional to elasticity [101]. Other physical
properties of mucus such as adhesivity, cohesitivity and
wettability [102] are also important in particle–mucus
interactions and mucus transportability, but are less well
defined.

Multiple substances have been shown to stimulate
mucus or glycoconjugate secretion from goblet cells or 
submucosal glands. Physiologically, purinergic agonists
released from the airway epithelium as well as from goblet
cell granules [103] have a major role in releasing mucus
[104–106]. Cholinergic input also stimulates mucus secre-
tion (reviewed in [107]). Controversy exists, however, 
on whether or not human airways secrete mucus upon 
β-agonist stimulation. While human tissues mounted in
Ussing chambers revealed increased glycoprotein release in
one study upon salbutamol stimulation [108], isoproterenol
did not elicit radiolabelled glycoconjugate release in human
preparations [109,110]. In addition, mucus secretion by
human bronchial epithelial cell xenograft cultures was
non-responsive to membrane-permeable cAMP analogues
while ATP stimulated it (C. William Davis, University of
North Carolina Chapel Hill, personal communication).
Thus, β-agonist stimulation of mucus secretion in humans
is likely not very relevant. Mediators that stimulate mucus
secretion or production in disease are discussed below.

Mucociliary transport velocity and mucociliary clearance
rates have been assessed by several methods in vivo. Using 
a fibreoptic bronchoscope to measure the motion of small
Teflon discs insufflated into the trachea, the tracheal 
transport rate was estimated at approximately 20 mm/min
[111]. Using a radiographical technique to assess the
motion of bronchoscopically insufflated bismuth-coated
Teflon discs in the trachea, tracheal transport rates were
estimated at approximately 10 mm/min [112]. Finally,

Mucociliary clearance

using a radioaerosol bolus technique and radiolabelled
microspheres inhaled with adjusted flows to enhance 
central deposition, tracheal transport rates are estimated 
at 4–5 mm/min [113]. These rates decrease towards the
periphery of the lung; they reach the lowest value in the
bronchioles with rates of less than 0.4 mm/min. Transport
rates also decrease with age.

Radiolabelled particle techniques can also be used to
assess overall mucociliary clearance of the lung [114,115].
An initial exponentially decreasing phase with a half-life 
of approximately 4 h represents mucociliary clearance in
the tracheobronchial tree. A much slower phase with a half-
life of several weeks to months represents clearance from 
alveoli by mechanisms unrelated to mucociliary transport.
As initial particle deposition influences measured overall
clearance rates (differences of transport rates in the peri-
phery of the lung and the central airways), it is critical to
match particle deposition in all subjects by altering breath-
ing patterns during inspiration if necessary. This is espe-
cially important when studying older subjects, smokers, or
subjects with airflow obstruction where central deposition
of particles is enhanced [116]. If assessed correctly,
mucociliary clearance is reduced in the elderly, in chronic
smokers (even if they are asymptomatic) and in chronic
obstructive lung diseases such as chronic bronchitis,
bronchiectasis, bronchial asthma and cystic fibrosis [116–
118].

Mucociliary function can be disturbed by inappropriate
mucus rheology and amount or decreased ciliary activity.
Because rheology mainly depends on hydration, breathing
air with a relative humidity of less than 30% through the
mouth produces transport stasis in the trachea [119].
Dehydration of mucus may not be the only problem in this
situation as low temperatures also decrease CBF. Because
humans normally breathe through the nose (a highly
efficient air conditioner), this issue only has a role in
patients who bypass nose breathing (e.g. in patients with
tracheostomies).

Exogenous pollutants such as cigarette smoke and SO2 or
NO2 as well as anaesthetic gases, high inspiratory oxygen
concentrations, and inhalations of platelet-activating factor
decrease transport rates [120], at least in part through
reduction of CBF [68,121].

Cholinergic agonists stimulate mucociliary clearance, pos-
sibly by increasing CBF, at least in some species, although

Drug effects on mucociliary clearance
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this effect is not certain in humans (see above and [63]),
and by optimizing mucus hydration through increased fluid
secretion from submucosal glands [122,123], if glyco-
protein release does not overwhelm fluid secretion. Locally
produced acetylcholine may act as a paracrine signalling
molecule under physiological conditions, but cholinergic
agonists cannot not be used therapeutically in a patient
with mucociliary dysfunction because of their bronchocon-
strictive effects. Atropine, a tertiary ammonium compound
and anticholinergic drug, decreases mucociliary clearance
[124,125], possibly because of decreased hydration of
mucus. However, ipratropium bromide, a quaternary
ammonium compound, has no effect on mucus clearance
[126].

α-Adrenergic agonists have little or no influence on 
the mucociliary clearance rate in the lower airways. 
β-Adrenergic agonists including the long-acting salmeterol
on the other hand increase CBF in a variety of mammalian
airway epithelial cells [24–27,30,127–136]. However, β-
agonists have a relatively small effect on overall ion and
water transport, as originally evaluated in excised human
bronchi [123], they do not seem to significantly stimulate
secretion from submucosal glands in humans [122] and do
not seem to stimulate mucus release. Thus, the general
increase in transport and clearance rates seen in most
healthy individuals and patients upon β-agonist adminis-
tration (at least in the trachea [137–141]) is likely because
of their effect on ciliary beating. 

Mucociliary clearance is dysfunctional in chronic bronchitis
[139,142–144] and COPD [145,146]; however, cough
clearance may be able to compensate for some of the loss of
ciliary clearance [147]. The fact that cough is effective in
these patients may indicate that abnormally high mucus
production may be present, a hypothesis supported by a
study that did not find mucociliary dysfunction in pure
emphysema in patients with α1-antitryspin deficiency but
no airways disease or mucus hypersecretion [148].

In chronic bronchitis, lower clearance is present in
patients with a high neutrophil count in their sputum com-
pared with patients without purulent sputum [149]. This
finding indicates that infections, frequently encountered 
by patients with chronic bronchitis and COPD, may play 
an important part in decreasing mucociliary clearance. In
support of this hypothesis, several lines of evidence link
products from neutrophils and bacteria to mucociliary dys-
function. For instance, neutrophil elastase, a potent mucus
secretagogue [150–152] and inducer of mucin gene expres-
sion [153], also causes abnormal ciliary function, possibly
by disruption of epithelial barriers [73–75]. The combined

Chronic bronchitis and COPD

effect of these changes results in mucociliary dysfunction
[154].

Bacterial colonization of airways, seen in patients with
COPD [155], can also contribute to mucociliary dysfunc-
tion. Bacteria have been shown to release proteases that
cause human nasal epithelial disruption as well as CBF
slowing in vitro [73,156]. Bacterial products such as hydro-
xyphenazine, pyocyanin and a rhamnolipid as well as bac-
terial culture supernatants have been shown to decrease
CBF [157–161] and mucus clearance [162,163]. In addition,
Haemophilus influenzae, a bacterium commonly encountered
in chronic bronchitis, can induce epithelial cell damage
[164] and ciliary dysfunction [157], thereby leading to a
decrease in mucociliary clearance. Extensive destruction 
of the epithelium during infections with Mycoplasma pneu-
moniae [165], viruses especially from the influenza group
[166] and after aspiration of gastric acid [167] decreases
mucociliary transport rate if the epithelial cell destruction
includes more than 50% of ciliated cells even if the remain-
ing cilia beat normally [168]. Finally, airway inflammation
can cause acquired ciliary disorders including misalign-
ments of the central microtubules between adjacent cilia,
compound cilia, supernumerary microtubules and other
malformations [169], all of which may contribute to
mucociliary dysfunction. 

Mucociliary clearance is an important host defence mech-
anism. Mucociliary transport is tightly regulated. Effective
mucociliary clearance depends on ciliary beating as well as
appropriate rheology and amount of mucus. This chapter
reviews basic regulatory mechanisms of ciliary beating, the
effects of mucus secretion and hydration on mucociliary
transport, as well as scenarios in which mucociliary clear-
ance fails. Possible treatments for mucociliary dysfunction
in these diseases are reviewed in Chapters 57–62. It is
hoped that with a better understanding of the fundamental 
mechanisms that make mucociliary clearance efficient,
more effective treatment strategies can be developed to pre-
vent or treat mucociliary dysfunction in airways diseases,
including COPD.
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CHAPTER 18

Mucosal immunity

Hugues Chanteux, Charles Pilette and Yves Sibille

The mucosal surface, in particular in the gut and the respir-
atory tract, represents by far the largest interface of the 
host with its environment and therefore requires efficient
protective mechanisms against potentially noxious agents.
Thus, the epithelial monolayer represents a filter between
the environment and the mucosa that is able to prevent 
or facilitate the passage of molecules from the lumen to 
the submucosa and vice versa. Specifically, the mucosal
epithelium regulates the active transport of immunoglo-
bulins A and M (IgA and IgM) produced in the lamina 
propria, into mucosal secretions, as a major component of
mucosal immunity. This suggests a key role for secretory
(S) immunoglobulins, mostly SIgA in both innate and
specific immunity [1].

Although the respiratory tract shares many character-
istics including defence mechanisms with other mucosae,
the airways also exhibit some properties specific for the 
tracheobronchial tree. In particular, mechanical functions
such as sneeze, cough and the mucociliary escalator repres-
ent major defence mechanisms to eliminate exogenous
material reaching the upper and lower airways (Table 18.1).

The respiratory epithelium is divided into two compart-
ments with different functions: the airways and the lung
parenchyma. While the conducting airways (from the nose
to membranous bronchioles) exhibit a typical mucosal
epithelium (ciliated brushes, mucus secretion, secretory Igs
production), the lung (from distal respiratory bronchioles
to the alveoli) differs considerably from mucosal including
bronchial surfaces, with a charasteristic epithelial profile;
mostly flat, non-ciliated, type I epithelial cells and a few
cuboidal type II epithelial cells, the latter accounting for the
production of surfactant. This relates clearly to the different
functions of the bronchial tree as compared to the lungs.
The airways only conduct the inhaled and exhaled air,
eventually trapping particulate material to prevent its
deposition in the alveolar space. By contrast, the alveoli
represent the unit controlling gas exchange between

airspace and the pulmonary capillary bed. Therefore,
impairments in defence mechanisms have a completely 
different impact in the airways than in the alveoli, explain-
ing the heterogeneous pattern of disorders affecting the 
airways and lungs.

In normal conditions, defence mechanisms aim at pre-
venting inflammatory and immune reactions in the air-
ways and alveoli. Little is known about the mechanisms
underlying this relative tolerance but mechanical filters 
in the upper airways and mucociliary clearance are likely 
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Table 18.1 Defence mechanisms of the respiratory tract.
(Adapted from Pilette et al. [1,99].)

First-line defence mechanisms
Airways
• Mechanical: nasal hairs, sneezing, cough, bronchial
branching, mucociliary clearance
• Epithelial cell-derived products: mucus, lactoferrin,
defensins, lysozyme, lectins, Clara cell protein
• Innate immunity: SIgA, complement, proteases
• γδ Intraepithelial T cells

Alveoli
• Alveolar macrophages: phagocytosis, oxygen and nitrogen
metabolites, lysozyme, hydrolases
• Surfactant (SP-A, SP-B, SP-D)

Second-line defence mechanisms
• Alveolar macrophages and epithelial cells-derived product:
cytokines and chemokines
• Recruited granulocytes (mostly neutrophils): phagocytosis,
oxygen and nitrogen metabolites, cytokines, chemokines,
antimicrobial products (defensins, natural antibiotics),
proteolytic enzymes
• Adaptive immunity: antigen-presenting cells, αβ T cells, 
B cells (production of antigen-specific immunoglobulins)



to have crucial roles. Thus, only few leucocytes can be
observed in the respiratory tract lumen and the bronchial-
associated lymphoid tissue (BALT) is virtually absent in
healthy humans. By contrast, in pathological conditions,
especially during infections, both inflammatory and immune
cells can be easily, rapidly and often massively recruited
[2,3]. The regulatory mechanisms involved in this recruit-
ment are now better understood, providing potential new
therapeutic targets.

Orchestration and memory of immune responses mounted
at mucosal surfaces depend on the presence of T and B 
lymphocytes within mucosal tissues. The distribution of
lymphocytes around the airways is organized differently
according to the level of the respiratory tract. In the upper
airways, most lymphocytes are located within the surface
mucosa, in the lamina propria and in epithelium-associated
lymphoid structures referred to as nasal associated lym-
phoid tissues (NALT). Lymphocytes are normally only
rarely observed within the bronchial mucosa, peribronchial
lymph nodes containing most mononuclear cells. Thus, 
primary immune responses require an efficient system to
recruit selectively lymphocytes to the airways. 

Several molecular mechanisms underlying the recruit-
ment of lymphocytes to mucosal tissues have been unrav-
elled in recent studies. Naive lymphocytes continously
recirculate through lymph nodes using L-selectin, the
peripheral lymph node addressin PNAd [4] and corres-
ponding chemokines. In contrast, tissue-specific migration
of memory/activated lymphocytes to mucosal tissues use
different addressin/homing receptor pairs and chemokines,
with differences between T cells, B cells and IgA+ cells.
Traffic of T and IgA+ B cells committed to populate the
intestinal mucosa depends primarily on the α4β7 integrin–
mucosal addressin cellular adhesion molecule 1 (MadCAM-
1) (mucosal homing receptor) interaction occuring in gut
venules, and thereafter on CCR9/CCL25 (TECK) [5,6]. The
selective pathway(s) related to trafficking to the respiratory
mucosa remain(s) so far elusive. The β7 integrin and
MadCAM-1 molecules are weakly expressed in the lung
and therefore other mechanisms should take place to direct
immune cells toward the airway mucosae.

While α4β7
+ CCR9+ blood T cells are committed to the 

gut, cutaneous lymphocyte antigen (CLA)+ CCR4high popu-
lation traffic to the skin [7]. The α4β7

− CLA− CCR4+ blood
subpopulation has been suggested to target the airways, 
but BALT cells seem to express low levels of CCR4 and
poorly respond to CCR4 chemokine ligands [7]. CCR10 is
expressed by circulating IgA plasmablasts and IgA-secreting

Lymphocyte trafficking to 
the respiratory mucosa

plasma cells in various intestinal and non-intestinal
mucosal tissues [8,9]; mucosal epithelial cells producing the
CCR10 ligand, CCL28 (MEC). Recently, it was shown that
L-selectin+ α4β1

+ memory T cells traffic to BALT, through
recognition of PNAd and vascular cell adhesion molecule 1
(VCAM-1) in the bronchial mucosa microvessels [10].
α4β1

high–VCAM-1 interaction, followed by activation of
CCR10 by CCL28, could thus be involved in trafficking of
lymphocytes, including IgA+ B cells to the respiratory mucosa.

Once B cells have been primed by mucosal T cells, they
recirculate and migrate to the primary mucosal site of anti-
gen exposure and elsewhere; a phenomenon referred to 
as ‘cross-dissemination’ in the so-called common mucosal
immune system [11]. Thus, immunization through the
upper airway (intranasal or intratonsillar) activates local B
cells that can reach remote sites such as the urinogenital
tract [12], but without affinity for the gastrointestinal 
tract, suggesting a regional compartimentalization within
mucosal immunity. The bronchi and the gut appear segreg-
ated in terms of humoral immune responses generating
secretory antibodies [13]. Similarly, intranasal immuniza-
tion evokes an antibody response in the nasopharyngeal
tonsil but not in the palatine tonsil [14]. Once in the 
effector site, activated B cells undergo several functional
changes related to terminal differentiation: class switching,
clonal proliferation and somatic hypermutation of variable
regions. Class switch from Cμ to Cα depends on the local
expression of transforming growth factor β (TGF-β) [15],
probably provided by epithelial cells under normal condi-
tions or by macrophages during inflammatory responses.
Interleukin 10 (IL-10), along with IL-2, IL-5 and IL-6, 
promotes the clonal proliferation of antigen-specific IgA-
committed B cells [16]. 

It has been recently shown that the terminal B-cell dif-
ferentiation occurs only in organized mucosal associated
lymphoid tissue (MALT), and not in the diffuse lamina 
propria of mucosal effector sites [17]. This observation is 
of importance because a true BALT organization is only
observed in humans in pathological conditions, such as in
diffuse bronchiolitis or rheumatoid arthritis [18]. In con-
trast, NALT, consisting of the Waldeyer ring (lingual,
nasopharyngeal and palatine tonsils) and lymphoepithelial
structures (lymphoid aggregates, microfold cells) within 
the nasal mucosa, are much more developed than in lower
airways and share features with the Peyer patches in the
gut (GALT). Thus, under normal circumstances, mucosal
immune responses to inhaled antigens are triggered in 
the nose, whereas immunity to inhaled microparticles that
reach the bronchial mucosa rely on the peribronchial
glands and thereby on systemic immunity to elicit primary
specific immune responses. Interestingly, the presence of
lymphoid follicles has been recently observed around small
airways of patients with COPD [19].
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Located in the underlying mucosal epithelium, plasma 
cells secrete IgA mainly in its dimeric form. Dimeric IgA
contains two conventional immunoglobulin subunits and
an intersubunit joining (J) chain. The incorporation of this
J chain into polymeric IgA endows these antibodies with
high affinity for the polymeric immunoglobulin receptor
(pIgR) [20]. The pIgR is a transmembrane protein with an
external IgA-binding domain, a transmembranous domain
and a cytoplasmic tail that contains cellular sorting signals.
The extracellular region of pIgR is divided into the leader
peptide and five Ig-like domains (D1–D5) [21,22]. A sixth
non-Ig-like domain connects the extracellular domain to
the transmembrane region. The pIgR is crucial for the gen-
eration of SIgA because it mediates transport of pIgA to
mucosal secretions. Polymeric IgA binds efficiently to pIgR
on the basolateral surface of epithelial cells. The pIgA–pIgR
complex is then endocytosed from the basolateral pole and
translocated by vesicular transport to the apical surface of

IgA transcytosis
the epithelium. At the apical surface, proteolytic cleavage
splits the external domain of the pIgR (termed the secretory
component, SC) from its membrane-spanning domain; this
releases the dimeric IgA–SC complex, known as SIgA, into
the mucosal secretions.

Secretory IgA participates in the first line of specific immune
defence that protects the mucous membranes from inhaled
pathogens. The mucosae largely rely on this mucosal
immune system because it is continuously exposed to air-
borne agents that are potentially harmful. In recent years, it
became obvious that beyond its well-recognized activity in
scavenging particles and microorganisms at the mucosal
surface, IgA has additional roles in mucosal defence. This is
particularly evident at the level of the epithelial barrier [23]
and of the regulation of phagocyte functions (Fig. 18.1)
[24].

Mucosal immunity (SIgA and SC) in
defence of respiratory tract
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Figure 18.1 Immunoglobulin A (IgA) contribution to first-line defence mechanisms in the airways and alveoli. In upper
conducting airways, IgA is produced by plasma cells as J chain-containing polymeric IgA (pIgA) and is transported across the
airway epithelium through the pIgR into the mucosal lumen where it can synergize with the mucociliary system to clear inhaled
antigens 1 . IgA can also interact with antigens within the epithelial cell 2 and in the lamina propria 3 . In distal airways and
alveoli, IgA mainly arises as monomeric IgA from plasma exudation and possibly from local synthesis by infiltrating plasma cells.
Both monomeric IgA and SIgA (originating from proximal airways) can interact with the alveolar macrophage, the resident
phagocyte of the lung which expresses a spliced variant of FcαR (CD89). FcαR triggering by IgA on macrophages may modulate 
the release of proinflammatory mediators such as tumour necrosis factor-α (TNF-α).
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Immune exclusion in the lumen

The first role recognized for SIgA in the lumen is to neutral-
ize bacteria by interfering with their motility and by com-
peting for epithelial adhesion sites [25]. The ability of IgA to
agglutinate microbes and to interfere with the action of
their flagella renders them less motile and thereby more
susceptible to be cleared by respiratory ciliary movements.
As bacterial adhesion may operate through lectins, the
oligosaccharides in the constant region of IgA may bind and
therefore compete with carbohydrate moieties on epithelial
cells that act as receptors for pathogens [26]. These two
properties of IgA have a major role in protecting airway
mucosal surfaces against colonization and invasion by
pathogenic microorganisms. This so-called immune exclu-
sion has been extended to viruses, parasites and bacterial
toxins [27,28].

Intraepithelial neutralization

It is generally believed that all antibody classes are only
active against the extracellular form of pathogens. Once a
pathogen enters the cell and is sheltered intracellularly, it is
considered to be inaccessible and protected from the actions
of antibodies. Phagocyte-mediated immunity is thought to
be the only immune system to fight these intracellular
infections. However, recent studies have shown that intra-
cellular pathogens such as viruses may be neutralized by
IgA antibodies within epithelial cells during their assembly
[29,30]. This particular property of IgA is possible through
its mucosal transport mechanism; pIgA binds to pIgR on the
basolateral surface of epithelial cells and the pIgA–pIgR
complex is then transcytosed to the apical surface where a
proteolytic cleavage leads to the release of pIgA–SC (SIgA)
[31]. During this transport, IgA, in transit in the epithelial
cell, could interact with the antigens of a virus infecting that
cell. Both in vitro and in vivo experiments showed that IgA
antibodies are able to neutralize intracellular viruses with
different degrees of effectiveness according to the reactivity
to the epitope. The capacity of neutralizing viruses is not
only dependent on intrinsic properties of IgA, but also on
the chance that IgA meets viral proteins during the virus’
life cycle.

This virus neutralization by IgA appears as a compensa-
tion system within the epithelium which can trap antigens
missed by the initial SIgA barrier (‘immune exclusion’) in
the lumen.

A recent study has shown another role for intracellular
IgA, demonstrating that pIgA transcytosed through the pIgR
has the ability to down-regulate lipopolysaccharide (LPS)
induced inflammation within epithelial cells [32]. This
anti-inflammatory role for intracellular pIgA represents 

an additional protective mechanism contributing to IgA-
mediated protection of the host.

Excretory immune function

In addition to these two properties in the lumen and within
the epithelium, IgA has also a role in lamina propria.
Indeed, pIgA binds to pIgR by its Fc region and this allows
epithelial cells to transport not only free IgA but also IgA
complexes [33]. The transcellular route for IgA immune
complexes and for free IgA appears to be identical, in that
everything is transported intact into secretions, with no
major diversion to an intracellular degradation pathway.
Such mechanism leads to the removal of antigens and
pathogens out of the underlying lamina propria.

In most cases, this excretory function of IgA is beneficial
for the host. However, in certain situations the IgA trans-
cellular routing could be misused by pathogens and thereby
become detrimental. In particular, after initial pharyngitis,
it was shown that Epstein–Barr virus (EBV) spreads to
regional lymph nodes where lymphoid cells are chronically
infected. When the virus is released from this region, it
forms a complex with IgA which can therefore be excreted
in the mucosal lumen. However, EBV is the most important
identified aetiological factor for nasopharyngeal cancer.
Recent studies have shown that a specific mutation in the
gene encoding for pIgR is associated with a higher risk of
nasopharyngeal cancer [34]. This mutation could involve a
failure in the transcytosis of EBV–IgA complex, leading to
an alteration of the release of this complex in the secretion
and consequently to an increase in susceptibility in the 
population of endemic areas to develop nasopharyngeal
cancer.

Other studies have implicated the pIgR transcytosis in
promoting rather than preventing invasion by pathogens.
Thus, Streptococcus pneumoniae, one of the most common
pathogens in respiratory infections, frequently colonizes
the nasopharynx. This property reflects the capacity of 
S. pneumoniae to resist host immunity by expressing a poly-
saccharide capsule and to adhere to mucosal epithelia.
Several surface-associated molecules of S. pneumoniae have
been identified as contributing to pneumococcal adhesion to
respiratory epithelia. Among them, choline binding protein
A (CbpA) has been shown by mutagenesis studies to be
required for pneumococcal nasal colonization [35,36] and
lung infection [37,38]. This protein exhibits a specific 
binding with free SC or the SC portion of SIgA and pIgR
[39]. This interaction is of pathogenic significance because
it provides a mechanism of adherence of pneumococci to
nasopharyngeal pIgR-expressing cells. Recent studies have
identified D3 and D4 regions of pIgR as the binding sites 
for CbpA providing a mechanism for colonization [40,41].
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However, three factors normally prevent pIgR-mediated
internalization of pneumococci:
1 cleavage of pIgR from the apical surface;
2 the relative inefficiency of apical–basolateral trans-
cytosis; and
3 the presence of free SC and SIgA antibodies in the respir-
atory secretions.
Nevertheless, an imbalance in any of these factors, or an
overwhelming infection with pneumococci, could tip the
scales in favour of invasion.

Constant pIgR transcytosis could occur efficiently with
unoccupied receptors leading to the release of free SC at the
apical surface of mucosal epithelial cell [42]. The amount of
free SC in the respiratory secretions is relatively abundant
(up to 60% of the total SC) [43], suggesting that this prod-
uct of pIgR transcytosis may serve biological functions 
distinct from its association with IgA.

For decades, the main role attributed to SC has been to
protect IgA from proteolytic degradation [44]. Recently,
improved pIgA–antibody stability on SC binding was
demonstrated in the oral cavity [45]. Moreover, free SC 
can also neutralize bacterial toxins and act as a non-specific
microbial scavenger by binding to fimbriae colonization
factor and preventing bacterial adhesion [46,47]. However,
its susceptibility to proteolytic degradation limits its efficacy.
This means that on association with specific IgA, SC can add
to the capacity of SIgA to intercept and clear pathogens. SC
has also been shown to bind to and inhibit the chemotactic
activity of IL-8, a potent neutrophil chemoattractant [48],
which is critical for the recruitment of neutrophils to sites
of infection but also contributes to the persistence of the
chronic inflammatory response in COPD or cystic fibrosis
airways [49]. In cystic fibrosis, the binding of IL-8 to SC is
reduced, probably because of an overglycosylation of free
SC [50]. 

A new role for SC has been described recently. It has 
been shown that SC contributes to efficient IgA-mediated
protection by ensuring, through its carbohydrate residues,
the appropriate localization of the antibody molecules,
which therefore results in optimal prevention of infection
of mucosal surfaces by immune exclusion [51].

Because inflammation is not triggered via the three
mechanisms described above, IgA is considered as a non-
inflammatory antibody. This was further suggested by the
fact that IgA is a poor activator of complement. Although
IgA has been shown to be capable of triggering the altern-
ative complement pathway (via C3b binding), IgA com-
plexes fail to activate the classical pathway [52].

However, IgA may also bind to its receptor present on the
surface of leucocytes and trigger cell activation through the
Fcα receptor (CD89).

Although the main role of IgA is to scavenge bacteria 

in mucosal lumen through its Fab fragment, its immuno-
modulatory function appears relevant to the inflammatory
response triggered by infectious, toxic or allergic stimuli.
Indeed, bacterial exoenzyme, exotoxins, LPS, lipoteichoic
acid released by bacteria exhibit a strong proinflammatory
activity affecting the immune system [53], mainly by trigger-
ing the complex cytokine network. Therefore, the modula-
tion of inflammation appears critical because the role of
cytokines and chemokines in the severity of the disease, 
or even death resulting from infection is evident [54]. 
FcαR expression is restricted to cells of the myeloid lineage
including neutrophils, eosinophils, most of monocytes–
macrophages including alveolar macrophages [55–58]. Under
normal conditions, mucosal secretions of the upper airways
contain only few leucocytes, in contrast to distal airways
occupied by resident alveolar macrophages. However, in
the presence of inflammation, granulocytes and mononu-
clear cells are recruited to the airways and participate in
SIgA-mediated immune response through their Fcα receptor
(FcαR). FcαR participates in many aspects of host defence
through engagement with antibodies complexed to antigens,
initiating several biological processes including phagocytosis,
antigen presentation, antibody-dependent cell-mediated
cytotoxicity (ADCC), superoxide generation and release of
cytokines and inflammatory mediators [24]. The cellular
functions triggered by IgA binding to FcαR depend mostly
on its association or not with the FcR γ-chain [59]. Indeed,
the FcR γ-chain is essential for antigen presentation [60]
and cytokine production but not for endocytosis [61]. It
contains a so-called ITAM (immunoreceptor tyrosine-based
activation motif) signalling motif [62], which is phosphory-
lated after IgA binding and triggers phosphorylation of 
several tyrosine kinases and mitogen-activated protein (MAP)
kinases [63]. In monocytes, this activation leads to the pro-
duction of several cytokines (IL-6, TNF-α, IL-1β, IL-8) [64,65]
as well as superoxide release [66]. Similarly, pIgA and SIgA
trigger a respiratory burst inducing superoxide release in
neutrophils as well as in alveolar macrophages [63,67]. 

Although γ-less FcαR represents the majority of cell sur-
face receptors, they seem unable to mediate downstream
functions. They recycle internalized IgA complexes and
protect them from degradation, putatively playing a role in
serum IgA homoeostasis [61].

Another function initiated by FcαR is ADCC. Cells
primed by IgA antibodies mediate lysis of target cells such as
bacteria and erythrocytes, as well as tumour cells [68].

In addition to FcαR, eosinophils, unlike neutrophils,
express a receptor specific for SC [69]. This receptor, which
has not yet been characterized, is able to bind SC and SIgA
but not serum, monomeric IgA and triggers the degranula-
tion of eosinophils [70]. 

Exogenous compounds could also have an important
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role in the regulation of airways inflammation. It is 
now largely accepted that some classes of antibiotics are
endowed with anti-inflammatory properties in addition 
to their antimicrobial activities. Among them, macrolides
and quinolones are the most studied. This is of particular
interest considering the use of antibiotics in respiratory dis-
orders including COPD [71]. Macrolide antibiotics, 14- and
15-membered ring compounds, exhibit immunomodula-
tory functions that are distinct from their anti-infective
properties. Several in vitro studies have shown that ery-
thromycin reduced IL-6, IL-8 and ICAM-1 levels [72,73]. 
In addition, treatment with macrolides reduces neutrophil
influx to the airways [74] and sputum production in pati-
ents with mucus hypersecretion [75]. The molecular target
of these effects seems to be nuclear factor κB (NF-κB),
as recently shown for clarithromycin [76]. Indeed, it
inhibits NF-κB activation in pulmonary epithelial cells 
and in peripheral blood monocytes, as observed with 
erythromycin [77]. These studies have led to the evaluation 
of long-term treatment with macrolides in inflammatory
respiratory disease such as diffuse panbronchiolitis, cystic
fibrosis, asthma, chronic rhinosinusitis and COPD, with
some promising results because both symptoms and air-
ways function were improved by macrolides [78,79].
Telithromycin, a ketolide derived from clarithromycin, 
was also reported to have immunomodulatory activity
because it down-regulates IL-1α and tumour necrosis factor
α (TNF-α) production by human monocytes [80]. However,
no clinical studies are yet available.

Clinical studies showing the beneficial immunomodula-
tory effects of quinolones are not available. However, sev-
eral in vitro data indicate that most fluoroquinolones
derivatives, while inducing IL-2 synthesis [81,82], inhibit
the synthesis of IL-1, TNF-α [83–85] and IL-8 [86].
Quinolones increase the cellular level of cyclic adenosine
monophosphate (cAMP), probably through the inhibition
of phosphodiesterase [87,88]. The accumulation of cAMP
increases protein kinase A (PKA) activity, which is known
to suppress the expression of TNF-α [89]. Quinolones may
also exert their effects through modulation of nuclear trans-
cription factors. The inhibition of TNF-α, IL-1 and IL-8 are
associated with inhibition of NF-κB activation, resulting
most likely from the inhibition of IκB degradation, while
the induction of IL-2 is associated with increased AP1 
activation [90]. Although progress has been made in
understanding the mechanisms involved in the effects of
fluoroquinolones, in-depth research is required to fully
identify host targets of quinolones. Moreover, well-designed
clinical studies should be performed to assess the potential
immunomodulating effects of quinolones in vivo.

Both macrolides and fluoroquinolones are promised a
successful future and it appears likely that a better under-
standing of the mechanisms of interplay between the host,

pathogens and inflammatory cells will provide potential
targets for the use of drugs, including antibiotics, in chronic
inflammatory disease of the airways.

IgA production in COPD

IgA levels have been determined in bronchoalveolar lavage
(BAL) fluid and sputum of smokers with and without
COPD [91–94], but these studies are difficult to compare
because of the different methods used and the different
patient populations assessed. Despite this limitation, stand-
ard techniques used to distinguish between the molecular
forms of IgA, as well as the correction of IgA levels for 
albumin exudation, suggested that the local bronchial pro-
duction of IgA is decreased in patients with COPD [93,94].
In contrast, systemic antibody responses do not seem to be
affected in COPD [95,96]. A decrease in pIgR expression in
the bronchial epithelium was proposed as the underlying
mechanism accounting for impaired local IgA responses in
patients with COPD [97]. The decrease in pIgR content 
in COPD airways appears closely related to proteinases
(elastase, proteinase-3) released by activated neutrophils,
which can degrade this receptor and its soluble form, SC [98].
Impaired IgA responses within the airways can contribute
to further enhance neutrophil infiltration through several
mechanisms [99] and to disease pathogenesis, as supported
by the relationship between pIgR expression and lung 
function tests of airways obstruction in patients with 
severe COPD [97]. The hypothesis that pIgR deficiency
could reflect the epithelial impairment associated with an
increased risk of COPD will be tested by assessing pIgR
knockout mice for their susceptibility to develop COPD
when exposed to smoke-related toxics.

IgA response in asthma and allergy
Allergen-specific IgA antibodies have been detected in the
airways of patients with allergic rhinitis and/or asthma to
dust mite or pollens [100,101], and display different epi-
tope specificities as compared with IgE [101]. It has been
suggested that IgA contributes to eosinophil activation dur-
ing allergic reactions in the airways. Thus, IgA represents a
highly potent stimulus for eosinophil degranulation in vitro
[70,102], and correlation between the IgA response and
markers of eosinophil activation has been observed in vivo
in several studies of patients with allergic rhinitis or asthma.
In addition, SIgA complexes can inhibit the release of γ-
interferon (IFN-γ) by eosinophils triggered through CD28
[103], thereby promoting a Th2 profile. 

Despite these data suggesting IgA as a pathogenic factor

Mucosal immunity in obstructive 
airways disease
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during allergic responses, several observations indicate that
IgA can have protective roles against the development of
allergic diseases:
1 selective IgA deficiency or delayed IgA production in
childhood is a risk factor for atopy [104];
2 unlike IgE, allergen-specific IgA is detected in BAL from
healthy subjects;
3 epidemiological evidence suggests a protective role of
mucosal gut IgA production against cow’s milk allergy
[105,106];
4 intranasal treatment of mice with antigen-specific mono-
clonal IgA antibody prevented increases in bronchial
hyperresponsiveness, tissue eosinophilia, and IL-4 and IL-5
production after allergen challenge [107];
5 increases in serum IgA is observed during high-dose
allergen immunotherapy, along with IgG4, probably as a
result of the induction of TGF-β and IL-10-producing regu-
latory T cells and monocytes [108] as observed in healthy
subjects exposed to very high levels of allergen such as bee
keepers.
The IgA response could therefore be part of the normal
mucosal immune response to allergens.

Impaired first-line defence

The increased susceptibility of COPD patients to airways
colonization and infection is probably multifactorial, and
probably mainly relates to epithelial changes. First, muco-
ciliary clearance is impaired in COPD [109], probably as a
consequence of neutrophilic inflammation which increases
mucus production (mucins MUC5AC and 5B) but reduces
ciliary beating [110] and viscoelastic properties [111].
Activated neutrophils can also degrade both IgA and the
epithelial pIgR [98], leading to impaired secretory IgA
immunity. IgA normally acts within mucosal secretions by
inhibiting adherence of microbes to the epithelium and
thereby potentiates their clearance through the mucociliary
mechanisms. Mucosal IgA deficiency in COPD could thus

favour the chronic presence of pathogens at the level of the
bronchial tract. In addition, bacterial enzymes can also
cleave IgA (classically the IgA1 subclass), leading to a
vicious circle of impaired mucosal immunity and exagger-
ated inflammatory response, underlying the airway dam-
age associated with COPD. 

In asthma, mucociliary clearance is also impaired [112],
both in large and small airways, and correlates with airflow
limitation. Although mucus overproduction is observed 
in asthma, the epithelial changes are quite different than
those observed in COPD. Mucous metaplasia (and hyper-
plasia) is a classical pathological feature in COPD, reflecting
usual clinical symptoms, while epithelial denudation
and/or shedding characterizes asthma, particularly severe
stages of the disease (Table 18.2) [113].

Role of the bronchial epithelium

Beyond its role in mucociliary clearance and IgA transport,
the bronchial epithelium can actively participate in the
response to inhaled antigens and toxics through the pro-
duction of cytokines and chemokines. After appropriate
stimulation, epithelial cells can release molecules involved
in the regulation of trafficking and activation of neutrophils
(IL-8), eosinophils (IL-5, eotaxins), lymphocytes (IL-16,
TARC/CCL17) and IgA+ B cells (TECK/CCL25). In asthma,
the production of the T-cell chemokine IL-16 mainly arises
from the bronchial epithelium [114]. TARC/CCL17, along
with MDC/CCL22, is induced after segmental allergen chal-
lenge [115] and selectively attracts Th2 cells expressing
CCR4. The role of the epithelium in first-line defence mech-
anisms of the airways has been further illustrated in the
recent study by Zhu et al. [116]. They showed that asthma
epithelial cells, along with alveolar macrophages, produce
acidic chitinases putatively targeting chitin-containing
allergenic organisms such as house dust mite, cockroaches
and fungi [116]. Beyond inhibition of the growth of chitin-
containing organisms, the epithelial production of chitinases
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Asthma COPD

First-line defence
Mucociliary clearance Decreased Decreased
Secretory IgA ? Decreased*
Epithelium Denudated and activated Hyperplasia

Adaptive immunity
T-cell activation Th2 cytokines IFN-γ, CD8+ T cells?
Antibody response IgE ?
Effector cells Eosinophils, mast cells Neutrophils, macrophages

* May be increased during exacerbations of mild COPD patients.
IFN-γ, γ-interferon; IgA, immunoglobulin A; IgE, immunoglobulin E.

Table 18.2 Main changes in
defence mechanisms associated
with asthma and COPD. First-
line defence mechanisms are
profoundly affected in both
diseases, whereas adaptive
immune response to inhaled
antigens is only documented in
asthma and different effector 
cells are involved.



(which depends on IL-13) could potentiate the release of
chemokines (MCP-1, eotaxin-1) involved in the recruit-
ment of mononuclear cells and eosinophils. However, the
relevance of chitinases to asthma pathogenesis requires fur-
ther investigation. Also it remains poorly understood in
COPD and asthma whether epithelial changes represent
intrinsic changes or consequences of the ongoing airway
inflammation. It has been recently shown that C/EBP-α
deficiency characterizes asthmatic airway smooth muscle
cells [117] and may underlie increased proliferative cap-
acity [118] and shortening velocity. Interestingly, the
increased proliferative capacity of airway smooth muscle
cells in asthma appears intrinsic, as the phenotype was
maintained through multiple passages in culture [118] –
long after any inflammatory mediators present in the tissue
would have been washed away. It would be of great interest
to assess potential intrinsic changes of epithelial cells in
COPD and asthma, and determine to what extent these
changes relate to cell exposure to cigarette smoke or aller-
gens in susceptible individuals.
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CHAPTER 19

COPD and pulmonary surfactant

Carola Seifart and Bernd Muller

Normal lung function and effective gas exchange is strictly
related to an essential lung structure termed ‘pulmonary
surfactant’. This phospholipid–protein rich material lines
the inner surface of the alveoli as well as the terminal 
bronchioles. Its clinical importance became obvious when
neonatal infants died from the infant respiratory distress
syndrome (IRDS), which occurs when there is a lack of sur-
factant. In the acute respiratory distress syndrome (ARDS)
in adults, surfactant exists but is severely impaired in 
structure and function [1]. Apart from these acutely life-
threatening situations, there are inflammatory diseases in
which pulmonary surfactant is structurally and function-
ally impaired [2]. This chapter summarizes the current
knowledge of surfactant structure and function and its
potential role in COPD. 

Composition and structure of 
pulmonary surfactant

Pulmonary surfactant is synthesized in the alveoli by type II
pneumocytes, which make up only 4% of alveolar cells.
After synthesis, surfactant is secreted into the alveolar
lumen [3]. Surfactant is harvested from patients by lung
lavage procedures. Subsequent procedures exhibit its com-
plex composition of lipids and proteins. The main portion
(80.7%) consists of several species of phospholipids, which
contain 76% phosphatidylcholine. Other components are
cholesterol (5.6%), glycerol (6.7%), free fatty acids (1.6%)
and surfactant associated proteins (5.4%) (Fig. 19.1). The
proteins found in pulmonary surfactant are hydrophilic
(surfactant proteins A and D, SP-A, SP-D) and hydrophobic
(surfactant proteins B and C, SP-B, SP-C).

The structure of surfactant varies. Within type II cells

Composition, structure and function of
the surfactant system

pulmonary surfactant occurs as a lamellated structure
(lamellar bodies). Upon its secretion into the hypophase of
the alveolar lumen the structure is converted into tubular
myelin and finally into a monolayer at the air–liquid inter-
face (Fig. 19.2). Only correct composition and structure
guarantees normal function in the lung.

Biophysical function and homoeostasis 
of surfactant

The most prominent surfactant function became obvious
from studies of neonates with IRDS, who lack surfactant
and as consequence show atelectasis. This observation 
was followed by biophysical studies revealing the potential
of surfactants to prevent the distal lung from collapse.
However, a prerequisite for this is normal surfactant com-
position and the ability to adsorb at the air–liquid interface
of the alveoli. This is achieved by the hydrophobicity of the
phospholipids and their interaction with SP-B and SP-C.
Once the surfactant film is formed it reduces surface ten-
sion and prevents collapse of the alveoli and distal airways,
keeping the lung open at low lung volume and preserves
bronchiolar patency during normal and forced respiration
[4].

From the hydrophilic surfactant proteins, SP-A is con-
sidered to be a modulator of surfactant homoeostasis. After
its secretion from type II pneumocytes it prevents these cells,
at least in vitro, from secreting surfactant phospholipids. 
It also stimulates type II cells to internalize phospholipids
from the alveolar space. These functions regulate the
amount of alveolar surfactant [5].

Surfactant in pulmonary defence

In the last decade, SP-A and SP-D became of interest for
lung innate immunobiology [6]. Both hydrophilic proteins
are multimeric complexes belonging to type C lectins (syn.
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collectins). Of all structural elements the carbohydrate
recognition domain (CRD) is the most important because 
of its binding to carbohydrate residues of pathogens and
allergens.

It was seen from in vitro studies that SP-A is involved 
in innate immunity. It was shown that SP-A stimulated
phagocytosis of alveolar macrophages and accelerated
superoxide anion production. Additionally, SP-A opsonized
a number of pathogens. These data clearly suggest the
involvement of SP-A in first-line defence of the lung. 
SP-D is involved in stimulation of phagocytosis and respir-
atory burst, and serves as opsonin for several pathogens.
Recently, the antimicrobial capacity of both collectins was
described [7]. A number of in vitro data were confirmed by
in vivo studies using surfactant protein knockout mice. It
was shown that individuals lacking SP-A and SP-D had a
higher risk of infection, whereby the immune reaction
depends on the type of pathogen [8]. However, surfactant
has a role in general immunomodulatory mechanisms 
of the lung. Inflammatory cytokines that are involved in
airway inflammation, such as tumour necrosis factor α
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(TNF-α) and interleukin 1β (IL-1β), are capable of inducing
nuclear factor-κB (NF-κB), a ubiquitous transcription 
factor. By suppressing the activity of NF-κB, surfactant 
provides inhibitory effects on pro-inflammatory cytokine
production, a mechanism that is important in disease
pathogenesis of inflammatory airway diseases such as
asthma and COPD [9].

There are an increasing number of studies on SP-A and
SP-D that suggest the involvement of these collectins in
acquired immunity of the lung [10–15]. So far, known
functions in acquired immunity are binding to pollen and
allergens, suppression of histamine release and suppression
of T-cell proliferation and immune reaction after allergen
challenge. Whereas expression of the collectins in immune
response to allergens from pathogenic microorganisms
show both increased and reduced levels of SP-A and SP-D,
there is an increase of both proteins after ovalbumin 
challenge.

Surfactant in lung injury

Data on surfactant structure and function in injured lungs
have mostly been obtained from inhalation studies with
oxidants. Influx of inflammatory cells into the alveolar
lumen is a general observation. In addition, the alveoli are
flooded with serum proteins that inactivate the surface
activity of surfactant. Lung injury caused by inhalation of
deleterious agents can also directly impair the surfactant
components such as phospholipids and proteins. The under-
lying mechanism is mostly oxidation of the components,
resulting in reduced surface tension lowering capacity.

In addition to other physiological functions that may be of
importance in airway obstruction (Fig. 19.3), pulmonary
surfactant is essential for normal lung function. Surfactant
proteins are part of the innate and adaptive immune system
of the lung. Thus, the surfactant system may be involved 
in the regulation of inflammation in the lung and in the
development and progression of COPD. However, current
knowledge of the biology, function, potential dysfunction
and alteration of the surfactant system in COPD are limited.

Cigarette smoke-induced alteration of the
surfactant system

Cigarette smoking is the main single risk factor for the
development of COPD. Therefore, the influence of cigarette
smoke on the surfactant system was evaluated in order to

Pathophysiology, alteration and
importance of the surfactant system 
in COPD

establish the potential importance of surfactant in the
development or progression of COPD. Several studies pro-
vided evidence for a disturbed surfactant system in smoking
individuals, as cigarette smoke was demonstrated to alter
surfactant composition and activity, as well as reduce the
elastic recoil pressure of the lungs [16–18]. 

Early in surfactant research, a rise of surface tension was
observed in endobronchial washings of long-term cigarette
smokers [19], and in human emphysematous lung tissue
specimens [20]. Nevertheless, conflicting data exist with
regard to the content of phospholipids in bronchoalveolar
lavage (BAL) from smokers, the main component of pul-
monary surfactant that provides surface tension lowering
properties. In some studies, no differences in total phospho-
lipid content in BAL between smokers and non-smokers
were found [21–23], while others described significantly
reduced [24,25] or increased phospholipid content [26] 
in BAL of smokers. However, there are consistent findings
concerning altered phospholipid composition in BAL of
smokers [22,26–28]. Furthermore, cigarette smoke-treated
medium inhibited stimulated phospholipid secretion in 
a dose- and time-dependent fashion in cultured type II
pneumocytes, while basal secretion remained unaffected
[29]. Figure 19.4 summarizes the known effects induced by
cigarette smoke on the surfactant system.

Additionally, studies of surfactant-specific protein con-
tent emphasize the role of surfactant in the pathogenesis 
of cigarette smoke-related disease. The content of SP-A 
and SP-D, both important components of the first-line 
host defence of the lung, were shown to be significantly
decreased in BAL of smokers [21,23]. SP-B, an important
modulator of physical surfactant function, was also shown
to be significantly reduced in BAL of rats chronically
exposed to cigarette smoke, while SP-A and SP-B lung 
tissue protein and mRNA levels remained unchanged [30].
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The underlying mechanisms resulting in altered
(reduced?) surfactant phospholipid and protein content in
BAL of smokers have not yet been clarified, but may be
related to the increased number of alveolar macrophages 
in smokers’ lung tissue and consecutive increased phago-
cytosis of surfactant material [24,31] and/or alveolo-
capillary leakage induced by cigarette smoke.

Interestingly, in a model analysing the influence of sur-
face tension and intraluminal fluid on the mechanics of
small airways, the area of air–liquid interface decreased 
if the amount of intraluminal fluid was > 2%, whereby 
surface tension contributed to airway compression [32]. It
was concluded that instability of small airways is correlated
to intraluminal fluid and surface tension.

Pulmonary surfactant in emphysema

Pulmonary emphysema is a feature of COPD showing pro-
gressive destruction of alveolar structures. An imbalance 
of proteases (e.g. neutrophil elastase) and antiproteases
seem to be of distinct importance in disease pathogenesis.
On the one hand, neutrophil elastase is capable of cleaving
surfactant specific proteins, the modulators of surfactant
homoeostasis. These altered surfactant proteins have been
shown to affect surfactant function by reducing the adsorp-
tion rate of surfactant lipids at the air–liquid interface [33].
On the other hand, protective effects of exogenous surfac-
tant with respect to elastase-induced emphysema in vivo
were demonstrated, as administration of surfactant in the
first 4 days after elastase instillation resulted in significantly
reduced enlargement of airspace [34].

Additionally, morphological studies indicate a role for
pulmonary surfactant in emphysema. Synthesis and secre-
tion of surfactant is a main function of type II pneumocytes.
The number of these cells is significantly reduced in pati-
ents with emphysema [35]. As the evaluated patients had

already been diagnosed with established disease, it is 
not clear if the limited number of type II cells could also 
be observed early in the disease process. Nevertheless, 
it was postulated that the reduced number of type II cells
may result in decreased surfactant synthesis or secretion.
This could be of distinct importance under certain cir-
cumstances, such as in chronic cigarette smoke exposure
known to induce increased elastase activity in lung tissue,
where undisturbed surfactant function and composition
are needed to serve as a protective screen. 

Lessons learned from gene-targeted mice

Direct evidence for the hypothesis that the surfactant 
system is relevant for the development of COPD has been
obtained in studies of gene-targeted mice. Targeted ablation
of SP-D in mice resulted in chronic inflammation, emphy-
sema and fibrosis of the lungs (Fig. 19.5) [36]. Homozygous
SP-D knockout mice exhibit increased metalloproteinase
(MMP) activity in BAL (MMP-2 and MMP-9) and in 
alveolar macrophages (MMP-9 and MMP-12). Furthermore,
hydrogen peroxide production by isolated alveolar macro-
phages was significantly increased.

Cigarette smoke induces alveolar macrophage apoptosis
in vitro [37] and in vivo [38] in a dose-dependent fashion, in
particular in smokers with emphysema [39]. As apoptotic
cells lining the airways may promote ongoing airway
inflammation and lung tissue destruction, accumulation 
of apoptotic macrophages and consecutive enhanced 
alveolar wall cell turnover were postulated to be of distinct 
importance in COPD and emphysema [39,40]. Necrotic 
and apoptotic alveolar macrophages were five- to 10-fold
increased in SP-D deficient mice. Treatment with recombi-
nant SP-D resulted in reduced accumulation of apoptotic
macrophages, suggesting a specific role for SP-D in promot-
ing clearance of apoptotic cells from the lungs [41].
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Gene-targeted mice of both SP-A and SP-B show 
pathophysiological alterations similar to those observed in
patients with COPD. SP-A is involved in immunomodula-
tion and inflammation control of the lung. SP-A knockout
mice are deficient in clearing bacteria from their lungs [42];
thus, it was postulated that SP-A deficiency correlates with
a higher risk for pulmonary infections. SP-B is essential for
maintaining undisturbed physical function of the surfac-
tant system [43] and normal lung function. Homozygous
SP-B (−/−) knockout mice [44] die shortly after birth and
heterozygous SP-B (+/−) mice exhibit decreased lung com-
pliance and increased residual lung volume [45], as well as
higher susceptibility to oxidant lung injury [46]. Currently,
the exact correlation between surfactant specific proteins
and COPD disease development or progression needs to be
further elucidated. However, the data suggest that SP-A,
SP-B and especially SP-D are relevant for the development
and progression of COPD.

Genetic background

Current studies concerning the genetic background of
patients with COPD provide novel insights and emphasize 
a potential correlation of altered surfactant composition
and function with the disease. Genetic heterogeneity of 
the surfactant protein genes could result in different 
concentrations of surfactant proteins in the lung [47],
directly influencing protein and surfactant functions. In the
gene–environment context of the disease, the surfactant
protein genotype may influence airway defence systems,
resulting in altered risk to developing respiratory infec-
tions, and in turn to different susceptibility to COPD, or be
correlated to other mechanisms associated with higher 
susceptibility to COPD.

The SP-A and SP-D genes have been mapped to human
chromosome 10q21-q24. Two functional genes, SP-A1 and
SP-A2, have been described, with four SP-A1 (6A, 6A2, 6A3,
6A4) and six SP-A2 (1A, 1A0, 1A1, 1A2, 1A3, 1A5) alleles found
in more than 1% in the population and several others in
less than 1% (6A6−8, 6A10, 6A12−15; 1A6, 1A9, 1A10, 1A12, 1A14,
1A15). Functional human SP-A consists of products of both
SP-A genes at a ratio of 2 : 1 (SP-A1 : SP-A2). Quantitative
and functional differences of the SP-A alleles have been
demonstrated, such as different carbohydrate-binding char-
acteristics and TNF stimulatory capacities [48,49].

For SP-D, three biallelic polymorphisms are known. Each
one is localized in the amino-terminal part (Met11Thr), in the
collagenous domain (Ala160Thr) and in the carbohydrate
recognition domain (Ser270Thr). Four polymorphisms in
the SP-B gene (−18(A/C), 1013 (A/C), 1580 (C/T) and 9306
(A/G)) and one large intron variation had been described.

Several studies show associations of these surfactant pro-
tein polymorphisms with pulmonary disease. Associations
with infectious diseases were demonstrated for SP-A2 : 1A3,
SP-A1 : 6A4 and SP-D 11_C, which seems to be associated
with higher risk for tuberculosis in a Mexican population
[50]. SP-A2 : 1A3, SNP AA223_A and SP-D 11_T were signi-
ficantly increased, while SP-A2 : 1A seemed to be protective
in infants with severe respiratory syncytial virus (RSV)
infection [51]. In COPD patients from Mexico, several 
surfactant protein polymorphisms have been found, with
significantly higher frequencies in the COPD group com-
pared with healthy smokers: one SP-A (AA62_A) and two
SP-B alleles (B1580_C/D2S3388_5) [52]. The association of
the SP-I3 polymorphism B158Ø-C (SFTPBThrl3lSie) with
the presence of COPD was replicated in the Boston Early-
Onset Study [53]. Another large SP-B gene variation was
associated with acute respiratory failure in COPD [54].

Exogenous surfactant application in COPD

Exogenous surfactant application is used routinely and 
successful in IRDS. However, data concerning surfactant
application in patients with COPD are rare. One clinical 
surfactant treatment study suggests that aerosolized sur-
factant may improve mucociliary clearance and lung func-
tion in patients with stable chronic bronchitis [55]. In two 
studies, patients with acute asthma attacks and mild air-
flow limitation, respectively, were treated. These revealed
an improvement of lung function parameters (FEV1, FVC,
PaO2) in acute asthma, but not in patients with mild airflow
limitation [56,57]. One case report describes successful sur-
factant application in a patient with severe exacerbation in
COPD requiring mechanical ventilation [58].

Recombinant surfactant protein D therapy has recently
become available. Interestingly, nasal application of recom-
binant SP-D was shown to reduce chronic inflammation
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and accumulation of apoptotic macrophages in SP-D defi-
cient mice [41].

Pulmonary surfactant lines the inner surface of the lung
and is essential for normal lung function, airway stability,
airway inflammation control and in first-line host defence
of the lungs. Several studies emphasize the potential import-
ance of pulmonary surfactant in smoking-related diseases,
such as COPD. Direct evidence for a relation between dis-
turbed surfactant and COPD comes from studies evaluating
gene-targeted mice.

It is known that disturbed surfactant function or com-
position contribute to small airway closure, as well as to an
increased risk for recurrent and prolonged airway infections
and altered mucociliary clearance; mechanisms that are
thought to be of central importance for the development
and progression of COPD. Nonetheless, many questions
remain, including the usefulness of surfactant application
in severe COPD, the significance of genetic heterogeneity of
the surfactant system and the importance of surfactant
components in host defence and repair mechanisms.
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CHAPTER 20

The macrophage and its role in 
the pathogenesis of COPD

Kellie R. Jones and Jordan P. Metcalf

Through its release of elastase and destruction of con-
nective tissue, the neutrophil has traditionally been viewed
as the principal inflammatory cell involved in the patho-
genesis of chronic obstructive pulmonary disease (COPD).
However, a series of elegant studies involving clinical 
science, cell biology and genetic manipulations have 
broadened the narrow and simplistic view of this complex
disorder. Through these investigations, it is now under-
stood that the action of many cells, including cells of the
haematopoietic system as well as those of other origins,
likely have a role in the development of COPD. With
regards to haematopoietic cells, there is overwhelming 
evidence that the macrophage both directly and indirectly
participates in disordered inflammation, which leads to the
tissue destruction seen in patients with emphysema.

The purpose of this chapter is to familiarize the reader
with the macrophage and its role in the pathogenesis of
COPD. Although other types of lung macrophages are 
discussed, the focus is on the alveolar macrophage. This 
is partially of necessity, as the limits of technology have
made the cell most accessible to the bronchoscope, the 
alveolar macrophage, the one for which the most data
exists. First, the phylogeny of the lung macrophage is dis-
cussed. The increased density of macrophages in patients
with the clinical diagnosis of COPD and in healthy smokers
is the simplest evidence of the importance of this cell type. 
The data demonstrating this increased density and the
mechanisms responsible for this finding is reviewed. Then,
information demonstrating the importance of elastolytic
products of the macrophage in COPD is covered. Finally,
evidence demonstrating macrophage activation in COPD
results in oxidant production and release of cytokines is 
discussed.

The cellular origin of alveolar macrophage precursors is
ultimately pluripotent stem cells residing in the bone 
marrow. This is supported by the demonstration of donor
macrophages repopulating the alveoli in bone marrow
transplant recipients [1]. Landmark studies from the 1970s
confirmed that a large component of the stable alveolar
macrophage population originates directly from infiltrating
bone marrow-derived monocyte/macrophages [2]. More
recent studies have shown that a small proportion of alveo-
lar macrophages do not arise directly from the peripheral
blood monocytes, but instead are the result of replication 
of a local population of more mature cells of monocyte/
macrophage lineage. In leukaemic patients with prolonged
monocytopenia, normal numbers of alveolar macrophages
are present [3]. Approximately 0.5% of macrophages from
normal subjects can synthesize DNA, and presumably can
replicate. This amount can increase fourfold in patients who
smoke or have pulmonary inflammatory conditions [4].

The pluripotent stem cell becomes committed to the
monoblast cell line, with the final step of differentiation
resulting in the macrophage (Fig. 20.1) [5,6]. The macro-
phage reaches the lung through the blood stream, and then
migrates to various lung compartments. Approximately
15% of monocytes in the circulation ultimately become
pulmonary macrophages. Pulmonary macrophages consist
of three types: airway, interstitial and alveolar.

An additional cell considered to be related to the
macrophage, although it appears to branch early from the
monocyte differentiation pathway, is the dendritic cell. This
cell resides in many of the same regions as the macrophage,
as well as the bronchial-associated lymphoid tissue and 
the mediastinal lymph nodes. When found in the alveolar

Origin and classification of the 
lung macrophage
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compartment, these cells reside at or below the epithelium.
Relative to macrophages, these cells are more effective at
antigen presentation, but less effective at phagocytosis
[2,7,8]. Thus, they appear to potentiate T-cell activation in
the lung, playing a part in the connection between the
innate and the adaptive immune systems. In terms of their
role in innate immunity, dendritic cells, as well as alveolar
macrophages and polymorphonuclear leukocytes (PMNs),
have pattern-recognition receptors. These receptors bind 
to molecular structures that are basic to different microbes,
in order to provide an immediate cellular response. This
allows the cells of the innate immune system to begin
phagocytosis, release cytokines or upregulate cell receptors,
depending on which cellular signalling is activated [9]. The
dendritic cell is not discussed in further depth in this chapter.

Another potential macrophage population is the pulmon-
ary intravascular macrophage (PIM). Although plentiful in
lower animals, in the normal human lung there are likely
few PIMs but increasing evidence suggests that they are
induced during inflammation [10].

With regards to macrophages that reside in the tracheo-
bronchial tree, the alveolar macrophage dwells at the 
surface of the alveoli, while airway macrophages are in 
the final generations of respiratory bronchioles [6]. For all

practical purposes, there are no absolute physiological 
differences in the function of airway and alveolar macro-
phages. Alveolar macrophages are most often investigated
in the role of emphysema. There is evidence of relative 
differences between these populations as the initial aliquots
of bronchoalveolar fluid, which should be enriched for 
airway macrophages, contain larger and less active macro-
phages than subsequent aliquots. It would be expected 
that these later aliquots should consist of primarily 
alveolar macrophages [11]. This finding, of two distinct
lavage macrophage populations, has been contested [12].
Because of their more proximal anatomical location, air-
way macrophages may be more important than alveolar
macrophages in killing of bacteria and reaction to other 
foreign materials that are inhaled or aspirated. Also, the 
airway macrophage is an intrinsic part of the mucociliary
transport system, a process, which when disrupted, may
have a role in the pathogenesis of COPD [4].

The alveolar macrophage (Fig. 20.2 [13]) originates
directly from either local proliferation of pulmonary macro-
phages or from differentiation of infiltrating bone-marrow-
derived blood monocytes [14–19]. Typical bronchoalveolar
lavage (BAL) from non-smokers recovers 1 × 107 total cells
[20]. These cells are predominantly macrophages, typically
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90–95% of the total cell number. Animal models have
revealed a life span of the alveolar macrophage of approxim-
ately 3–4 weeks [21]. From work carried out on human
bone marrow transplant recipients, the life span appears to
be between 27 days [2] and several months [1]. Within an
alveolus of the normal lung, there exists approximately
50–70 inflammatory cells. Approximately 80% of these
cells are macrophages [22].

Interstitial macrophages are monocyte-derived cells that
reside between the pulmonary vasculature and the airway.
They are viewed as precursors to the alveolar macrophage,
but differ in some respects from their alveolar counterparts.
These cells are somewhat difficult to study, because they
require special techniques to harvest, and because pre-
parations are frequently contaminated by residual alveolar
macrophages. Likely because of these problems, estimates
of relative number of interstitial macrophages to alveolar
macrophages range widely, even within studies [23,24].
Recent studies in animals and human tissue show inter-
stitial macrophages are smaller than alveolar macrophages
and are not as proficient at phagocytosis or oxidant produc-
tion [23,25,26]. In contrast, these cells are better at antigen
presentation than alveolar macrophages [27]. As precursors
to alveolar macrophages, and in their role in antigen pre-
sentation, they likely play a similar part in the pathogenesis
of COPD, although this has not been thoroughly studied.

The simplest and earliest evidence suggesting the role of the
macrophage in the pathophysiology of COPD was the con-
sistent finding that macrophage numbers are increased in

Increased macrophage density in 
the lung in COPD

the lower respiratory tract of smokers and patients with
COPD. The following section attempts to review these data.
The mechanisms for the increased macrophage density in
COPD is also discussed.

There are several methods to investigate the cellular com-
position of the lung parenchyma, including the alveolus.
The most frequently used means have been bronchoalveo-
lar lavage, transbronchial biopsies and sputum (induced or
spontaneous).

The primary technique to quantify cellularity in the distal
airways is BAL. In normal BAL specimens, macrophages
are the predominant cells [20]. In an early study to evaluate
BAL as a means of comparison of controls with affected
patients, a series of non-smokers were evaluated by
Merchant et al. [28]. The lower respiratory tract cellullarity
of 111 volunteers who had never smoked and who had no
evidence of respiratory disease or significant toxin exposure
was compared by BAL. All of the lavage cell counts revealed
a majority of macrophages, with only 3.6% of patients 
having less than 80% macrophages [28]. In an additional
group of 19 healthy smokers, total cell counts, as well as 
the percentage of macrophages and lymphocytes, were
increased when compared with the non-smokers [28].

In an additional study by Thompson et al. [29], both 
the initial lavage aliquots and distal aliquots, representing
bronchial and distal airway samples respectively, were
compared in patients with chronic bronchitis with a history
of smoking, asymptomatic smokers and controls. Concen-
trations of cells in the lavage aliquots was also adjusted to
estimate their actual concentration in the fluid lining the
airways (epithelial lining fluid, ELF) using lavage urea level
to correct for sample dilution. Subjects with chronic bron-
chitis had significantly greater numbers and concentration
of cells in the bronchial BAL fluid and estimated bronchial
ELF when compared with the other patient populations.
There was no increase in the bronchial lavage or bronchial
ELF macrophage concentrations, although neutrophil con-
centrations were increased. In the alveolar sample, only
asymptomatic smokers had increased concentrations of
macrophages in the raw lavage samples, but both smoking
groups had increased macrophage concentrations as deter-
mined in the ELF [29]. Thus, both studies suggest that, at
least in the distal airway, macrophage density is increased
in smokers.

Bronchial biopsies have also been used to evaluate 
lower respiratory tract cellularity. In a study comparing 
10 smokers with chronic bronchitis with six non-smokers,
macrophages and T lymphocytes were significantly in-
creased in the patients with chronic bronchitis. Cells that
indicated lymphocytic activation (CD25+ cells) were also
increased in the affected patients, although it could not 
be determined that this increased lymphocyte number and
activation status was attributable to macrophages. CD4 
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Figure 20.2 The alveolar macrophage. (From Fraser [13] with
permission.) Lysosomes denoted by arrows (× 8500).



and CD8 cells were not significantly different between the
patient groups [30].

Evaluation of sputum has also been used to evaluated
lung cellularity in patients with COPD. In patients with
COPD, Domagala-Kulawik et al. [31] compared sputum
samples from current smokers with those from a group of
patients who had quit smoking for at least 1 year. There was
no difference in cell count, including macrophage quantity,
in the two patient sets. The macrophages present were sub-
jected to further scrutiny, with subtypes expressing CD11b,
CD14, CD54 and CD71 identified. This confirmed that the
cells present in induced sputum were of similar phenotype
to macrophages recovered in other studies by BAL. The 
distribution of these macrophage subtypes was also studied
and revealed no difference between current and former
smokers [31]. These data indicate that smoking cessation
does not rapidly normalize cellular constituents in induced
sputum samples.

Healthy smokers, smokers with COPD and ex-smokers
with COPD have increased numbers of macrophages in the
lower respiratory tract. There are three likely mechanisms
that could be responsible for this phenomenon. First,
increased numbers of macrophage precursors could be
recruited to the lung. Second, local proliferation of macro-
phage precursors could be increased. Finally, the life span
of terminally differentiated macrophages already present in
the lung could be increased. A discussion follows of how
each of these mechanisms contributes to the increased 
density in the lower respiratory tract of patients with COPD.

Enhanced recruitment of macrophages in COPD

Recruitment of macrophages is generally thought to be the
primary mechanism responsible for increased macrophage
density in the lung. Recruitment occurs through a subset of
cytokines known as chemotactic cytokines or chemokines.
Generally, cytokines in the lung are important mediators 
of cellular signalling. They are also referred to as peptide
growth factors or biological response modifiers [32]. These
proteins typically affect cells in close proximity, at relatively
low concentrations.

There is evidence that enhanced recruitment of mono-
cytes contributes to the increased macrophage density in
the lung of patients with COPD. Koyama et al. [33] com-
pared the monocyte chemotactic activity in BAL fluid
(BALF) from 15 smokers with 16 non-smokers. They found
enhanced monocyte chemotactic activity in the BALF of
smokers. This activity correlated with BALF macrophage

Mechanisms responsible for increased
macrophage density in the lung in COPD

numbers and several physiological markers of lung function
decline including forced expiratory volume in 1 s (FEV1)
and diffusion capacity for carbon monoxide (DLCO) [33].
Hoogsteden et al. [34] showed that BALF from smokers 
has higher percentages of alveolar macrophages with
monocyte-like morphology, which suggests recent recruit-
ment. There are several cytokines with known monocyte
chemotactic activity including tumour necrosis factor α
(TNF-α), transforming growth factor β (TGF-β) and monocyte
chemoattractant protein-1 (MCP-1) that are increased in
tissue or BALF of smokers or patients with COPD [35–38].

These data are supported by in vitro studies. Smoke extract
stimulates both lung fibroblasts and bronchial epithelial
cells to release monocyte chemotaxins in response to
cigarette smoke extract [39,40]. Furthermore, degradation
products of the basement-membrane proteins collagen 
and elastin, which are formed during the lung destruction
seen in emphysema, are chemotactic for monocytes and
macrophages [41,42].

Increased macrophage replication in COPD

In the normal lung, the replication of the macrophage 
is nominal. In experiments with alveolar macrophages
labelled with 3H-thymidine, the pulmonary alveolar macro-
phage was found to have minimal division. This supported
the theory that, in the steady state of the normal lung,
maintenance of the alveolar macrophage population is by
cellular migration from peripheral blood [2].

In contrast, inflammation clearly alters macrophage
kinetics. One of the first studies showing this occurred was
carried out by van Oud Alblas et al. [14], who demonstrated
that exposure of mice to bacillus Calmette–Guerin (BCG)
increased the replicating macrophage population to six
times the usual number, with peak induction at 72 h after
exposure. Of specific relevance to the current discussion, in
a human study comparing non-smokers with both smokers
and patients with chronic inflammatory lung disease,
macrophage replication was quadrupled in smokers, and
further increased in the subset of patients with inflam-
matory lung disease. Interestingly, only 5 pack-years of
cigarette smoke exposure was required to cause significant
elevation in the actively dividing macrophage population
[4]. The division of macrophages serves to continue
increasing the total number of macrophages after the initial
influx triggered by cytokines. Thus, increased macrophage
replication from both resident and recruited macrophages
contributes to the increased macrophage density seen in
COPD.

Increased macrophage survival in COPD

Macrophage half-life is limited by programmed cell death,
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or apoptosis. There is evidence that this process is inhibited
in patients with COPD. This prolongs macrophage survival,
which at baseline is already longer than other inflamma-
tory cells such as neutrophils and eosinophils. In smokers,
the antiapoptotic protein Bcl-Xl is increased, potentially
delaying the turnover of macrophages in the alveoli [43].
Additionally, interleukin 4 (IL-4), which is increased in
smokers, significantly decreases the amount of TNF-α induced
apoptosis in the monocyte/macrophage [44]. Another
cytokine upregulated in COPD, macrophage-inhibiting factor,
also delays apoptosis [45]. This occurs by suppression of
p53 dependent apoptosis.

Thus, many different mediators are likely to be respons-
ible for delaying macrophage death in smokers and patients
with COPD. The net effect contributes to the increased
macrophage burden in the lower respiratory tract in pati-
ents with this disorder.

Alveolar macrophages are the most numerous resident
phagocytic cells in the lower respiratory tract in normal
adults, and these cells have a variety of responses to 
infectious pathogens and foreign materials. Not only do
macrophages remove soluble materials from the lung via
fluid-phase pinocytosis, they also engulf infectious agents
and particulate debris by phagocytosis. In their housekeep-
ing role, they are armed with various elastases to facilitate
breakdown of tissue debris. They also respond to stimuli by
producing oxidants that interfere with infecting organisms,
and cytokines to activate other components of the immune
system.

Although these products are designed primarily to deal
with pathogens, toxins or damaged tissue, they may, of
course, damage normal lung components, and participate
in the pathogenesis of emphysema. 

Elastases

Elastin is usually a relatively insoluble protein component
of the infrastructure of the lung. The idea that emphysema
was caused by proteolysis was confirmed by induction 
of pathology by various proteases in animal models.
Previously, several theories had been proposed to explain
the pathogenesis of emphysema. These included the
mechanical theory, which explains the airway damage as
being caused by expiratory obstruction. The expiratory obs-
truction was explained by air trapping during bronchiole
obstruction, leading to overdistention. The ischaemic
explanation attempted to explain the disappearance of lung
capillaries [46]. These theories have become less popular
with the discovery that direct application of elastases to the

Macrophage activation in COPD

lung causes emphysema. Animals that received papain 
(a plant protease with elastolytic action) intratracheally
uniformly develop emphysema. The effect of papain on the
development of experimental emphysema is specifically
caused by its elastolytic properties, as other proteases such
as collagenase and trypsin have not been shown to induce
emphysema [47].

Another protease with elastolytic properties, pancreatic
elastase, has also been demonstrated to cause emphysema
in animal models. When pancreatic elastase was admin-
istered to hamsters, the animals were found to have a 
reduction of total elastin by two-thirds. New connective tis-
sue was synthesized, and the elastin and collagen amounts
normalized within weeks [45]. When living alveolar
macrophages were cultured with elastin, the macrophages
demonstrated significant elastolytic properties within 24 h
of culture. The elastolytic process could also be predomin-
antly inhibited by the addition of cysteine proteinase
inhibitors, and therefore was likely a result of the cysteine
proteases cathepsin G and L [48]. Proteases may interact, 
as when trypsin or chymotrypsin was given 24 h after 
pancreatic elastase; the resultant emphysema was more
severe than in animals receiving elastase alone [49]. In
additional studies, both activated and inactivated radio-
labelled porcine pancreatic elastase was administered 
intratracheally to hamsters. Only the animals that received
the activated enzyme were found to have emphysema [50],
showing that active protease activity was necessary for the
development of emphysema. 

A human phenotypic correlate for the elastase–
antielastase theory was found when it was discovered that
some patients with premature emphysema had decreased
serum levels of α1-antitrypsin [51]. Subsequent studies
supported the role of this protein in maintenance of the
elastase–antielastase balance in the lung. Furthermore,
data now suggest that a subset of patients with mild COPD
and α1-antitrypsin deficiency benefits from supplementa-
tion [52]. This is the ultimate proof-of-concept model for
the elastase–antielastase theory.

Historically, the focus on elastolytic enzymes in COPD
has been on elastolytic products of the neutrophil, and thus
neutrophils were viewed as the ‘first responder’ in COPD.
This view was supported by animal studies showing that
neutrophil elastase induced emphysema, and human 
studies showing, for example, correlation of neutrophil
number in BALF with the amount of airway obstruction
and smoking history [29].

In contrast, for many years the role of the macrophage 
in disrupting normal lung architecture through digestion of
elastin was questioned. More recently, however, through
the work of Shapiro and others, the macrophage is now 
recognized as an important source of enzymes involved in
the pathogenesis of emphysema.
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Products of the macrophage that are thought to particip-
ate in the pathogenesis of emphysema include the matrix
metalloproteinases (Table 20.1 [53]) and tissue inhibitors 
of metalloproteinases (TIMPs). The first indication that an
enzyme with elastolytic properties existed in macrophages
were experiments by Werb and Gordon [54] demonstrating
elastin degradation by mouse macrophage-conditioned
media. Inhibition of this activity by chelators showed that it
was caused by a metalloproteinase. The proteinase was first
isolated in mice [55], and a human homologue was shown
to be capable of degrading elastin as well as all basement-
membrane components [56].

This human analogue of the mouse macrophage elastase,

also termed matrix metalloproteinase-12 (MMP-12) has
very similar biochemical properties, and was sequenced in
1993 [56]. Human MMP-12 is produced as a 54-kDa pro-
enzyme which is activated by amino terminal cleavage and
by COOH-terminal domain processing to a 22-kDa mature
species. The COOH terminal domain appears to be import-
ant for substrate binding with the inhibitors. This complex
processing creates an active elastolytic product, and a site
for regulation of the elastolytic process by binding of
inhibitors [56].

The matrix metalloproteinases are an ever-expanding
family of active enzymes, with currently 20 recognized
members. Prior to identification and classification of the
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Table 20.1 Matrix metalloprotease nomenclature. (From Kadoglou and Liapis [53] with permission.)

MMPs Enzyme Substrates

Collagenases
MMP-1 Collagenase-1 Collagens (I, II, III, VII, VIII, X), gelatin, proteoglycans, MMP-2, MMP-9

(interstitial collagenase)
MMP-8 Collagenase-2 Collagens (I, II, III, V, VII, VIII, X), gelatin, proteoglycans

(neutrophil collagenase)
MMP-13 Collagenase-3 Collagens (I, II, III, IV, IX, X, XIV), gelatin, MMP-9 
MMP-18 Collagenase-4 Not determined

(Xenopus collagenase)

Gelatinases
MMP-2 Gelatinase A Gelatin, collagens (I, IV, V, VII, X, XI, XIV), elastin, fibronectin, laminin, MMP-1, 

MMP-9, MMP-13
MMP-9 Gelatinase B Gelatin, collagens (IV, V, VII, X, XIV), elastin, fibronectin, plasminogen

Stromelysins
MMP-3 Stromelysin-1 Collagens (III, IV, V, IX, X), gelatin, fibronectin, laminin, MMP-1, MMP-7, 

MMP-8, MMP-9, MMP-13
MMP-10 Stromelysin-2 Collagens (III, IV, V), gelatin, casein, MMP-1, MMP-8
MMP-11 Stromelysin-3 Gelatin, collagen IV, fibronectin, casein, proteoglycans

Matrilysins
MMP-7 Matrilysin-1 Collagens (IV, X), gelatin, fibronectin, laminin, MMP-1, MMP-2, MMP-9, 

MMP-9/TIMP-1 complex
MMP-26 Matrilysin-2 Collagen IV, fibronectin, gelatin, proMMP-9, fibrinogen

Membrane type
MMP-14 MT1-MMP Collagens (I, II, III), gelatin, casein, elastin, fibronectin, 

laminin, MMP-2, MMP-13
MMP-15 MT2-MMP Gelatin, fibronectin, laminin, MMP-2
MMP-16 MT3-MMP Collagen III, gelatin, casein, fibronectin, MMP-2
MMP-17 MT4-MMP Gelatin, proMMP-2
MMP-24 MT5-MMP Proteoglycans, proMMP-2, collagen I, gelatin, fibronectin, laminin
MMP-25 MT6-MMP Collagen IV, proMMP-8, proMMP-9

Other MMPs
MMP-12 Macrophage metalloelastase Collagen IV, gelatin, elastin, fibronectin, casein, fibrinogen, plasminogen, MMP-2
MMP-19, 20 – Aggrecan, cartilage oligomeric matrix protein

MMP, matrix metalloproteinases; MT, membrane type; TIMP, tissue inhibitor of metalloproteinase.



numerous MMPs, knockout mice were created that did not
have macrophage elastase (MMP-12). In normal MMP-12
+/+ mice, exposure of mice to 6 months of cigarette smoke
resulted in emphysematous changes similar to that seen in
mice with pulmonary instillation with neutrophil elastase.
Smoke exposure also caused upregulation of MMP-12 
in alveolar macrophages as determined by immunohisto-
chemistry. Despite chronic exposure to cigarette smoke, 
the MMP-12 −/− animals did not develop emphysema.
Even when MCP-1, a monocyte chemoattractant, was intro-
duced to equalize the number of macrophages present in
both control and MMP-12 −/− mice, MMP-12 −/− mice did
not development emphysema. On the other hand, treat-
ment of MMP-12 +/+ smoke-exposed mice with MCP-1
further enhanced the development of emphysema [57]. 

There are additional MMPs produced by macrophages
that may contribute to the pathogenesis of emphysema.
The presence and activity of gelatinase A (MMP-2) and
gelatinase B (MMP-9) are significantly increased in patients
with COPD (as defined by spirometry) [58]. Macrophages
from patients with emphysema, suggested by pulmonary
function tests (PFTs) and further confirmed by computed
tomography (CT), have higher mRNA levels of MMP-1
(collagenase) and MMP-9 than controls [59]. The MMPs
gelatinase and collagenase are also significantly elevated in
the BALF of patients with the diagnosis of COPD [59].

Production of MMPs by macrophages is also regulated by
other cells of the immune system. IL-13 is a Th2 cytokine
thought to be important in the pathogenesis of asthma.
However, when IL-13 is overexpressed in mice, the result-
ant lung pathology is very similar to that of human emphy-
sema. Physiologically, these animals also had enhanced
pulmonary compliance as one would expect with COPD
with emphysema [60]. These changes were accompanied
by induction of MMP-2, -9, -12, -13 and -14. The primary
source of the MMP-12 was, as expected, the macrophage.
Further studies with MMP-9 and -12 knockout mice in 
the setting of IL-13 overexpression have shown decreased
amounts of alveolar enlargement, compliance changes and
death when compared with controls. The roles of the two
MMPs studied appeared to be quite different, with MMP-9
being linked to inhibition of neutrophils recovered in BAL,
while MMP-12 deficient mice had reduced numbers of
eosinophils and macrophages in their respective BALs [61].
This further implicates both the macrophage and its prod-
ucts in the pathogenesis of COPD. 

There are additional data implicating these enzymes 
in the pathogenesis of COPD. During the maturation pro-
cess of macrophages, there is a shift in metalloproteinase
species produced towards MMP-2 and -9. Since MMP-9 has
emerged as an enzyme in the forefront of elastin degrada-
tion, its production in different patient populations has
been evaluated. When patients with COPD were compared

with healthy smokers and non-smokers, the patients with
COPD released greater amounts of MMP-9. The MMP-9
released in the COPD patients was more biologically active.
Another important observation in the same study was that
non-smokers produced greater amounts of tissue inhibitor
of MMP (TIMP-1, specifically) than their smoking counter-
parts, regardless of whether or not the smokers had been
diagnosed with COPD [62]. This suggests that not only is
macrophage elastase production and activity enhanced in
smokers, but the ability of the lung to protect itself with
antielastases is also inhibited by tobacco smoke. 

Macrophage elastase (MMP-12) may be the final medi-
ator of emphysema induced by alteration of other structural
molecules such as integrins. The αν-β6 integrin binds 
and activates TGF-β. Knockout mice (Itgb6–) deficient in
expression of the β6 integrin subunit express 200 times the
mRNA of MMP-12 than that of their Itgb6+ counterparts.
Furthermore, while Itgb6+ had no pulmonary histological
changes suggestive of emphysema, the mice deficient in
this integrin subunit had progressive spontaneous age-
related emphysema that was comparable to that seen in
humans [63]. This, together with the finding that MMP-12
knockout mice do not become emphysematous, even with
long-term smoke exposure [57], and do not have an influx
of macrophages with cigarette smoke exposure implicates
this macrophage-produced elastase in the pathogenesis of
emphysema. One explanation for these findings is that
MMP-12 mice do not degrade elastin, so lung architecture
is preserved, and elastin fragments, which are chemotactic
for macrophages, are not produced [42,64]. Also, active
MMP-12 appears to be important in the release of pro-
inflammatory cytokines [65].

Oxidants

Alterations in the elastase–antielastase balance in the lung
have a clear role in the pathogenesis of COPD. Less well
understood is the role of alterations in oxidant–antioxidant
balance in this disease state. There are two types of oxidant
species generally relevant to this discussion, reactive 
oxidant species (ROS) and reactive nitrogen species (RNS).
Cigarette smoke contains more than 1014 free radicals of
both species per puff [66]. As the focus of the chapter is on
the macrophage, this section briefly discusses the evidence
that these species are harmful to the lung, and then 
discusses in more detail the production of oxidants by
macrophages in relevant laboratory and clinical studies.

The oxidants produced by macrophages in response to
stimuli include the ROS superoxide, hydrogen peroxide
and hydroxyl radicals [67]. Hypohalides, while made by
neutrophils, do not appear to be generated by macrophages
[68]. The RNS nitric oxide is also produced by these cells. 
It is generally recognized that exposure to these products
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from external sources or from inflammatory cells has a role
in the pathogenesis of COPD.

Exposure of rats to hyperoxic conditions where ROS
would be expected to predominate induces mild emphy-
sema [69]. This effect seems to be because of an alteration
in the protease–antiprotease balance as protease inhibitors
prevent collagen degradation in hyperoxic conditions [70].
The mechanism for this alteration is caused by inactivation
of α1-antitrypsin. Hydrogen peroxide directly oxidizes the
methionine residues 351 and 358 of α1-antitrypsin, which
then loses the ability to inhibit neutrophil elastase [71].

RNS also damage the lung. The most direct evidence 
of this is that exposure of rats and hamsters to nitrogen
dioxide causes bronchial inflammation and emphysema
[72,73]. In hamsters, focal areas of pigmented macrophages
mark the areas of pathological alteration [72]. Occupational
exposure to nitrogen dioxide has also been implicated in
lung function decline [74].

The macrophage produces the ROS superoxide through
the action of a multicomponent enzyme complex of 
nicotinamide adenine dinucleotide phosphate (NADPH).
The assembly of both cytoplasmic and membrane-bound
components is necessary for activation, and is primarily
designed to produce toxic oxygen products for destruction
of phagocytosed pathogens [75]. Superoxide is then 
converted to hydrogen peroxide through the action of
myeloperoxidase in immature monocytes, or through
other means including superoxide dismutase in mature
alveolar macrophages [76,77]. It may be significant that
mature macrophages, while lacking myeloperoxidase,
engulfs this enzyme from the environment. This engulfed
enzyme retains its activity for several hours, and its 
presence may be necessary for macrophages to inactivate
α1-antitrypsin [78,79]. Although oxidative enzymes are
primarily designed for use in the internalized surface 
membrane, which becomes the phagosome, these species
are highly toxic to cell membranes, and inactivate α1-
antitrypsin [71]. Iron is also present in the cell surface of
macrophages, and can be sequestered by macrophages
[80]. Iron is increased in the lower respiratory tract of
smokers with and without COPD [81]. This is significant
because the interaction of iron with ROS is important in 
the generation of hydroxyl radicals through the Fenton
reaction [82].

There is specific evidence that the production of ROS is
augmented in smokers and patients with COPD. In a study
by Baughman et al. [83], alveolar macrophages from 21 of
24 smokers, but none of six non-smokers, spontaneously
released hydrogen peroxide. In addition, exhaled breath
condensate of asymptomatic cigarette smokers contains
five times the amount of hydrogen peroxide than non-
smokers, the major source of which is presumed to be 
alveolar macrophages [84]. These amounts are also signi-

ficantly increased during COPD exacerbations. Alveolar
macrophages of young and elderly smokers, in comparison
to age-matched non-smokers, have increased production 
of superoxide, and the older smokers have decreased anti-
oxidant enzyme activity [85,86]. Phorbol myristate acetate
(PMA) or platelet-activating factor (PAF) stimulated super-
oxide production is also increased in alveolar macrophages
from tobacco smokers [87].

Macrophage/monocytes from animal models and from
humans also are stimulated to release ROS in response 
to tobacco. Components of tobacco smoke increase rat 
alveolar macrophage oxygen consumption and superoxide
release [88]. Lavaged cells, which are mainly macrophages,
from rats exposed to cigarette smoke also have enhanced
phagocytic-induced superoxide production [89]. Isolated
human precursors of alveolar macrophages and periph-
eral blood monocytes increase superoxide production in
response to tobacco smoke [90]. Enhanced oxidant pro-
duction is not a uniform finding in smoke-exposed animal
models. Chronic tobacco smoke exposure inhibits unstimu-
lated oxidant production while causing emphysema in a
mouse model [91].

There is evidence that RNS are increased in patients with
COPD. Nitrogen dioxide is clearly harmful to the lung. It is
produced from nitric oxide through an intermediate, nitrite,
by the action of peroxidases, including myeloperoxidase
[92]. For the most part, exhaled nitric oxide has been
shown to be increased and may also correlate with FEV1

decline in patients with COPD [93–95]. However, there are
some studies that contest this finding [96]. This may be
because of consumption of the nitric oxide by reaction with
local substrate prior to exhalation [97].

It is less well established whether macrophages parti-
cipate in the production of RNS in humans. Some authors
have argued that neutrophils are the source, as neutrophilia
in sputum appears to correlate with exhaled nitric oxide 
levels [95]. Furthermore, human alveolar macrophage
nitric oxide synthesis appears to be less than that of lower
animals in vitro [98]. However, macrophages in patients
with COPD contain inducible nitric oxide synthase, which
could be responsible for the increased levels seen in exhaled
breath or indirectly determined in lung tissue [97,99].

Cytokines

Chemotactic cytokines that have a role in increasing 
the macrophage burden in the lung have already been 
discussed. This section discusses cytokines produced by
macrophages that are important in the pathogenesis of
COPD through other mechanisms (Table 20.2).

A number of different cytokines are increased in lavage
fluids, sputum samples or tissue samples from patients with
COPD. Sputum samples from patients with COPD have
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increased levels of TNF-α, IL-1β, IL-6, IL-8, growth-related
oncogene-α (GROα) and monocyte chemoattractant 
protein-1 (MCP-1) [35,36]. Bronchoalveolar lavage has 
also revealed elevated levels of these cytokines in smokers,
or patients with COPD [100–102]. Current smokers with
emphysema by high-resolution CAT scan have three times
the IL-8 BAL levels of smokers without these changes
[103]. Furthermore, sputum levels of IL-6 and IL-8 cor-
relate with the number of exacerbations in COPD patients
[104], and sputum IL-6 levels are increased during ex-
acerbations [104]. Sputum IL-8 and TNF-α levels are also
increased in exacerbations associated with bacterial infec-
tions [105].

There is both in vitro and in vivo evidence that activated
macrophages contribute to the burden of inflammatory
mediators in COPD. Peripheral lung tissue of patients with
COPD shows MCP-1 and IL-8 are expressed in macro-
phages as well as other cells [37].

The physiological role of these cytokines in the patho-
genesis of COPD is apparent from their biological activity in
overexpression mouse models or their behaviour in vitro.
For example, stimulation of neutrophil chemotaxin release
from lung cells by infectious agents known to be associated
with COPD exacerbations provides a presumptive role for
this chemotaxin in exacerbations of COPD.

TNF-α, originally described as a mediator of haemor-

rhagic tumour necrosis in mice injected with BCG and
endotoxin [106], is a major proinflammatory cytokine that
is clearly important in the pathogenesis of COPD. TNF-α
release is increased in macrophages exposed to a variety 
of stimuli, including bacterial cell wall components [107]. 
It enhances macrophage and neutrophil oxidant burst,
matrix metalloprotease production and stimulation of
cytokine release from macrophages [108–110]. Arguing
against the role of TNF in the pathogenesis of COPD is the
finding that alveolar macrophage TNF-α release appears 
to be inhibited in smokers or with acute exposure to
cigarette smoke [111–113]. However, cigarette smoke
exposure enhances whole lung TNF-α levels and alveolar
macrophage TNF-α secretion in animal models, which is
dependent on MMP-12 [65]. Also, overexpression of 
TNF-α in mouse lungs causes chronic inflammation and
emphysema-like pathology and decreased elastic recoil [114].
Further evidence that TNF-α is, in fact, important in
smoke-induced lung destruction comes from a TNF-α
receptor knockout mouse model. These mice have no
cytokine response and no increase in lavage neutrophil or
macrophage counts or markers of elastolysis when exposed
to cigarette smoke compared with controls, which have
both a cytokine response and evidence of elastin degrada-
tion [115]. The TNF-α receptor knockout mice also have
markedly reduced emphysema in response to intratracheal
pancreatic elastase [116].

IL-1β also is a potent mediator of inflammation, partly
through stimulation of release of cytokines from macro-
phages [117]. Alveolar macrophages release this cytokine
in response to a variety of stimuli including bacterial cell
wall components, although this effect is less than that of its
monocyte precursors [118]. Chronic smoking stimulates
IL-1β release from alveolar macrophages in some, but not
all studies [119–123]. IL-1β stimulates release of MMP-9
and TIMP-1 from alveolar macrophages [62]. The most
convincing evidence that IL-1β is involved in the patho-
genesis of lung destruction that occurs in COPD is the 
fact that knockout of the IL-1 receptor in mice prevents
emphysema induced by intratracheal administration of 
pancreatic elastase [116].

IL-8 has been described as the major neutrophil chemo-
tactic factor in the lung [124]. Its release from macrophages
is stimulated by numerous stimuli, including bacterial
agents [125]. A major source of this chemokine is the
macrophage, and one of its original names was ‘monocyte-
derived neutrophil chemotactic factor’. Although it is a
potent chemokine, it is also a potent proinflammatory
cytokine. It stimulates numerous activities of neutrophils
including degranulation and respiratory burst [126,127]. It
also stimulates release of the lipid mediator and neutrophil
chemotaxin leukotriene B4 (LTB4) from neutrophils [128].
Although BALF levels of IL-8 have been reported to be 

THE MACROPHAGE AND ITS ROLE IN THE PATHOGENESIS OF COPD 227

Table 20.2 Macrophage cytokines.

Macrophage/monocyte mediators in COPD

Mediator Function in COPD

Tumor ↑ MMP, ↑ oxidant burst, ↑ cytokine
necrosis release, ↑ monocyte chemotactic activity
factor-α

Interleukin-1β ↑ Neutrophil degranulation, ↑ MMP,
↑ TIMP, ↑ cytokine release 

Interleukin-4 ↓ TNF-α induced apoptosis 

Interleukin-6 ↑ Correlates with COPD exacerbations 

Interleukin-8 Major neutrophil chemotactic factor, 
↑ neutrophil degranulation,
↑ respiratory burst, ↑ LTB4

Monocyte ↑ Monocyte chemotaxis 
chemotactic
protein-1

MMP, matrix metalloproteinases; LTB4, leukotriene B4;
TIMP, tissue inhibitor of metalloproteinase; TNF-α, tumour
necrosis factor α.



elevated in smokers, spontaneous or lipopolysaccharide
(LPS)-induced secretion from alveolar macrophages may
be lower in smokers [129]. There are several reasons why it
is presumed that much of the neutrophil accumulation in
COPD is a result of IL-8. Most of the neutrophil chemotactic
activity in sputum from COPD patients is neutralized by IL-8
antibody [130]. Inhibition of IL-8 induction by macrophages
in cigarette smoke exposed animals prevents neutrophil
accumulation in the airways [131]. Finally, many forms of
neutrophilic lung inflammation are inhibited by neutraliz-
ing antibody to IL-8 or animal homologues [132–134].

The macrophage, once thought to be an innocent bystander
in the pathophysiology of COPD, is now accepted as a 
central figure in this disorder. It produces enzymes, 
which degrade lung tissue components in vitro. It produces
numerous modulators of the inflammatory response, both
by recruiting additional cells of the immune system, and 
by amplifying these cells’ activity. In vivo studies using
genetic knockouts have presented clear and convincing 
evidence that these macrophage products are important 
in the pathogenesis of COPD. Perhaps because they are 
not directly targeted at pathophysiological causes of COPD,
current therapies have not yet demonstrated the ability to
change the natural history of this disorder. Future ther-
apies, which will likely be directly aimed at modulating the
function of the lung macrophage or its products, may
finally achieve this goal.
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CHAPTER 21

Eosinophils and COPD

Andrew J. Wardlaw

COPD has generally been considered to be a neutrophilic
disease, in contrast to asthma which is thought to be more
eosinophil-related. While these broad statements hold 
true, there is increasing evidence that a significant sub-
group of patients with stable COPD have chronic airway
eosinophilia and that the influx of eosinophils into the 
airways becomes more marked during exacerbations. There
is also tantalizing evidence that in COPD, as is the case in
asthma, airway eosinophilia defines a subgroup of patients
with more steroid-responsive disease. If this is confirmed it
could have major implications for the management of the
disease, by using measurement of the sputum eosinophilia
to target those patients who would benefit from treatment
with steroids but avoid side-effects in those who would 
not respond to treatment. This chapter covers recent under-
standing of the biology of eosinophils and their role in 
disease processes, and then gives an overview of clinical
studies relating to eosinophils and COPD.

Eosinophils are end-stage granulocytes which are usually
present in relatively small numbers in peripheral blood and,
in health, are scanty in tissues other than the intestine.
Eosinophils are closely associated with helminthic parasite
infections where they are considered to play in important
part in host defence. In industrialized countries, the most
usual cause of a peripheral blood and tissue eosinophilia 
is an allergic disease such as asthma, rhinitis or atopic 
dermatitis. There is an extensive literature detailing the,
albeit circumstantial, evidence for a proinflammatory role
for eosinophils in asthma and other allergic diseases [1].
This is based on three lines of evidence: the close relation-
ship between clinical evidence of asthma and the presence
of eosinophils in the bronchial mucosa; the relevance 
of eosinophil-derived mediators to the pathophysiology of
asthma; and the intimate association between the beneficial
effects of glucocorticoids in asthma and their anti-
eosinophilic properties. Eosinophils are closely associated
with immune responses caused by the activation of Th2

lymphocytes through the production of eosinophilic-
specific growth factors such as interleukin 5 (IL-5) and the
generation of IL-4 and IL-13, which promote selective
trafficking of eosinophils to tissue [2]. Activation of Th2
lymphocytes is associated with specific T-cell responses to
allergens, which for the most part are otherwise harmless
foreign proteins derived from foods, plants, fungi, and 
animal and insect excreta and fur delivered to the mucosal
surfaces of the gut and respiratory tract. Generally,
although not invariably, these Th2-associated eosinophilic
responses are associated with production of specific
immunoglobulin E (IgE).

It is common practice to compare and contrast asthma
and COPD (by which is meant smoking-related obstructive
airways disease) as two sides of the same coin in which
asthma is caused by antigen-specific Th2 responses char-
acterized by eosinophilia, and COPD is associated with 
neutrophil-associated innate responses to the toxic effects
of cigarette smoke complicated by Th1-associated immune
responses to repeated respiratory tract infections [3].
However, just as some studies have suggested a role for the
neutrophil in asthma [4], others have demonstrated the
presence of eosinophils in the airways for patients with
COPD [5], which has blurred the demarcation between
these two conditions. This cross-over is mirrored by those
patients with COPD who present with clinical and physio-
logical features more suggestive of asthma. There is an
unresolved debate as to whether such patients should be
labelled as having asthma or COPD, or both. Understanding
the mechanism of the eosinophilia in some patients with
COPD and the extent to which this relates to the clinical and
physiological presentation may shed light on this question.

Another ongoing debate in asthma that is relevant to the
role of eosinophils in COPD is the extent to which this cell
type has a proinflammatory as opposed to a bystander or
even ameliorative function. This debate has been informed
by the use of an anti-IL-5 antibody in clinical trials. 
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This antibody profoundly inhibited the blood and tissue
eosinophilia but had no effect on the early or late phase
response to allergen challenge [6]. In addition, it had no
effect on symptoms or lung function in an as yet unpub-
lished clinical study. However, the antibody had a much
less marked effect on tissue eosinophils, reducing numbers
by only approximately 50% so that the interpretation of 
the effects of this antibody have been less conclusive than
originally thought [7].

In this chapter, eosinophil biology is reviewed, focusing
on more recent insights relevant to airway inflammatory
disease and then evidence for a potential role for
eosinophils in the pathogenesis of COPD is discussed. The
biology of eosinophils has been extensively reviewed over
the years [8–11] and this chapter focuses on those aspects
that either offer new insights into their function or are
directly relevant to their role in COPD.

Causes of eosinophilia

The normal eosinophil count, which is best expressed as
total numbers rather than a percentage, is less than 0.4 ×
106/mL. Moderate eosinophil counts of up to 1.5 × 106 mL
are found in a number of conditions, in particular the atopic
diseases of asthma, rhinitis and atopic dermatitis. A more
dramatic eosinophilia is uncommon and associated with
severe asthma syndromes, drug reactions, pulmonary
eosinophilia and hypereosinophilic syndromes [12]. The
peripheral blood eosinophil count reflects a balance
between the rate of egress of eosinophils from the bone
marrow (which itself depends on the rate of eosinophil 
production and the rate of migration through bone marrow
sinus endothelium) and the rate of entry into tissues, 
which is dependent on signals associated with organ-
specific inflammation. There is therefore an inconstant
relationship between peripheral blood eosinophil count
and tissue eosinophilia. Although generally speaking there
is a correlation between the two measurements, it is far
from uncommon for a dramatic tissue eosinophilia (e.g. in
diseases such as eosinophilic oesophagitis and chronic pul-
monary eosinophilia) to be associated with only a modest
elevation in the eosinophil count. Similarly, in some
patients with hypereosinophilic syndrome (HES), the tissue
eosinophilia is not prominent. Although a raised blood
eosinophil count therefore alerts the physician to a possible
eosinophilic-related disease, it is the tissue eosinophilia that
is usually more relevant to what is happening in disease.

It has been known for many years that in most cases
where it has been studied, an eosinophilia is T-cell depend-
ent. In the 1970s, Basten and Beeson [13] established 
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that T-cell depletion abrogated the eosinophilic response 
to parasite infection. It was subsequently shown that T-
cell-derived supernatants contained growth factors for
eosinophils and this led to the characterization of IL-5 
and awareness of the pivotal role that this cytokine has 
in eosinophil development [14]. IL-5 seems to be a rate-
limiting step for eosinophil production in that administra-
tion of IL-5 either exogenously or through transgenic
manipulation in mice results in a marked eosinophilia 
[15] and anti-IL-5 in humans dramatically diminishes the
peripheral blood eosinophil count [6]. Increased eosino-
philopoiesis as a result of increased IL-5 synthesis appears
to be a feature of a number of diseases including parasitic
and allergic diseases. For example, pulmonary eosinophilia
resulting from Necator americanus infection in mice was 
IL-5-dependent [16], and both the eosinophilia and host
defence to filiriasis and Trichinella spiralis was markedly
impaired in IL-5-deficient mice [17]. In asthma, IL-5 mRNA
can be detected in increased amounts in the airways as well
as the serum of steroid-dependent asthmatics [18,19].
However, IL-5 gene deleted mice still have a baseline
eosinophilia and can develop pulmonary eosinophilia 
after infection with paramyxovirus, demonstrating that
cytokines other than IL-5 can cause late differentiation
[20]. It is therefore an accepted paradigm that a blood and
tissue eosinophilia in IgE-mediated diseases such as atopic
asthma and helminthic parasite infections are caused by
antigen-dependent activation of Th2 cells, leading to IL-5
production and increased eosinophilopoiesis and tissue
recruitment of eosinophils. The control of Th2 and Th1 cell
development is beyond the scope of this chapter but the
current understanding has recently been reviewed [21].
However, many eosinophilic diseases, including many
cases of pulmonary eosinophilia, are not associated with
atopy and IgE production and therefore do not entirely 
fit with the Th2-driven eosinophilic paradigm. Intrinsic
asthma is generally assumed to associated with IL-5-
producing T cells; however, the evidence for this is limited.
One model for non-IgE-associated eosinophilic disease is
those cases of eosinophilic oesophagitis caused by a defined
food allergen in which there is no specific IgE [22]. In some
of these cases, the patients are patch test positive to the food
allergen concerned, which raises the possibility of a Th2
type IV cell-mediated immunity, but this is still unexplored.

There is increasing interest in the role of T-regulatory
cells (Tr) in controlling inappropriate immune responses
including those associated with Th2 cell activation. Tr were
first identified as mediating some aspects of immune 
tolerance and were then found to have an important role in
suppressing immunomediated inflammatory bowel disease
in mice. This is a rapidly developing area and the exact
identity of Tr is still unclear. However, three types of Tr cells
have been identified: CD4+/CD25+ cells, which require
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direct contact to mediate their immunosuppressive effects;
Tr cells producing transforming growth factor β (TGF-β);
and Tr cells producing IL-10 [23–25]. Increasing under-
standing of the pivotal role that Tr have in controlling
immune responses has led to the interesting refinement of
the ‘hygiene hypothesis’, which suggests that the increase
in allergic disease – which is also paralleled by an increase in
autoimmune disease – is not caused by a Th1 to Th2 switch
as a result of lack of immune stimulation in infancy but by a
failure to develop Tr responses, which leads to enhance-
ment of both Th1 and Th2 immunity [26,27]. IL-10-
producing Tr are of particular interest in the context of 
pulmonary eosinophilia because of evidence that immuno-
therapy works by inducing expansion of antigen-specific
IL-10 producing Tr cells [28]. In addition, regulatory T cells
were able to suppress ovalbumin-induced pulmonary
eosinophilia in mice [29,30].

Eosinophil morphology and receptor phenotype

Eosinophils are 8-μm end-stage non-dividing leucocytes
derived from the bone marrow under the influence of gran-
ulocyte–macrophage colony-stimulating factor (GM-CSF),
IL-3 and IL-5. The electron microscopic (EM) morphology
of the mature eosinophil has been well described (Fig. 21.1)
[31,32]. The relatively specific features that distinguish the
eosinophil from other leucocytes are the bilobed nucleus,
the 20 or so specific granules with their electron-dense
core, the paucity of mitochondria (approximately 20 per
cell) and endoplasmic reticulum, and the dense network of
cytoplasmic tubulovesicular structures or secretory vesicles
which contain albumin and cytochrome b558 and are

therefore thought to be involved in superoxide production.
Eosinophils also contain approximately five lipid bodies,
which are the major site of eicosanoid synthesis, primary
granules and small granules. Small granules are particularly
prominent in tissue eosinophils and contain arylsulphatase
B, acid phosphatase and catalase. They may be derived from
specific granules and act as a lysosomal compartment 
especially as specific granules have been shown to express
lysosome-associated membrane proteins 1 and 2 (LAMP1/2)
as well as lysosome integral membrane protein 1 (LIMP-1:
CD63) [33]. Eosinophils also contain multilaminar bodies
that contain TGF-α. Eosinophil precursors derived from
cord blood can be first identified morphologically when
specific core-containing granules appear, although expres-
sion of Charcot Leyden Crystal (CLC) protein and the 
basic granules proteins can be detected by immunohisto-
chemistry or mRNA expression at the promyelocyte stage 
where they are found in the endoplasmic reticulum (ER),
golgi apparatus and large round coreless granules, most of 
which develop into specific granules. EM can clearly dis-
tinguish activated from resting peripheral blood eosinophils
by the increased number of lipid bodies, primary and small
granules, secretory vesicles and endoplasmic reticulum.
Cytoplasmic crystals of CLC protein may also be present.
Activated eosinophils are also often less dense than resting
cells although, with the advent of immunomagnetic selec-
tion rather than density gradients to purify eosinophils,
density is less often used as a marker of activation [34].
Eosinophils are thought to be relatively poorly phagocytic
although they can ingest opsonized zymosan, which gets
taken up into phagolysosomes formed in part by fusion
with specific granules. The eosinophil also degranulates
onto large opsonized surfaces such as a sephadex bead or
parasitic larvae in the process of ‘frustrated phagocytosis’.

The ultrastructure of in vitro activated and tissue-infiltrating
eosinophils has suggested three potential mechanisms of
degranulation: necrosis or cytolytic degranulation, exocy-
tosis or ‘classical degranulation’, and piecemeal degranula-
tion [35]. Cytolytic degranulation is associated with loss 
of eosinophil plasma membrane integrity and results in 
the release of clusters of free membrane-bound granules
(termed Cfegs). This is commonly observed in eosinophilic
inflammation, being particularly marked in severe disease
such as asthma deaths where large quantities of basic pro-
teins can be detected in the tissue by immunohistochem-
istry, often with relatively few intact eosinophils [36]. This
type of degranulation is also a feature of milder disease such
as allergic rhinitis [37,38] as well as Fc-mediated degranu-
lation in vitro [39]. Exocytosis or classic degranulation
occurs in mast cells and basophils after cross-linking of IgE
receptors. It describes a process whereby granules migrate
to the plasma membrane and fuse with it, leading to the
extrusion of membrane-free granule contents. This has
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Figure 21.1 Electron microscope view of an eosinophil
(courtesy of Ann Dewar) showing the characteristic
morphology; in particular the specific granules with an
electron dense core. The major mediator classes produced 
by the eosinophil are listed.



been described in the gut, but not in airway mucosa.
Piecemeal degranulation was described in cord blood
derived eosinophils by Dvorak et al. [40]. This term describes
the appearance of empty or partially empty granules, which
retain their structure, together with small granule protein-
containing vesicles in the cytoplasm which transport the
granule proteins to the cell surface where they are released
[41]. These appearances are common in tissue eosinophils
in asthma and other allergic diseases.

Many studies have used a mouse model involving 
ovalbumin challenge to generate a lung eosinophilia and
increased airway hyperresponsiveness (AHR). An interest-
ing and striking feature of this model is that the lung
eosinophils do not have the appearance of having under-
gone degranulation either by cytolysis or piecemeal
degranulation [42]. Immunostaining of the mouse lung 
in this model locates all the basic proteins within intact
eosinophils and bronchoalveolar lavage (BAL) contains no
free major basic protein (MBP) [43,44]. This is quite unlike
human disease where cell free basic proteins can be readily
detected in both tissue and BAL. Consistent with this obser-
vation, mice in which the gene for eosinophil peroxidase
(EPO) or MBP has been deleted had the same phenotype as
wild type mice in this model [45]. This observation may
explain, in part, the paucity of epithelial damage seen in the
mouse asthma model. It also further calls into question the
physiological relevance of this type of experiment as well as
emphasizing the complex and poorly understood relation-
ship between eosinophil recruitment and degranulation.

Apoptotic eosinophils are small cells with a shrunken
nucleus and condensed chromatin but an intact plasma
membrane [46]. They are readily identifiable in aged cell
populations in vitro and in cells from the airway lumen such
as sputum, but are more difficult to identify in tissue. This
has led some investigators to argue that the majority of 
airway eosinophils, at least in asthma and rhinitis, are
removed through lumenal entry rather than by undergoing
apoptosis in tissue [35].

Like all leucocytes, eosinophils express a large number 
of membrane receptors which allow them to interact with
the extracellular environment. These include receptors
required for locomotion, activation, growth and mediator
release. Most of the receptors are shared to some extent
with other leucocytes but some have a degree of specificity
in terms of level of expression and function. An important
feature of tissue eosinophils is that they express a different
pattern of receptors to peripheral blood eosinophils con-
sistent with a more activated phenotype. This includes
induction of expression of CD69, intercellular adhesion
molecule-1 (ICAM-1) and FcγR1 and increased expression
of HLA-DR and Mac-1. Changes in expression can be
induced in vitro by culture with cytokines such as IL-5, but
also occur to some extent as the result of transmigration

through endothelium [47]. A major difference between
eosinophils and neutrophils, which has been exploited 
to purify eosinophils by immunomagnetic selectin, is the
expression of CD16 by neutrophils but not eosinophils.
Another important difference is the expression of VLA-4 by
eosinophils but not to any great extent by neutrophils.
Most recently, Siglec 8 has been identified as a receptor
expressed only by eosinophils, mast cells and basophils
[48–50]. Siglecs are sialic acid-recognizing animal lectins 
of the immunoglobulin superfamily. Eosinophils, as well 
as monocytes and a subset of dendritic cells, also express
Siglec 10 [51]. In contrast, neutrophils express Siglec 9
[52]. The function of the Siglec 8 on eosinophils remains
uncertain but may be involved in triggering apoptosis [53].

Eosinophil trafficking and tissue accumulation

Eosinophils are not normally found in tissues other than
the gut, and the appearance of increased numbers of 
these cells can be a notable feature of the pathology of a
number of diseases. The normal pattern of gut homing of
eosinophils is mediated by eotaxin, which is constitutively
expressed in the gut, and the integrin α4β7 binding to
MAdCAM-1 which is selectively expressed in the intestine
[54]. Although an eosinophilia can accompany a general
inflammatory response, as for example in fibrosing tissue
alveolitis where increased numbers of eosinophils and neu-
trophils can be seen in BAL fluid, it often occurs without a
marked increase in other leucocytes so raising the question
of the mechanism behind the specific tissue accumulation
of these picturesque leucocytes. Selective eosinophil accu-
mulation occurs as a result of the coordinated effect of a
number of adhesion, chemotactic and growth/survival 
orientated signals at each stage in the life cycle of the cell.
Generally speaking, these events are controlled by medi-
ators released by Th2 cells, in particular the cytokines IL-4,
IL-5, IL-13, possibly IL-9 and most recently IL-25. This lat-
ter cytokine appears to act through an intermediate cell
type to produce IL-5 and IL-13 dependent effects [55].

Eosinophil trafficking has been extensively investigated
in recent years [56–58], and will only be briefly reviewed
here. As well being crucial for differentiation, IL-5 is also
important in promoting emigration from the bone marrow.
In particular, it acts as a priming factor for specific chemoat-
tractants such as eotaxin [59]. Eosinophil emigration from
the bone marrow in guinea pigs is inhibited by blocking
anti-CD18 antibodies, but interestingly IL-5-dependent
emigration is promoted by blocking anti-VLA-4 antibodies
[60]. One explanation for this finding is that VLA-4/
VCAM-1 is responsible for eosinophil precursors binding to
bone marrow stromal cells as has been shown for a range of
cell types, although it has not been formally demonstrated
in eosinophils. The interesting observation that eotaxin
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decreased adhesion to VCAM-1 while increasing adhesion
to the CD18 ligand BSA may be a mechanism for pro-
moting egress from the bone marrow [61]. A localized
inflammatory response causing systemic effects has been
demonstrated after allergen challenge in mice in which IL-
5-producing cells (both T cells and non-T cells) increased in
the bone marrow [62,62].

Accumulation of leucocytes in tissue is a highly regulated
process with the aim of being able to respond effectively 
to noxious insults without causing an inappropriate
inflammatory response. An obligate step in the migration of
all leucocytes from the systemic circulation into tissue is
their capture by endothelium as they flow at high shear
rates through the postcapillary endothelium. A key recep-
tor mediating eosinophil capture is P-selectin whose low
level surface expression is selectively induced on endothe-
lium by IL-4 and IL-13. Eosinophils express higher levels 
of PSGL-1 (the primary receptor for P-selectin) than other
leucocytes and this results in increased avidity for P-selectin
compared with neutrophils, especially at the low levels 
of expression induced by Th2 cytokines [64]. Increased
expression of PSGL-1 leading to enhanced recruitment has
also been reported in allergic disease [65]. IL-4 and IL-13
can also induce low levels of VCAM-1 expression which
can bind eosinophils through VLA-4 and also capture
flowing cells, albeit at lower shear stresses. VLA-4/VCAM-1
and PSGL-1/P-selectin cooperate as a major endothelial
control point for selective eosinophil migration [66]. Once
captured, eosinophils roll along the surface of the blood
vessel until they are activated, which allows the CD18 
integrins binding to ICAM-1 and ICAM-2 to non-selectively
promote transmigration, although VLA-4/VCAM-1 can also
exert selective pressure at this stage.

The activation step mediated by chemoattractants
expressed on the endothelial surface is another potential
point of eosinophil selection as shown by the effect of
exogenously added chemoattractants such as eotaxin, but
the identity of the endogenous chemoattactant involved
and the extent to which it is selectively expressed in
eosinophilic inflammation remains to be resolved [67].

The blood supply to the bronchi via the bronchial arteries
is part of the high flow systemic circulation. In contrast, 
cell migration into the alveoli and interstitium of the lung
occurs through the low-pressure pulmonary circulation
including the pulmonary capillaries. In this low sheer cir-
culation, selectins are not necessary to mediate the capture
step and consistent with this neither E- or P-selectin are
expressed on pulmonary capillaries, whereas P-selectin is
very well expressed in the bronchial circulation [68,69]. In
some inflammatory insults in mice, such as Streptococcus
pneumoniae infection, CD18 and VLA-4 integrins are also
not required for neutrophils to migrate into the alveolar
bed [70].

Once the eosinophil has transmigrated through the
endothelium it has to migrate through the basement 
membrane and into the tissue. Interestingly, in a mouse
model in which CCR3, the major chemokine receptor on
eosinophils, had been deleted the cells appeared to be 
able to migrate through the endothelium, suggesting that
CCR3-binding chemokines such as eotaxin were not essen-
tial for the activation step, but not through the basement
membrane either because they lacked a chemotactic signal
or were unable to digest the extracellular matrix [71]. Once
in the tissue, the eosinophil has a number of potential fates:
it can remain within the bronchial mucosa where it may
become associated with one of several mesenchymal struc-
tures such as nerves or mucous glands; it can migrate into
the lumen, undergo apoptosis and be expectorated; or, 
in some circumstances, it may migrate via the efferent 
lymphatics to the regional lymph nodes [72]. If it remains
in the tissue it may undergo apoptosis and be engulfed by
macrophages or undergo cytolytic degranulation.

Apoptosis is the universal mechanism by which cells
undergo cell senescence in a manner that allows them to be
removed efficiently by macrophages without inducing an
inflammatory response. Erjefalt and Persson [35], based 
on morphological observations, have argued persuasively
that eosinophil apoptosis is an unusual event in tissue and
that most eosinophils either die by cytolysis or migrate into
the lumen where they become apoptotic [73]. A slow rate
of apoptosis in tissues is consistent with the survival signals
delivered to eosinophils by the extracellular matrix as part
of normal homoeostasis as well as increased production of
eosinophil growth factors during Th2-mediated inflam-
mation [74,75]. The importance of prolonged survival of
eosinophils in tissue as a mechanism for selective accumu-
lation has been emphasized by the studies using anti-IL-5
which effectively inhibits blood and sputum eosinophil
numbers but has a much less marked effect on tissue
eosinophils [7]. Glucocorticoids (GC) directly enhance the
rate of eosinophil apoptosis through an unknown mech-
anism, unlike neutrophils where they prolong survival
[76]. It is tempting to suggest that the dramatic effect of 
GC in resolving eosinophilic inflammation (e.g. in simple
pulmonary eosinophilia) is a result of this direct effect.
However, GC only induce eosinophil apoptosis at high 
concentrations and the effect is modest over and above the
spontaneous rate of apoptosis. It is more likely that GC are
working by inhibiting the production of eosinophil growth
factors such as IL-5, IL-3 and GM-CSF generated both in 
an autocrine fashion by eosinophils in response to matrix
signal and as part of the inflammatory process [77].
Recently, TRAIL, another family of survival modulating
mediators related to TNF, has been reported as prolonging
eosinophil survival both in vitro and ex vivo after allergen
challenge [78].
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The biochemical mechanism by which growth factors
mediate eosinophil survival is still poorly understood. The
effect is dependent on both new protein synthesis and
phosphorylation events. The survival effects of IL-5 are
dependent on activation of the Ras-Raf-MEC pathway and
the Jak-2 Stat 1 and 5 pathway and involve lyn kinase
which binds to the IL5-R alpha chain [79]. The roles of p38
and PI3 kinase are less clear and in our hands wortmannin,
which blocks PI3 kinase, had no effect on eosinophil apop-
tosis although it did inhibit IL-5 enhancement of adhesion
to fibrinogen. Eosinophils express significant amounts of
the pro-apoptotic Bax and the antiapoptotic Bcl-xl but very
little Bad or Bcl-2 [80]. As in other cell types, both spontan-
eous and Fas-induced eosinophil apoptosis is associated
with the migration of Bax into the mitochondria. This led 
to loss of mitochondrial membrane potential, cytochrome 
c release and activation of downstream caspases. These
events were inhibited by IL-5, demonstrating that IL-5
works by blocking Bax translocation [81,82]. Treatment 
of eosinophils with dexamethasone also leads to loss of
mitochondrial permeability [83].

A recent study used a gene microarray approach to iden-
tify genes whose expression is modulated by IL-5 [84]. Pim-
1 was one of the genes up-regulated by IL-5 both in human
peripheral blood eosinophils and an IL-5-dependent cell
line. Pim-1 was also found to be relatively highly expressed
in human eosinophils. Pim-1 is a serine/threonine kinase
that was first identified as a putative lymphoma-associated
oncogene. Expression of Pim-1 in a myeloid leukaemia cell
line was found to be closely linked to IL-3 and GM-CSF
stimulation [85]. Subsequently, Pim-1 was shown to be
involved in IL-3-mediated survival, although not prolifera-
tion, of bone marrow derived mouse mast cells downstream
of Jak2 and Stat 5 signalling [86]. In an IL-3-dependent
murine cell line, ectopic Pim-1 expression was able to
replace the survival prolonging effects of IL-3 and was also
able to counteract the effects of overexpression of Bax on
apoptosis [87]. Pim-1 is therefore a good candidate signall-
ing molecule mediating the downstream effects of IL-5 and
related growth factors on eosinophil survival.

Another potential mechanism involved in eosinophil tis-
sue accumulation is in situ differentiation from eosinophil
precursors. Eosinophil precursors can be identified in an 
IL-5Rα+ CD34+ population in peripheral blood, which are
increased after allergen challenge and in atopic disease.
These cells have also been found in asthmatic airways [88].

Of equal importance as endothelial interactions to the
kinetics of eosinophil migration are the factors controlling
the fate of the eosinophil once it enters the tissue. There are
three possible outcomes. The eosinophil can remain in the
tissue interacting with matrix proteins, other leucocytes or
structural cells such as in the bronchial mucosa, the epithe-
lium, airway smooth muscle, mucous glands and nerves;
alternatively, the cell can migrate into the lumen of the 

gut or airway where it is likely to undergo apoptosis and 
be removed; or it can return to the circulation via the 
lymphatics. There is limited evidence that eosinophils can
recirculate although they have been reported to be present
in lymph nodes where it has been speculated that they are
involved in antigen presentation [89]. The length of time
that eosinophils remain in tissue before migrating into the
lumen is unclear as there are virtually no studies of the
kinetics of eosinophil migration in vivo in humans. How-
ever, studies using anti-IL-5 in which there remained 
a significant tissue eosinophilia even after the blood
eosinophilia was almost completely inhibited would sug-
gest that eosinophils can remain in the tissue for at least 
12 weeks [7]. Anti-IL-5 also completely inhibited migration
into the lumen, which suggests that transepithelial migra-
tion is IL-5 dependent. It is of interest that in the mouse
model of asthma, eosinophil migration into the lumen did
not occur in the MMP-2 gene deleted mouse which caused
the animals to asphyxiate [90]. IL-5 may therefore be
important in activating the eosinophils to digest the 
epithelial basement membrane in an MMP-2 dependent
manner [91]. It is interesting to speculate that, as has been
shown with senescent neutrophils, when tissue eosinophils
become senescent they start to alter their receptor pheno-
type in a way that inhibits tissue retention and promotes
migration into the lumen [92]. The factors controlling the
retention and survival of eosinophils in tissue are likely to
involve the integration of chemoattractant, adhesive and
survival signals delivered by interactions with matrix 
proteins and structural cells.

There are very few kinetic studies to provide a basis 
on which to calculate which of the various mechanisms
described above make the largest contribution to eosinophil
accumulation in tissues. In the mouse, after allergen chal-
lenge, 80% of the eosinophils appeared to be newly arrived
from the bone marrow [62]. In contrast, the anti-IL-5 study
by Flood-Page et al. [7] suggested that prolonged survival 
in tissues is of central importance. It is likely that each 
pathway contributes, with the emphasis varying between
individuals and over time within one individual. 

Animal models of eosinophilic lung disease

Animal models, particularly the mouse model of ovalbu-
min challenge, which results in a selective and marked 
pulmonary eosinophilia, have been used extensively to
analyse the molecular basis of eosinophil trafficking to the
lung and the pathological consequences of this. The com-
bination of transgenic, gene deletion and antibody-based
manipulations in the mouse make this a powerful tool for
analysing the biology of eosinophil migration, although the
relevance of the findings to human disease must always be
treated with caution, particularly as the eosinophils do not
appear to be particularly activated when they migrate into
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the tissue [42]. Generally speaking, these studies have 
supported the concept of eosinophil migration as being the
result of a series of interlinked and obligate steps with IL-5
necessary for providing a pool of circulating eosinophils,
priming eosinophils for chemotactic responsiveness and
prolonging eosinophil survival, and IL-4 and IL-13 con-
trolling adhesion-related events in the endothelium and
enhancing the release of eosinophil chemoattractants, par-
ticularly CCR3-binding chemokines from mesenchymal
cells within the airway [93]. However, there are a number
of other studies that challenge this neat concept, by looking
at other aspects of the immune response, in particular
showing potential roles for innate immunity as well as
other inflammatory mediators such as platelet-activating
factor (PAF), tryptase and prostaglandin D2 (PGD2).

Eosinophil functions

The eosinophil exerts its effects largely through its mediators
(see Fig. 21.1). These are either newly generated, as is the
case with leukotrienes and other lipid mediators, or stored
preformed in various compartments within the cytoplasm
and released when the eosinophil receives a degranulating
stimulus. The eosinophil is relatively biosynthetically inact-
ive and, although new protein synthesis does occur, the
majority of its protein mediators are stored. Although the
eosinophil can phagocytose particles, its interactions with
larval forms of helminthic parasites have formed the model
by which eosinophil function has been described.

In this situation, the eosinophil adheres tightly to the
organism and releases its granule contents in high local
concentrations onto the surface in a process described 
as frustrated phagocytosis. The paradigm of eosinophil
effector function in host defence was developed from the
observation that the basic granule proteins in particular
were highly toxic for larval parasites, and was extended 
to include a pro-inflammatory role when they were also
shown to be toxic for bronchial epithelium and therefore
associated with the epithelial desquamation that is a well-
established feature of severe asthma. In recent years, it 
has been demonstrated that eosinophils can also release a
plethora of cytokines and chemokines although many of
these are generated in low amounts compared with other
cells and the extent to which they are important in
eosinophil function is not clear [94]. The eosinophil has
also been shown to have the capacity to present antigen 
to T cells, although how efficient they are compared to 
professional antigen-presenting cells is uncertain [89].
Eosinophils can release a number of lipid mediators and 
are one of the relatively few sources of sulphidopeptide
leukotrienes although they release approximately 10-fold
less per cell than mast cells and basophils. Eosinophils 
certainly release significant amounts of TGF-β and TGF-α
and this has stimulated interest in a potential role in causing

structural changes in the lung that come under the heading
of airway remodelling. There is evidence that TGF-β
released by eosinophils can promote the generation of
fibromyocytes and anti-IL-5 reduced the amount of
tenascin in the reticular subepithelial membrane [95,96].
Certainly, thickening of this membrane is closely associated
with eosinophilic airway inflammation although not with
airway hyperresponsiveness or airflow obstruction [97].
Airway remodelling is also a feature of COPD, although this
is more often described as a destructive process involving
loss of the alveolar wall in emphysema and obliteration of
the small airways. A BAL eosinophilia in cryptogenic fibros-
ing alveolitis (CFA) has been shown to be associated with
more rapid progression of fibrosis in idiopathic pulmonary
fibrosis (IPF) [98].

The idea that eosinophils have an effector role in asthma 
is based on evidence of increased numbers of eosinophils 
in asthmatic airways, a correlation between severity of
asthma and eosinophils especially in severe exacerbations
[99], a link with responsiveness to corticosteroids and the
relevance of eosinophil-derived mediators to the patho-
physiology of the disease. To what extent do these tenets
hold true for COPD? Three types of studies have been 
performed: those involving lung resection specimens 
from patients with lung cancer, bronchoscopy studies and
studies of induced sputum. The first has the advantage of
sampling the small airways where much of the disease is
thought to occur; the second has the advantage of combin-
ing pathology with accurate and detailed physiology; and
the third has the potential advantage of allowing sampling
of larger numbers of subjects on more than one occasion.

Lung resection studies

Saetta et al. [100] examined the alveolar walls of patients
undergoing lung resection and found increased numbers of
CD8+ tissue lymphocytes, which appears to be a reasonably
consistent finding in COPD, but no increase in eosinophils
(or neutrophils) in smokers with COPD versus smokers
without COPD. However, Lams et al. [101] investigated 
the immunopathology of small airways disease in patients
undergoing lung resection comparing current with ex-
smokers or non-smokers, and patients with and without
airflow obstruction. Increased numbers of eosinophils 
were found in current smokers although there was no 
correlation with airflow obstruction. However, there was 
a correlation between lung function and the numbers of
neutrophils, which were increased in smokers compared
with lifelong non-smokers. Grashoff et al. [102] found
increased numbers of mast cells and macrophages in the
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epithelium but not the submucosa in the small airways of
patients with COPD undergoing lung resection compared
with those without. No differences in T cells were found
and eosinophils were generally very scanty.

Bronchoscopy studies

Lacoste et al. [103] investigated patients with asthma,
chronic bronchitis and COPD and compared findings with
normal controls by bronchial biopsy and BAL. They found
increased numbers of eosinophils in all the patient groups
with no difference between asthmatics and patients with
COPD. They did observe that the eosinophils in asthma but
not COPD appeared degranulated, and unlike asthma there
was no increase in eosinophil cationic protein (ECP) in BAL
in COPD compared with normal controls. In contrast there
was no increase in neutrophils in the submucosa of patients
with COPD but there was an increase in neutrophils and
elastase in BAL [103]. However, O’Shaughnessy et al.
[104] found no increase in the number of eosinophils 
(or neutrophils) in the submucosa of patients with COPD
compared with normal controls although they did find an
increase in CD8+ cells. Pesci et al. [105] found an increase in
the number of eosinophils and ECP in BAL in patients 
with COPD compared with non-smoking normal subjects
(1.6% vs 0.15% and 21.5 μg/L vs 2 μg/L) as well as 
neutrophils and MBP. Rutgers et al. [106], in a study of
patients with COPD who were current non-smokers, found
evidence of ongoing inflammation compared with normal
controls with increased numbers of eosinophils (P < 0.49)
in the submucosa and eosinophils, ECP and neutrophils in
BAL. There was an increase in CD4+ but not CD8+ cells. This
does raise the question as to whether these patients were
the same as those with raised CD8+ T-cell numbers [107]. In
a study comparing asthmatics with fixed airflow obstruc-
tion to patients with COPD, the asthmatics had significantly
more eosinophils and CD4 cells and less neutrophils than
patients with COPD [108].

Sputum studies

Ronchi et al. [109] compared the sputum (a mixture of
induced and spontaneous) differential cell count between
patients with asthma and COPD and found that neutrophils
predominated in the sputum of patients with COPD and
eosinophils in asthma. Similarly, Balzano et al. [110] found
that eosinophils were markedly raised in the sputum of
asthmatics (22%) but only slightly raised in COPD (0.7% vs
0.2% in controls), whereas neutrophils were more raised in
COPD. ECP was raised in both groups but concentrations
correlated with eosinophil counts. Some patients with COPD
exhibit features of asthma with greater bronchodilator
reversibility and steroid responsiveness. The possibility that

this subgroup also has a more asthmatic inflammatory 
pattern with an airway eosinophilia was supported by the
study of Papi et al. [111] who found that only patients with
COPD with significant reversibility had increased numbers
of eosinophils compared to normal controls. Similarly
Rutgers et al. [112] found that patients with COPD who
were hyperresponsive to adenosine 5′-monophosphate
had increased numbers of airway eosinophils compared
with those without. Eosinophilic inflammation is a feature
of induced sputum in asymptomatic smokers where 14 out 
of 34 had increased numbers compared with controls and
these subjects had a lower forced expiratory flow (FEF)
25–75% and increased number of pack-years smoking his-
tory [113]. Most studies have been undertaken in patients
with stable disease; however, more striking increases in
eosinophils have been seen in sputum during exacerbations
of the disease [114].

COPD, eosinophils and corticosteroids

The evidence that corticosteroids are beneficial in COPD 
is mixed, with apparently only minor benefits of inhaled
steroids in preventing exacerbations and slowing the rate of
decline in lung function, and limited evidence that oral
steroids are beneficial in acute exacerbations as they clearly
are in asthma [115]. There is no good evidence that steroids
prevent deaths from COPD or alter the natural history of
the disease in any major way. Nonetheless, anecdotally it 
is clear that some patients with COPD benefit from oral 
corticosteroids. Some of these patients have other features
suggestive of asthma and probably represent an overlap
syndrome, but others appear to have otherwise typical
COPD. There is increasing evidence that steroid responsive-
ness to COPD is seen in a subgroup of patients with an 
airway eosinophilia [116]. In an open uncontrolled study of
the effects of prednisolone on lung function, Chanez et al.
[117] found that 12 of 25 patients had a greater than 
200 mL increase in FEV1 after a 2-week course of steroids
and that these patients had more eosinophils and ECP 
in the BAL and increased thickness of the reticular base-
ment membrane than non-responders. No difference in
eosinophils was seen, however, in bronchial biopsies. In a
randomized controlled trial of a course of oral prednisolone
for 2 weeks in patients with stable clinically typical irre-
versible COPD, Brightling et al. [118] found that approx-
imately one-third of patients had a sputum eosinophilia of
greater than 3% and that this subgroup of patients had a
significant improvement in FEV1, quality of life score and
exercise tolerance, which was not seen in the patients with
a normal sputum eosinophil count. This study adds further
weight to the hypothesis that there is a subgroup of patients
with COPD who have more eosinophilic disease and that
the benefit of steroids is confined to this group.
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Although broadly speaking the general paradigm that
asthma is an eosinophilic disease and COPD a neutrophilic
disease holds true, it is an oversimplification of a complex
picture. Just as there appear to be a subset of asthmatics
with non-eosinophilic disease, there is a subset of patients
with COPD who have a significant airway eosinophilia
most clearly seen in the lumenal compartment sampled 
by BAL or sputum. The discrepancies between the various
studies highlighted above are presumably a result of differ-
ent compartments being sampled or patient selection. For
example, most studies have involved non-atopic patients. 
It would seem that up to one-third of COPD patients with
stable disease have a significant airway eosinophilia and this
finding could have major implications for targeting corti-
costeroid treatment to this subgroup. There is little informa-
tion on why some patients with COPD should have an airway
eosinophilia. The large amount of data investigating Th2-
mediated mechanisms involved in recruiting eosinophils
into the airways in asthma has not been extensively replicated
in COPD, although it is likely that many of the mechanisms
are similar. However, Th1 inflammatory stimuli can also
recruit eosinophils in a non-selective way and it is possible
that the eosinophilia in COPD, which is generally modest 
in degree, represents a non-specific inflammatory process 
particularly in exacerbations of the disease. The evidence
for a role for specific eosinophil mediators in COPD is 
limited. The function of the eosinophil basic proteins and
bronchoconstricting mediators such as the sulphidopeptide
leukotrienes appear more relevant to asthma than COPD.
Important eosinophil-derived cytokines such as TGF-β and
TGF-α are more related to fibrotic than destructive pro-
cesses. Interestingly, there are very few data on eosinophil
proteases that could be responsible for the development 
of emphysema, although eosinophils are potent producers
of superoxide ions, which have been strongly implicated 
in the pathogenesis of COPD [119]. What could be trigger-
ing eosinophil mediator release in COPD is also not clear.
Nonetheless, the link between corticosteroid responsive-
ness and eosinophils discussed above does suggest that in
some patients at least they may be playing a pathogenic
part. More studies of the natural history and treatment
response of this eosinophilic subgroup are required.
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CHAPTER 22

Airway epithelial defence, repair and
regeneration

Christelle Coraux, Jean-Marie Tournier, Jean-Marie Zahm and Edith Puchelle

Defence mechanisms

The airway epithelium represents the first line of lung
defence. The diversity of the cells lining the airways is
adapted to airway mucosa protection through a variety of
defence mechanisms that act together in order to protect
the airway epithelium from injury. The airway surface 
liquid covering the mucociliary epithelium contains critical
molecules for innate airway defence which maintain the
sterility of the airways. The integrity of the fluid balance
and optimal physical and biochemical properties of the 
airway secretions allow the mucociliary clearance of
inhaled particles and create a protective interface between
the external environment and the underlying epithelial cells.
In the upper (nasal), lower (bronchi) and distal airways
(bronchioles), several epithelial cell types contribute to the
defence functions of the airway epithelium: 
• Brush border cells (in the upper airways).
• Ciliated cells along the surface epithelium from the upper
up to the distal airways, including the bronchioles.
• Secretory cells: mucous (goblet) cells in the surface
epithelium and serous and mucous glandular cells in the
submucosa.
• Clara cells in the distal bronchioles.
• Basal cells in the upper, lower and non-terminal distal
airways (bronchioles).

The first protection barrier of the airways is the airway
surface liquid and mucus, which form a continuous filter 
at the cell–air interface and serve as a physical barrier to
noxious particles and bacteria [1]. Ciliated cells are not only
involved in the mechanical mucous transport function, but
also contribute to the regulation of ion and water content 
in the airway lining fluid through chloride channel activity

Airway epithelial cells: mechanisms of
defence and injury

[2,3]. The biochemical constituents of the airway surface
liquids are numerous, and actively participate to the
antibacterial, antioxidant and antiprotease defence of the
epithelium (Fig. 22.1) [4]. Mucin glycoproteins directly
interfere in the protective role of mucociliary clearance.
The heterogeneity of their glycan chains represents a
mosaic of receptors allowing the recognition and adhesion
of bacteria to mucus, then eliminated from the airways 
by the ciliary transport mechanism, therefore avoiding 
the microorganisms being recognized and adhering to 
the surface of the underlying epithelial cells [5]. Several
other proteins possess antibacterial properties: secretory
immunoglobulin A (IgA), lysozyme, bronchotransferrin,
secretory phospholipase A2, lactoperoxidase and secretory
leucoprotease inhibitor [6]. These molecules exhibit 
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Figure 22.1 Schematic representation of airway epithelium
defence mechanisms. IgA, immunoglobulin A.



microbicidal activity and are mainly produced by the serous
cells of airway glands. Other molecules such as defensin
peptides are also involved in the defence of the airway
epithelium. It has been recently reported that the human
cathelicidin antimicrobial peptide has a central role in
innate immunity by linking host defence and inflamma-
tion with angiogenesis and arteriogenesis [7,8]. Surfactant
proteins (SP-A, SP-B, SP-D), also called collectins, have an
important role in the defence of the epithelium [9]. These
human lung collectins are synthesized by alveolar epithelial
cells, non-ciliated bronchiolar cells and some epithelial cells
lining the larger airways and airway glands. At bronchiolar
level, the Clara cell secretory protein (CCSP), also called
CC16, CC10 or uteroglobin, is able to modulate lung
inflammatory and immune response [10,11].

In response to reactive oxygen and nitrogen molecules
induced by the inhalation of pollutants and generated by
phagocytes, glutathione peroxidase is synthesized by the
airway epithelial cells. Glutathione acts as a first line of
defence against inhaled reactive oxygen and nitrogen
species [12].

Unlike most of the matrix metalloproteinases (MMPs)
synthesized and released by epithelial cells following injury,
MMP-7 (matrilysin) may serve as a defence MMP and is
constitutively expressed by the airway epithelium of peri-
bronchial glands and conducting airways. Matrilysin also
functions in host defence by activating the latent form of
the defensin antimicrobial peptides [13].

The airway epithelial cells can rapidly alter their structure
and functions, either to adapt to changes in the local 
environment or to repair the epithelium following injury.
The ‘plasticity’ or remodelling of the airway epithelium 
has been described after irritation or injury which leads to
increased cell proliferation and changes in the proportion 
of specific cell types. Whether the cellular changes observed
reflect a response to injury or a normal repair process is not
clearly defined. 

At the cellular level, the tight junction (TJ) proteins play
a central part in epithelial cytoprotection by maintaining 
a physical selective barrier between external and internal
environments. Apart from their barrier function, the TJ
intercellular proteins (ZO-1, claudin, occludin) interact
with actin filaments and actively participate in epithelial
signalling. The TJs are highly labile structures whose 
formation and structure may be very rapidly altered 
following injury. Their function may be perturbed by air-
way inflammation. Coyne et al. [14] have shown that TJ
proteins are regulated by pro-inflammatory cytokines on
primary cultures of airway epithelial cells and that the 
combined exposure to tumour necrosis factor (TNF) and 
γ-interferon (IFN-γ) induces drastic effects on TJ expression
and barrier functions with significant alterations in the
epithelial permeability.

Apart from inflammatory cytokines, bacterial toxins are
also able to induce TJ degradation and to alter the epi-
thelial integrity [15]. The disruption of TJ in bronchial 
biopsies from asthmatics described by Elias [16] has been
reported to be associated with extensive epithelial damage.
In infected airways, the neutrophil products may decrease
the transepithelial resistance with a reduced number and
width of TJ strands.

Main sources of airway epithelial injury

Infectious as well as non-infectious agents may significantly
alter the integrity of the epithelial barrier. Bacteria interfere
with the airway mucociliary transport by disorganizing or
slowing ciliary activity. Microorganisms, such as Haemophilus
influenzae, Streptococcus pneumoniae, Staphylococcus aureus
and Pseudomonas aeruginosa are responsible for inducing
hypersecretion of mucus, slowing of ciliary beating and
epithelial shedding. Non-infectious agents, such as inhaled
oxidants (NO2, SO2, O3), may exert a toxic effect on airway
epithelium, the gravity of the injury being dependent on
the physicochemical characteristics of the inhaled gas, its
concentration, solubility and the duration of exposure.
Whatever the source, the response of the airway surface
epithelium to an acute injury includes a succession of cellu-
lar events, varying from the loss of surface epithelial imper-
meability to the shedding of the epithelium (only basal cells
still being attached to the basal lamina), or to a complete
denudation of the basement membrane (Fig. 22.2).

Epithelial shedding, even to the point of airway denuda-
tion, has already been described as a common and unifying
feature of asthma. However, the capacity of basal cells to
take over the barrier properties of the epithelium after a
selective loss of columnar cells was described more recently
[17]. Very few studies have been devoted to the relation-
ship between airway epithelial damage and inflammation
in patients with recurrent bronchitis and frequent exacerba-
tion episodes. In most cases in children with recurrent
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Figure 22.2 Chronology of the different steps of airway
epithelium injury. Mucus release (1), loss of junctional
integrity (2), compound cilia (3), loss of cilia (4), loss of
polarity (5), epithelium shedding (6) and basement 
membrane denudation (7).



bronchitis outside of recent acute infections, bronchial
biopsies showed extensive epithelial damage and a signi-
ficant correlation between the degree of shedding and
oedema of the airway mucosa [18].

Animal models of airway epithelium
regeneration

Different sources of injury (oxidants, cigarette smoke,
mechanical injury, and viral or bacterial infections) have
been analysed using a variety of animal models including
dogs, rabbits, guinea pigs, hamsters, rats and mice. These
models of airway epithelium injury and repair demonstrate
progressive restoration of TJs, premitosis dedifferentiation
followed by squamous metaplasia, active mitosis leading 
to basal and mucous cell hyperplasia and progressive redif-
ferentiation with emergence of ‘preciliated’ cells (a mixed
phenotype of ciliated and mucous cells) and ciliogenesis
allowing the regeneration of a functional mucociliary
epithelium [19].

Regeneration of the hamster tracheal epithelium 
after mechanical injury has demonstrated rapid re-
epithelialization of the denuded basement membrane and
has shown that cell migration, rather than cell prolifera-
tion, occurs first [20]. Epithelial cells at the border of the
wounded area are able to dedifferentiate, spread and
migrate over the denuded basement membrane to cover
the de-epithelialized area. Ramphal et al. [21] have shown
that, after influenza virus infection, complete desquama-
tion of the epithelium occurs within 3 days, then regenera-
tion begins within 5 days and is completed after 2 weeks.

In vivo studies in animal models suggest that several 
categories of stem cells and progenitor cells, including
columnar, basal and ciliated duct cells, can participate 
in airway epithelium regeneration and renewal [22–25].
Nevertheless, histological differences exist between human
airways and those of other animal species. Mouse tracheal
epithelium is composed mainly of ciliated and Clara cells,
the latter being present only in human distal airways and
only a few submucosal gland cells are identified at the
upper tracheal level in mice.

Human airway xenografts in tolerant mice

We explored regeneration and maturation of the adult
human airway epithelium [26], adapting the tracheal
xenografts in nude mice initially developed by Engelhardt
et al. [27]. Epithelial cells dissociated from human nasal
polyps were seeded into the lumen of rat tracheas denuded

In vivo and in vitro models of airway
epithelial repair and regeneration

of their own epithelium by successive cycles of freezing and
thawing. The rat tracheas, tied at their distal end to sterile
polyethylene tubing, were inoculated with the human
adult epithelial cells and implanted subcutaneously into the
flanks of recipient nude mice. We analysed, in terms of cell
proliferation, differentiation and integrity of the epithelial
barrier, the sequence of events involved in the regeneration
of the human airway epithelium, which were partly similar
to those described in epithelial regeneration in vivo after
airway injury. At 3 days after implantation in nude mice,
tracheas were partly repopulated with a flattened, non-
ciliated and poorly differentiated untight epithelium. By
the end of the first week, cell proliferation produced a 
squamous-type epithelium on the entire surface of the 
host rat trachea which was stratified into multiple layers
and tightly sealed. This squamous epithelium phenotype,
which represents a highly protective phenotype, previ-
ously described after injury, reflects a protective dynamic 
regenerative process. During the following weeks, cell pro-
liferation decreased markedly and the epithelium became
progressively columnar, secretory and ciliated but was still
partly untight, although already polarized. After 4–6 weeks,
the regenerated airway epithelium was well differentiated
and pseudostratified (Fig. 22.3; see also Plate 22.1; colour
plate section falls between pp. 354 and 355). This chimeric
model has the main advantage of reconstituting a human
adult airway epithelium exposed to the air environment in
the same way as in adult human airways. Pharmacological
application of this air-opened humanized airway graft 
has been successfully assayed with an anti-inflammatory
molecule in cystic fibrosis (CF) [28]. Other important 
applications of this model will be to identify molecules able
to activate epithelial regeneration in respiratory diseases
such as chronic bronchitis, asthma and CF. Ultimately, this
xenochimera may be very useful to analyse the capacity 
of recombinant viral vectors to target progenitor cells for
surface epithelium [29].

A model of human airway development in vivo relying on
the transplantation of embryonic and fetal lung rudiments
into xenotolerant severe combined immunodeficient (SCID)
mice has been described [30,31]. Proximal or distal airway
primordia grew rapidly in SCID mice and differentiated
after 6–12 weeks into tracheal or pulmonary structures,
including a pseudostratified ciliated and secretory surface
epithelium, submucosal glands and cartilage rings as well as
alveolar structures and interstitium. Irrespective of initial
stages of development, fragments of human fetal tracheas
implanted subcutaneously into SCID mice developed as
closed fluid-filled xenografts, lined on their whole inner
surface with a pseudostratified and secretory epithelium.
The presence of airway fluid inside the lumen of these 
tracheal grafts resulted from surface cell and submucosal
gland secretion and from transepithelial active transport of
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ions and water. The bioelectric properties of these human
tracheal grafts implanted in SCID mice were stable over
several months and showed that the mature and well-
differentiated lining epithelium acted as a selective barrier
to ion transport [32]. Xenografts were similar to postnatal
normal airways with respect to transepithelial potential 
difference, short-circuit current and transepithelial resist-
ance as well as to responses to amiloride, forskolin and
extracellular adenosine triphosphate (ATP). A lower base-
line electrogenic ion transport activity, similar to that
described in CF postnatal airways, was observed in CF 
fetal grafts. A limitation of this model is that the xenograft 
is not exposed to air and probably mimics the prenatal
rather than the postnatal human airway environment.

In vitro and ex vivo models of airway epithelial
repair and regeneration

Several assays have been described to analyse in vitro
the wound repair following airway cell culture damage.
After bronchial or alveolar cell culture at confluence, the
cell layer is mechanically damaged by gently scraping 
the epithelium, and the area of denuded epithelium is
quantified over 24 h at regular time intervals.

Chemical injury has been also used for inducing a wound
[33]. Primary cultures of confluent airway cells were
injured by depositing a 1 μL drop of 1 mol/L sodium hydro-
xide rapidly neutralized with phosphate buffer saline at the
centre of the culture. The advantage of this technique is
that the wound surface is well standardized. Evolution of
the remaining surface of the wound area can be examined
using a videocamera connected to a microscope and the
corresponding wound surface is calculated. A cell migration
assay was also developed in parallel to analyse the migra-

tion speed of the airway cells in culture after injury. After
wound induction, cell nuclei were stained with a fluores-
cent dye and the wounded culture was placed in a small
transparent culture chamber of an inverted microscope.
Images of the cell nuclei are digitized and cell migration is
quantified through the detection of cell nuclei, the com-
putation of the trajectories of these nuclei and the analysis
of these trajectories. From each nucleus trajectory, the
computer calculated the cell migration speed.

In order to analyse the molecular mechanisms involved
in airway epithelial repair, it is of major interest to create a
wound where only surface epithelial cells are damaged
without any alteration of the underlying extracellular
matrix molecules. Freshly collected human bronchial 
tissues can be locally injured using a small metallic probe
frozen with liquid nitrogen and applied for 10 s to the tissue
sample with a calibrated pressure. Under these conditions,
only cells of the surface epithelium are eliminated, but the
underlying extracellular matrix is not altered [34].

Another in vitro model of three-dimensional culture of
human airway epithelial cells in suspension has been 
developed that allows the analysis of the regeneration of
nasal epithelium [35]. Using this three-dimensional airway
spheroid culture model, the kinetics of differentiation,
polarization and ciliated and secretory epithelial regenera-
tion have been analysed [36]. After complete dissociation
of human airway epithelial cells, the expression of apical
membrane proteins disappears and the re-establishement
of cell–cell junctionality, polarity and differentiation observed
after approximately 1 month of culture is associated with
the apical plasma membrane localization of cystic fibrosis
transmembrane conductance regulator (CFTR) and of 
associated proteins such as ezrin and a glycophosphatidyl-
inositol-anchored protein: CD59. 

248 CHAPTER 22

Stage 1:
Cellular dedifferentiation,
adhesion and migration

Stage 2:
Cellular proliferation

and stratification

Stage 3:
Progressive

pseudostratification
and differentiation

Stage 4:
Well-differentiated and

pseudostratified epithelium

Figure 22.3 Sequence of events in the regeneration of airway epithelium. See also Plate 22.1; colour plate section falls between
pp. 354 and 355. (From Dupuit et al. [26] with permission.)



The cellular and molecular factors involved in the repair
and regeneration of airway epithelium are numerous and
closely interact. Early repair events have been examined in
detail by Erjefält et al. [37] who have shown that, immedi-
ately after epithelial denudation without any damage to the
basement membrane, the epithelial cells from the wound
border dedifferentiate into ‘repair cells’ that migrate rapidly
to recover the wounded area.

Cell migration involves protrusion of the plasma mem-
brane (lamellipodium extension) at the leading edge of 
the cell which implies cytoskeleton reorganization. Cell
movement also implies the formation of new sites of adhe-
sion to the extracellular matrix at the front of the wound
but also the release of adhesion sites at the back of the 
cells. This necessarily implies a coordinated sequence of
events involving contraction of the actin and actomyosin
cytoskeleton, interaction with extracellular matrix proteins
(ECM) and MMPs, with regulation between MMPs and
their inhibitors. Furthermore, production of ECM by the
airway epithelial cells during the migration process requires
signalling pathways through specific receptors on the air-
way cell surface.

In the in vivo situation, such as in asthma, chronic
obstructive pulmonary diseases (COPD) and CF or in in vivo
experimental models where the host-tissue responses are
preserved (such as in human airway xenografts), there is a
rapid increased plasma exudation associated with a deposi-
tion of fibrin and plasma-derived proteins on the denuded
plasma membrane and an efflux of plasma-derived growth
factors, cytokines, MMPs, associated with recruitment 
of leucocytes, as well as proliferation of fibroblasts and
myofibroblasts, which may contribute to the initiation of
the repair process. In normal conditions, this inflammatory
host-tissue response progressively decreases in order to
allow the reparative processes to occur (wound closure,
redifferentiation and regeneration of the airway epithe-
lium). To accomplish successful wound repair and tissue
regeneration, the inflammation response must be tightly
regulated in vivo. Among the regulatory cytokines, it can be
expected that, as in cutaneous wound healing, IL-10 has 
a major role in suppressing the inflammatory response 
and inhibiting the synthesis of proinflammatory cytokines
observed at the onset of wound repair [38].

Role of matrix metalloproteinases in the repair
and regeneration of airway epithelium

During spreading and migration, cells adhere to the ECM
molecules through focal and primordial contacts that

Cellular and molecular mechanisms 
of airway epithelial repair and
regeneration

enable the anchorage by which the cells can exert traction
on the matrix. These contacts are transient structures that
are required for traction but have to be rapidly cleaved 
during migration. MMPs are directly involved in airway
epithelial wound repair, especially in the remodelling of the
provisional matrix on which the epithelial cells migrate.
Buisson et al. [39] have shown, using the in vitro model of
airway epithelium wound repair, that MMP-9 and MMP-3
(stromelysin-1) are strongly expressed by the repairing 
airway cells. Furthermore, a MMP-9 antibody, known to
inhibit MMP-9 activation, resulted in a dose-dependent
decrease of the wound repair speed. These observations
suggest that MMP-9 acts at the interface between repairing
epithelial cells and the ECM and is involved in the remodel-
ling of the newly synthesized ECM. According to Planus 
et al. [40], MMPs play a major part in tissue repair by several
mechanisms: first by remodelling ECM but also by releasing
growth factors such as vascular endothelial growth factor
(VEGF), transforming growth factor β (TGF-β) or basic
fibroblast growth factor (bFGF) from the proteoglycans
were they are stored, or by cleaving some growth factor
receptors such as FGF receptor. MMPs could also facilitate
de-adhesion during the cell migration process, as suggested
by the fact that alveolar cell migration on type I collagen 
is promoted by collagenases. Matrilysin (MMP-7) is an
important MMP that functions in defence and repair as 
well as in inflammation. MMP-7 is expressed in migrating
epithelium in injured airway [41]. In matrilysin null mice
airway tissues, tracheal wound does not repair, whereas it
repairs rapidly in tracheas of wild-type mice. Moreover, 
it has been recently shown that matrilysin shedding of 
syndecan-1 regulates chemokine mobilization and confines
neutrophil influx to sites of injury [42]. Both collagen IV
and MMP-9 are involved in airway epithelial cell migration.
Legrand et al. [34] have shown that when cell–collagen IV
interaction is blocked, cells spread slightly but do not migrate
and when MMP-9 activation is prevented, cells remain
fixed on primordial contacts and do not migrate. These
observations suggest that MMP-9 controls cell migration by
remodelling the provisional ECM implicated in primordial
contacts. MMP-7 and MMP-9 act also as modulators of air-
way epithelial differentiation. It was recently demonstrated
in the nude-mice xenograft model that incubation of the
epithelial cells with MMP inhibitors in the course of epithelial
regeneration led to an abnormal epithelial differentiation
attested by immature and mature squamous metaplasia
with areas of basal cell hyperplasia [43].

Role of cytokines and growth factors in airway
epithelial repair

Cytokines represent a large group of heterogeneous 
proteins with diverse biological activities. These poly-
peptide mediators include chemokines, interleukins, tumour
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necrosis factors, growth factors and colony-stimulating 
factors. During airway inflammation, great attention 
has been devoted to the mediators involved in the early
inflammatory and chemotactic response and in the resolu-
tion of inflammation. Less information is available on the
cytokines such as growth factors that are involved in airway
epithelial wound repair and regeneration. These growth
factors are mainly secreted by mesenchymal cells and
macrophages but also by epithelial cells. The incubation 
of wounded human airway epithelial cell cultures with
recombinant epidermal growth factor (EGF) increases
significantly the wound closure rate [44]. EGF stimulates
migration and wound repair of guinea pig airway epithelial
cells [45]. Other growth factors, such as insulin-like growth
factor 1 (IGF-1), platelet-derived growth factor (PDGF),
TGF-β or keratinocyte growth factor (KGF) can enhance
the wound repair by acting as chemotactic or growth-
stimulating factors, stimulating the synthesis of ECM and
interacting with MMPs through specific cell receptors. 

Airway epithelial migration is induced by several 
‘motogen’ peptides including insulin, insulin-like growth
factors (IGF), calcitonin gene-related peptide (CGRP) and
EGF. Another group of peptides, the trefoil factor family
(TFF) has been shown to promote migration and repair in
the gastrointestinal tract and, more recently, in wounded
airway epithelial cell cultures where they exhibit a syner-
gistic effect with EGF [46]. TFF peptides would act as moto-
gens in the human respiratory epithelium, triggering rapid
repair of damaged mucosa in the course of airway diseases
such as asthma.

Extracellular matrix proteins, integrin and 
non-integrin receptors

Cell–cell and cell–extracellular matrix interactions repres-
ent vital aspects of the repair mechanisms. These cellular
processes are mediated by the ECM constituents that repres-
ent ligands for specific transmembrane cellular receptors,
the integrins. Each integrin consists of two subunits, α and
β, and the resulting heterodimer mediates cell adhesion to
one or more matrix proteins such as collagen, laminin,
fibrinogen or fibronectin [47]. The migrating cells attach to
a provisional matrix that includes the inflammatory glyco-
proteins fibronectin and vitronectin as well as components
of basement membrane, laminin and type IV collagen. It
has been shown that the matrix proteins themselves can
serve as stimuli for migration of bronchial epithelial cells in
vitro [48]. Among the ECM proteins, fibronectin appears to
have a key role in airway epithelium repair. By immunocy-
tochemistry, Hérard et al. [49] have shown that fibronectin
is deposited at the airway cell–matrix interface during 
the wound repair process. In addition, the incubation of
wounded cultures with antifibronectin antibody partially

inhibits the wound closure. In association with the deposi-
tion of fibronectin, they also observed that the α5β1-
integrin, which is one of the fibronectin cellular receptors,
was up-regulated in the migrating cells of the repairing
area. Using an in vivo human/SCID mouse chimeric model
of airway repair, Pilewski et al. [50] reported a similar induc-
tion of the α5β1-integrin during wound repair. Airway
epithelial cells may use other matrix receptors such as α-
dystroglycan (a non-integrin laminin receptor) to facilitate
spreading and migration during repair [51].

Non-integrin receptors such as CD44 and the receptor 
for hyaluronic acid mediated-mobility [52] may be also
implicated in respiratory injury and repair. CD44 is respons-
ible for binding to hyaluronic acid that serves as an anchor
for secreted proteins and could possibly retain mitogenic and
motogenic molecules involved in airway epithelial repair.

Apart from its functional role in cell adhesion via integrin
receptors, cell surface glycosylation may mediate repair of
human airway epithelial cells [53].

The repair of injured airway epithelium involves stem cells
and progenitor cells. Much evidence supports the presence
of stem and or progenitor cells in the airways. Although the
proliferation index is less than 0.2% in healthy bronchial
epithelium [54], tissue homoeostasis exists, and denuded-
graft experiments have shown the ability of airway 
epithelial cells to reform a complete array of tracheal and
bronchial epithelial cells. For example, epithelial cells from
human undifferentiated fetal trachea rudiments seeded on
denuded human fetal tracheas and grafted on the back of
tolerant mice are able to reform a fully differentiated airway 
epithelium [31]. In the same way, the presence of stem or
progenitor cells in adult human bronchi [55] and adult
human nasal polyps [26] has been suggested. Despite these
results, the exact identity of airway stem cells remains to be
determined.

The airways are classically subdivided in large cartilage-
containing airways (trachea and bronchi) and small air-
ways without cartilage (bronchioles). Although the concept
of a single stem cell common to the epithelium of the whole
respiratory organ has been proposed (for review, see Emura
[56]), it is now accepted that each subdivision of the lung
possesses its own stem cell.

Stem cells are quiescent undifferentiated cells able to
divide slowly but indefinitely under particular conditions
such as injury, to self-renew for their entire life span and 
to give rise to less proliferative committed daughter cells,
called transient amplifying cells or progenitor cells [57].
Stem cells differentiate to form all the cell types of the tissue
[58,59] and are therefore multipotent.

Airway stem cells and progenitor cells
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Tracheal and bronchial airway 
stem/progenitor cells

In order to determine the identity of stem cells in the 
tracheal and bronchial epithelium, metabolic labelling or
Ki67 antigen immunodetection has been used to study the
epithelial cell kinetics. The proliferation capacity of basal
and secretory cells suggested that these cells were good 
candidates for stem or progenitor cell status [60–62]. In
animals, the differentiation potential of purified subpopula-
tions of airway epithelial cells has also been investigated by
using xenograft models. After an initial step of cell separa-
tion based on elutriation or cell sorting, basal or secretory
epithelial cells were seeded on tracheas depleted of their
own epithelium and then transplanted. Authors reported
the capacity of both basal and secretory cells to dedifferen-
tiate into a similar highly proliferative phenotype called
‘poorly differentiated cells’ and then to redifferentiate 
and regenerate after 3–4 weeks of engraftment a pseudos-
tratified mucociliary airway epithelium [63–65] with a re-
spiratory gland network [66]. Based on evidence of stem cell
niches in many organs such as intestine or skin, Borthwick
et al. [24] have reported the existence of stem cell niches in
airways characterized by slow-cycling cells able to retain
the nucleotide analogue BrdU in their genomic DNA for
long periods of time. These stem cell niches were principally
localized in the gland ducts in the upper trachea of mice. 

Bronchiolar stem cells

As in large cartilage-containing airways, the nature of pro-
liferative cells in bronchioles has been investigated using
Ki67 antigen immunodetection. In the terminal bronchioles
of normal human airways, 15% of proliferating airway
epithelial cells were Clara cells, and this percentage increased
up to 44% in the respiratory bronchioles [67]. In the air-
ways depleted of Clara cells, a normal epithelium could 
not be regenerated [68]. In rabbits, Clara cells separated by
elutriation following Percoll density centrifugation and
inoculated into denuded rat trachea were able to regenerate
a cuboidal epithelium resembling that seen in normal bron-
chioles [69]. These data favour the concept that the Clara
cells represent stem or progenitor cells of the bronchioles.

Bone-marrow-derived airway stem cells

It was previously thought that stem cells were tissue-
specific but in the last decade, a number of studies has
demonstrated that stem cells from one organ can differenti-
ate into cells of another, and this is particularly true for
bone-marrow-derived stem cells. This notion of ‘cell plas-
ticity’ in the airways has primarily been reported by Krause
et al. [70]. This group showed that a single stem cell from

the bone marrow could not only repopulate an irradiated
host, but was also able to generate cells found in several 
tissues. In the bronchi, these cells represented 3.7% of the
total tissue cells. In humans, Kleeberger et al. [71] reported
approximately 10% integration of recipient-derived cells 
in the bronchial epithelium for the patients with lung 
allograft, with a markedly high degree of chimerism (24%)
in structures displaying signs of chronic injury. However,
these exciting results apparently contradict the data of
Davies et al. [72] who did not observe any differentiation 
of airway cells from bone marrow cells into the upper air-
way respiratory epithelium in the absence of infection and
inflammation. These data suggest that airway injury is a
prerequisite to the differentiation of bone-marrow cells into
airway epithelial cells.

Although airway stem cell research extensively pro-
gressed during this last decade, the precise identity of human
airway stem cells remains to be elucidated.

Repair of the airway epithelium after injury is critical for
the maintenance of the barrier function and the limita-
tion of airway hyperreactivity. Future therapy of airway 
epithelial injury and repair should aim to improve the 
protection of airway epithelium against injury. In the case
of severe injury, these therapies should enhance wound
repair and epithelial function regeneration. 

Based on in vitro and in vivo studies, growth factors have
been shown to be able to stimulate cell proliferation and
differentiation after injury. Among the different growth
factors, EGF has been shown to promote wound repair
almost in vitro [73]. Moreover, EGF enhances the number
of β2-adrenergic receptors (β2-AR) [74]. The increase in 
β2-AR could improve the effect of β2-AR agonists such as
salmeterol, which has been shown to protect the airway
epithelial integrity via an increase in the TJ protein ZO-1
[75]. Recombinant EGF and β2-AR agonists could therefore
prevent the airway epithelium from deletorious insults and
accelerate the re-epithelialization of wounded epithelia,
which frequently occurs in viral and bacterial pathologies.
Among the proteins able to limit airway epithelial injury,
recombinant CC10 (rh CC10) protein has been reported to
inhibit phospholipase A2 and to possess anti-inflammatory
properties. We can speculate that rh CC10 could represent a
promising therapy not only for the prevention of lung ther-
apy in preterm infants [76], but also for the prevention of
airway and lung epithelial injury.

Other growth factors such as KGF have been reported 
to enhance alveolar epithelial repair by non-mitogenic
mechanisms. Atabai et al. [77] have shown in rats that

Strategies for future therapy of airway
cytoprotection, repair and regeneration
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administration of KGF markedly improves the epithelial
repair by altering cellular adherence, spreading and migra-
tion through stimulation of the EGF receptors. KGF is also
able to accelerate wound closure in airway epithelium dur-
ing cyclic mechanical strain and to protect from oxidant
injury [78,79].

Apart from growth factors, antibiotics such as tetracyclins
and cefazolin [80] have been shown to increase cell pro-
liferation and differentiation and be helpful in protecting
from cell damage and augmenting the healing of acute air-
way epithelial injury [79]. Future drugs should also include
molecules that are capable to increase wound closure and
to induce a completely reconstituted and regenerated func-
tional airway epithelium.

In the long term, future therapy of repair and regenera-
tion should be orientated toward the development of 
pharmacological molecules active on airway epithelial 
progenitor and stem cells. The identification of these cells
represents a major challenge in the perspective of a reparat-
ive therapeutic approach to airway epithelium.
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CHAPTER 23

The role of the neutrophil in 
the pathogenesis of COPD

Ian S. Woolhouse and Robert A. Stockley

The neutrophil is the most abundant circulating leucocyte.
It is derived from pluripotential stem cells in the bone 
marrow and is characterized by the presence of a multi-
lobed nucleus and cytoplasmic granules. The primary, or
azurophilic granules contain many of the important pro-
teins required in host defence, including the proteinases
(elastase, proteinase-3 and cathepsin G), antibacterial pro-
teins (such as the defensins, lysozyme and azurocidin) and
the enzyme myeloperoxidase. However, the capacity of the
neutrophil and its products for bacterial killing carries with
it an implicit capacity for host tissue destruction.

The neutrophil has been implicated in the pathogenesis
of chronic lung disease for over 30 years. The association
dates back to an observation in 1963 that severe early-
onset emphysema was associated with deficiency of α1-
antitrypsin, the serum inhibitor of the proteolytic enzyme
neutrophil elastase [1]. This led to the proteinase–
antiproteinase theory of the pathogenesis of emphysema
and subsequent studies, both in animal models and human
subjects, have led to this theory being widely accepted as a
key mechanism of disease development. 

This chapter reviews the data implicating the neutrophil
in the pathogenesis of COPD, summarizes the process of
neutrophil recruitment to the lungs from bone marrow
production through to migration into the airways, outlines
the mechanisms of neutrophil-mediated connective tissue
destruction and, finally, discusses the neutrophil as a target
for anti-inflammatory therapy in COPD.

Animal models

Animal studies have been critical in understanding the role
of the neutrophil and its products in the pathogenesis of

Evidence for the role of the neutrophil 
in the pathogenesis of COPD

COPD. Early studies using intrapulmonary challenges
demonstrated that proteinases, including human neutro-
phil elastase, can lead to the development of emphysema,
when instilled into the lungs of experimental animals [2,3],
as a result of elastin degradation. Subsequent studies
confirmed that neutrophil elastase is also able to induce
other features of COPD, including mucous gland hyper-
plasia, excessive mucus secretion, bronchial hyperrespons-
iveness and tissue damage a short time after instillation into
the airways [4–6]. 

However, recently it has been shown that a variety of
metalloproteinases can also degrade elastin and that mice
lacking macrophage metalloelastase 12 (MMP-12) do not
develop smoke-induced emphysema [7,8]. These findings
led to an alternative hypothesis in which macrophages 
and macrophage-derived metalloproteases were thought 
to be responsible for the development of emphysema.
However, new studies have re-emphasized the importance
of neutrophil-derived proteases and their inhibitor α1-
antitrypsin. Using a mouse model, Dhami et al. [9] and
Churg et al. [10] have demonstrated that both MMP-12 and
neutrophils are required for acute smoke-induced matrix
breakdown, the precursor of emphysema. This process appears
to be mediated by MMP-12 induced release of tumour
necrosis factor-α from alveolar macrophages, with subsequ-
ent endothelial activation, neutrophil influx and connective
tissue destruction by neutrophil-derived proteases [11]. In
addition, the same group has demonstrated that exogenous
administration of α1-antitrypsin ameliorates both the acute
and chronic connective tissue destruction seen in this mouse
model of cigarette smoke-induced emphysema [9,12], pro-
viding further evidence for the role of neutrophil-derived
proteases in the pathogenesis of COPD. 

Human studies

Early studies on patients with chronic bronchitis 
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demonstrated an increased percentage of neutrophils in
bronchoalveolar lavage fluid compared with asymptomatic
smokers, which was greater the worse the airflow obstruc-
tion [13–15]. In addition to greater numbers of neutrophils
in the bronchoalveolar fluid from patients with COPD, 
subsequent studies also demonstrated the presence of
increased markers of neutrophil activation, in particular
myeloperoxidase and interleukin 8 (IL-8) [16,17].

These results have been reproduced in studies examining
neutrophil counts and markers of neutrophil activation in
sputum from patients with COPD, confirming the presence
of neutrophilic inflammation in the larger airways, as well
the peripheral airways of smokers with COPD (Fig. 23.1)
[18–20]. Furthermore, the observed association between
neutrophilic airway inflammation and the severity and
rapidity of airflow obstruction [20,21] provides further 
support for the role of the neutrophil in the progression 
of the disease.

Although the airway lumen in smokers with COPD 
displays a neutrophilic inflammation, studies of tissue
inflammatory cell response in these patients have produced
conflicting results. Saetta et al. [22] and Di Stefano et al. [23]
have demonstrated increased numbers of neutrophils in
the bronchial glands of smokers with chronic bronchitis
and in the bronchial subepithelium of smokers with severe
airflow obstruction. However, the same group found that
numbers of CD8+ lymphocytes, not neutrophils, were
increased in the peripheral airways epithelium and alveolar
walls of smokers with COPD, compared with smokers with-
out airflow obstruction [24,25]. Other histological studies
have confirmed increased numbers of CD8+ lymphocytes
in the alveolar walls of smokers with emphysema [26],
although patients with severe airflow obstruction also had
significantly increased numbers of neutrophils [27]. The

precise role of the lymphocyte in the pathogenesis of COPD
remains unclear and the discrepancy between the increased
presence of neutrophils in the airway but not tissues may be
explained by selective passage of neutrophils across the
epithelium into the airway lumen.

During exacerbations of COPD there is a further increase
in the number of airway neutrophils [28], although the role
of the neutrophil in exacerbations is uncertain. Many of
these episodes are related to bacterial infection, therefore
the neutrophil response is likely to represent an important
component of secondary host responses. However, the
recruitment of neutrophils during exacerbations is also
associated with a rise in neutrophil activation markers, in
particular neutrophil elastase, myeloperoxidase (MPO),
leukotriene (LT) B4 and (in severe episodes) IL-8 [29–31],
all of which have the potential to perpetuate the inflamma-
tory process and hence lead to further bronchial damage.
Studies of bronchial neutrophilic inflammation during ex-
acerbations show resolution usually within 5 days following
treatment, and this parallels clinical recovery [30].

Neutrophil differentiation occurs entirely within the bone
marrow, where several distinct stages can be recognized. In
the first stage, which takes 5–7 days, the cells divide and dif-
ferentiate from myeloblasts to form promyelocytes. During
this period the primary, or azurophilic, granules, which con-
tain the proteinases elastase, proteinase-3 and cathepsin 
G, antibacterial proteins such as the defensins, lysozyme
and azurocidin and the enzyme myeloperoxidase are pro-
duced. The secondary, or specific granules, which contain
collagenase, lactoferrin and gelatinase, among other pro-
teins, are formed as the cell proceeds to the metamyelocytic
stage. Cell divisions ensure that all cells contain a full 
complement of primary and secondary granules. From the
metamyelocyte stage onwards the cells no longer undergo
division but mature through a recognized band cell stage 
to form adult neutrophils. At maturity, neutrophils develop
highly mobilizable secretory granules with adhesion
molecules and cytochrome b558 on their surface. This whole
process takes approximately 2 weeks, with the mature cells
remaining in the bone marrow for a further 2 days before
being released into the circulation, where they have a 
half-life of 8 h [32].

A number of studies have demonstrated that cigarette
smoke exposure has a stimulatory effect on this process
within the bone marrow causing peripheral blood leucocy-
tosis and neutrophilia [33,34]. In addition, total peripheral
blood leucocyte count has been found to correlate inversely

Neutrophil differentiation and
maturation
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Figure 23.1 The proportion of neutrophils identified 
in induced sputum samples is shown for healthy control
subjects and subjects with COPD. In addition, the proportion
of neutrophils is shown for COPD patients who have chronic
cough and sputum expectoration.



with absolute forced expiratory volume in 1 s (FEV1)
values [35,36]. These observations are consistent with the
hypothesis that the neutrophil is of major importance in 
the pathogenesis of COPD, and higher numbers of this cell
within peripheral blood (resulting from increased bone
marrow production) may be related to the severity of airflow
obstruction, as increased numbers of neutrophils are avail-
able for recruitment to the airways which would lead to
increased elastase-mediated connective tissue destruction.

The walls of the bronchi and bronchioles are supplied with
systemic blood through the bronchial arteries, which are
derived from the descending aorta and the intercostal and
internal mammary arteries [37]. Microvascular injection
techniques demonstrate an extremely rich vascular net-
work supplying the airway wall [38]. The alveoli receive
their blood supply from the pulmonary circulation via
branches of the pulmonary artery, which divides to form a
meshwork of short capillary segments in close contact with
the alveolar space.

The relative contribution of the bronchial and pulmonary
circulation to the blood supply of human lungs is not know.
Although studies in dogs using fluorescent microspheres
have demonstrated that 97% of the blood supply to the
intraparenchymal airways down to 1 mm in diameter
comes from the bronchial circulation [39], whether this is
the same in humans remains unknown and very little is
known of the relative contributions of the two circulations
to neutrophil recruitment in COPD. In healthy sheep,
50–60% of radiolabelled neutrophils in the bronchial 
vasculature are retained, compared with 80% of those in
the pulmonary circulation being retained [40]. Given the
presence of neutrophils and their products at bronchial and
alveolar level in patients with COPD, one may assume that
neutrophil migration occurs from both the bronchial and
pulmonary circulations. The mechanisms of neutrophil
recruitment to the lung are thought to differ according to
the site of migration, which may have implications in terms
of the pathological features of COPD and potential new
therapies.

Neutrophil migration in the bronchial
circulation

Neutrophil traffic into the bronchial submucosa occurs via
the bronchial circulation and is assumed to follow the 
complex multistep process seen elsewhere in the systemic
circulation (i.e. cell capture, rolling, activation and arrest)
[41,42].

Neutrophil recruitment to the lungs

Initiation of migration begins with capture of neutrophils
from flowing blood and subsequent rolling along the
endothelial surface in postcapillary venules, which is a 
normal feature of circulating neutrophils. This process is
mediated through reversible binding of a group of trans-
membrane glycoprotein adhesion molecules known as the
selectins. Leucocyte (L) selectin is constitutively expressed
on projecting microvilli of circulating neutrophils. It is
responsible for early, rapid and short-lived binding to an
endothelial ligand that has yet to be fully characterized, but
is thought to be a fucosylated variant of CD34, a member of
a group of sialomucin oligosaccharides that share affinity
for selectins [43–45]. Platelet (P) selectin, which is stored
intracellularly in Weibel–Palade bodies of endothelial cells,
is mobilized to the endothelial surface within minutes of
exposure to inflammatory mediators such as histamine,
thrombin and various cytokines [46,47]. The neutrophil
counterligand for P-selectin is glycoprotein ligand-1, and
binding to this receptor results in slower rolling velocities
and eventual tethering of the neutrophil to the vessel 
surface [48]. Endothelial (E) selectin can also support
rolling and tethering of neutrophils in a similar fashion to
P-selectin [49]. The ligand for E-selectin has not yet been
fully characterized; however, it may be a uniquely modified
mucin known as E-selectin ligand-1 [50]. E-selectin, unlike
P-selectin, is not stored intracellularly and therefore peak
expression is not seen until 4–6 h after exposure to pro-
inflammatory cytokines [51]. Thus, the role of E-selectin
may be to maintain neutrophil rolling after P-selectin has
been down-regulated [52].

The next step in transendothelial migration is the trans-
ition from neutrophil rolling to firm adhesion to the vessel
wall. The initiating signal for this may be either a receptor-
mediated response to endothelial presented cytokine [53,54]
or an event propagated by selectin activation [55], lead-
ing to up-regulation of a group of heterodimeric trans-
membrane glycoproteins on the neutrophil surface known
as integrins. Neutrophil binding to activated endothelium 
is mediated primarily by two integrins that consist of β2

(CD18) subunits. These are lymphocyte-associated function
antigen-1 (LFA-1; CD11a/CD18) and macrophage antigen-
1 (Mac-1; CD11b/CD18). A third CD18 integrin, p150,95
(CD11c/CD18) can also promote neutrophil trafficking;
however, Mac-1 has emerged as the critical CD18 integrin
in many models of neutrophil migration [56,57].Preformed
Mac-1 is stored within neutrophil granules [58] and can be
rapidly mobilized to the neutrophil surface after exposure
to stimuli such as bacterial peptides including formyl-
methionyl-leucyl-phenylalanine (fMLP), LTB4 and the
CXC chemokines such as IL-8 [54,59]. β2-Integrins, and
especially Mac-1, have high affinity for intercellular adhe-
sion molecule-1 (ICAM-1) [56], an immunoglobulin-like
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molecule expressed constitutively in low levels on endo-
thelial cell membranes and rapidly up-regulated following
exposure to inflammatory cytokines such as tumour necrosis
factor α (TNF-α) and IL-1β [51,60].

The final step of neutrophil recruitment from the 
blood stream into the lungs is transendothelial migration;
however, the mechanisms of neutrophil extravasation 
are incompletely understood. Transmigration through
endothelial cell monolayers in vitro occurs preferentially 
at tricellular junctions [61] and the immunoglobulin 
G (IgG) type adhesion molecule, platelet–endothelial 
cell adhesion molecule-1 (PECAM-1; CD31) appears to 
be critical [62]. PECAM-1 is found on neutrophils and
endothelial cells, where it is concentrated at intercellular
junctions [63]. Treatment of neutrophils or endothelial
monolayers with antibodies to PECAM-1 can block trans-
migration [64].

Even less is known of the mechanisms of migration
through the subendothelial matrix. Adhesion and migra-
tion is accompanied by release of neutrophil-derived pro-
teases [65] and both chemotaxis and migration through
artificial substances can be inhibited by antiproteases [66].
However, protease inhibitors appear to have no effect 
on neutrophil migration through intact endothelial cell
monolayers [67].

In COPD, studies examining the expression of the 
adhesion molecule thought to be important in neutrophil
migration from the bronchial circulation have produced
conflicting results. Noguera et al. [68] demonstrated
increased surface expression of Mac-1 (CD11b) in smokers
with COPD compared with those with normal lung func-
tion. However, Gonzalez et al. [69] found similar levels of
neutrophil adhesion molecule expression in lungs resected
from smokers with and without airflow obstruction,
although neutrophil activation during the migration pro-
cess may have affected these results. Similarly, conflicting
evidence exists for the expression of the endothelial ligands
for neutrophils in COPD. In one study, increased plasma
levels of the soluble adhesion molecules ICAM-1 and E-
selectin were demonstrated in COPD patients with chronic
bronchitis [70], whereas another found that levels of soluble
ICAM-1 were lower in the COPD group compared with
healthy controls [71]. 

Nevertheless, neutrophils from patients with chronic
bronchitis and emphysema do demonstrate enhanced
chemotaxis across an inert membrane [72] and data from
our laboratory show that neutrophil endothelial inter-
actions under flow are increased in smokers with COPD 
compared with smokers without the disease (Fig. 23.2)
[73]. This was associated with increased expression of 
Mac-1 upon neutrophil stimulation, suggesting that the up-
regulation of this molecule is responsible for the enhanced
endothelial interactions seen in COPD.

Neutrophil migration in the pulmonary
circulation

The basic mechanisms of neutrophil trafficking in the 
pulmonary circulation are far less well understood but
there appear to be differences compared with the systemic
circulation.

In normal lungs, the pulmonary capillary bed contains a
large pool of marginated neutrophils [74], and in animal
models of acute pulmonary inflammation neutrophil
sequestration occurs from the pulmonary capillary bed, not
from the postcapillary venules [75,76], with no require-
ment for conventional adhesion molecules [77,78].

Human studies examining the passage of radiolabelled
autologous neutrophils through the pulmonary vascula-
ture in patients with stable COPD and in resected lung spe-
cimens confirmed slower neutrophil transit times (relative
to red blood cells) but no difference in sequestration com-
pared with disease-free controls [79,80]. The exception
were neutrophils from COPD patients experiencing an
acute exacerbations, where sequestration in the pulmonary
vasculature was increased. The clinical relevance of 
this observation is not clear given that the neutrophilic
inflammation seen during exacerbations of COPD occurs
predominantly at the bronchial level [81].

The increased transit time and sequestration of neutro-
phils in the capillary bed is thought to be a result of the 
need for neutrophils to deform to an oblong shape to pass
through the 40–60% of pulmonary capillary segments that
are narrower than spherical neutrophils [82]. This delayed
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Figure 23.2 The adhesive and migratory response of purified
neutrophils from never smokers (NS), healthy smokers (HS),
COPD patients with normal levels of α1-AT (PiM) and COPD
patients with α1-AT deficiency (PiZ). Data are mean ± SE.
Black bars indicate total neutrophil–endothelial interactions,
open bars indicate adherent neutrophils and light grey bars
indicate migrated neutrophils. * P < 0.05.
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passage of neutrophils through the relatively narrow 
vessels may be increased further during acute inflamma-
tory responses, as neutrophils become less deformable
upon activation [83,84].

Once sequestered in the pulmonary capillaries, neutro-
phil transmigration can occur through at least two pathways:
one that uses the adhesion molecule CD11/CD18 and one
that does not. The pathway selected appears to depend
upon the stimulus and the level of neutrophil activation. 
In animal models, stimuli that can induce CD11/CD18-
independent neutrophil emigration include Streptococcus
pneumoniae, Staphylococcus aureus and hydrochloric acid. In
humans, CD11/CD18-independent neutrophil migration
has been demonstrated towards the host-derived chemo-
attractants IL-8 and LTB4 but not towards the bacterial-
derived peptide fMLP [85,86]. The mechanisms of CD11/
CD18-independent migration are not understood; how-
ever, γ-interferon might be an important regulator of the
response [41].

The only study examining the role of CD18 in
transendothelial migration of neutrophils from patients
with chronic pulmonary inflammation, including those
with COPD, found that the requirement for this adhesion
molecule did not differ from control neutrophils [87].
However, these studies were performed using static trans-
well assays with pulmonary artery endothelium, which 
has a different adhesion molecule profile to pulmonary
microvascular endothelium. This may explain the surprising
observation of a higher percentage of migrated neutrophils
in the control group compared with both the acute and
chronic pulmonary inflammation groups in this study.

Soluble mediators of neutrophil migration

Pro-migratory stimuli for neutrophils can be classified gen-
erally as either non-chemotactic cytokines, chemoattract-
ants or chemotactic cytokines (chemokines).

Two of the most important pro-adhesive cytokines that
are present in most inflammatory responses are TNF-α and
IL-1β. The macrophage–monocyte is the primary cellular
source of TNF-α and IL-1β, but these cytokines are also 
produced by airway epithelium, endothelial cells and mast
cells [88,89]. Both neutrophils and endothelial cells possess
receptors for TNF-α and IL1-β. Neutrophils respond to TNF-
α and IL-1β by activating and expressing integrins, and like-
wise, endothelial cells mobilize selectins and up-regulate
ICAM-1 [51,90]. Thus, the early appearance of TNF-α and
IL-1β in plasma during inflammation is likely to be critical
for the capture and firm adhesion of neutrophils to vascular
endothelium. Although TNF-α and IL-1β are not themselves
chemotactic for neutrophils, their exposure to endothelial
cells can elicit transendothelial migration through produc-
tion of endothelial-derived chemoattractants [91].

Sputum levels of TNF-α are increased in smokers 
with COPD, both in the stable clinical state and during
exacerbations [31,92,93]. Similarly, alveolar macrophage
release of IL-1β is increased in COPD [94] and in one study
the concentration of IL-1β in the sputum of patients with
chronic bronchitis and bronchiectasis was an order of mag-
nitude higher than TNF-α [95], suggesting an important
role for IL-1β, in conjunction with TNF-α, in the patho-
genesis of COPD. 

In addition to non-chemotactic cytokine receptors, 
neutrophils have at least five different receptors for chemo-
tactic stimuli. A number of chemotactic stimuli have been
implicated in the pathogenesis of COPD, in particular the
potent neutrophil chemoattractant LTB4 and the chemokine
IL-8.

Leukotriene B4 is produced from arachidonic acid, a major
component of cell membranes [96], mainly by monocytes,
alveolar macrophages and activated neutrophils. The
release of LTB4 can be stimulated by a number of other
inflammatory mediators, including complement factor C5a,
IL-1β, TNF-α, granulocyte–macrophage colony-stimulating
factor (GM-CSF), platelet-activating factor (PAF), neu-
trophil elastase and LTB4 itself [97,98]. As well as being an
important and potent neutrophil chemoattractant, LTB4

also increases aggregation and chemokinesis of these 
cells [99]. Its activity is mediated by two sets of neutrophil
surface receptors. Low-affinity receptors mediate degranu-
lation and increased oxidative metabolism and their high-
affinity counterparts influence aggregation, chemokinesis
and increased adherence, via the neutrophil adhesion
molecule Mac-1 [59]. LTB4 can also promote neutrophil
transendothelial migration in vitro by directly activating
endothelial cell monolayers, although the mechanism
underlying this observation remains unclear [100].

Interleukin-8 is a 16-kDa protein that is produced by
endothelial cells, bronchial epithelial cells, monocytes,
macrophages and activated neutrophils [54,101]. It is a
potent neutrophil chemoattractant and activator, resulting
in up-regulation of the adhesion molecule Mac-1 [59,102].
Production of IL-8 can be stimulated by exposure to IL-1β
and TNF-α [103], cigarette smoke extract [104], bacterial
endotoxin [105] and possibly neutrophil elastase [106].
Thus, IL-8 is involved in both the neutrophil adhesive 
process within the vessel, via its endothelial production and
presentation following cytokine stimulation, and chemotaxis
into the airway, via the directional gradient found across
the bronchial wall resulting from the production of IL-8 by
activated epithelial cells, macrophages and neutrophils. 

In COPD, a number of studies have demonstrated
increased sputum levels of LTB4 and IL-8 [92,107]. In addi-
tion, the concentrations of LTB4 and IL-8 correlate with
markers of neutrophil activation and elastase activity [20]
in these patients. Taking these data together suggests an im-
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portant role for these two chemoattractants in the neutro-
phil recruitment seen in COPD. This has been confirmed 
in two recent studies with an LTB4 receptor antagonist and
mouse anti-IL-8 antibody. Both studies demonstrated that
approximately 50% of the chemotactic activity of sputum in
COPD is accounted for by LTB4 and 30% by IL-8 [108,109].
In addition, Woolhouse et al. [108] found that sputum 
concentration of LTB4, but not IL-8, correlated with overall
chemotactic activity, suggesting that LTB4 is of particular
importance with respect to sputum chemotactic activity in
the stable clinical state, and may be central to the increased
neutrophil recruitment seen in COPD patients (Fig. 23.3).

The remaining sputum neutrophil chemotactic activity,
unaccounted for by LTB4 or IL-8, could come from other
chemoattractants such as the chemokines GROα and

ENA-78, which are known to be present in the bronchial
secretions of patients with COPD [110,111]. Other chemo-
tactic agents that could have a role in the airways include
C5a [112]; elastase–inhibitor complexes [113]; protein 
and peptide components of damaged extracellular matrix
such as collagen [114], elastin [115] and laminin [116]; α1-
antitrypsin polymers [117] and bacterial products such as
fMLP [118]. However, to date there are no studies exam-
ining the contribution of these chemoattractants in the
secretions of patients with COPD.

Once the neutrophil has passed from the blood stream into
the interstitium and then the airways, there are a number
of mechanisms through which it can cause the pathological
features seen in COPD.

The first and, as discussed above, probably the most
important mechanism is via the release of the serine 
proteinases from the azurophil granules, in particular 
neutrophil elastase, which leads to the breakdown of 
connective tissue and subsequent airflow obstruction. 
The mechanisms by which neutrophils degranulate are not
completely understood, but studies have shown that 
granule release is dependent either on protein kinase C
and/or on cyclic guanosine 3′,5′-monophosphate-dependent
kinase activation [119,120].

It has been known for some time that neutrophils from
patients with COPD exhibit greater extracellular proteolysis
when compared with those from smokers without the dis-
ease [72]; however, it is only relatively recently that studies
have helped to explain how neutrophil elastase causes con-
nective tissue damage in patients with COPD, despite nor-
mal serum and lung levels of the antiprotease α1-AT [121]. 

Neutrophil elastase is stored within the azurophil granules
at a concentration of approximately 5 mmol. Following
neutrophil activation, the granules undergo exocytosis and
as the enzyme diffuses away from the granule, its concen-
tration decreases. Antiproteases, such as α1-AT, inactivate
neutrophil elastase on a 1 : 1 molecule : molecule basis. The
concentration of α1-AT in the interstitium is unknown;
however, albumin (which is the same molecular size as α1-
AT) is thought to be present in the interstitium at approx-
imately 80% of the concentration in the serum [122].
Because the serum concentration of α1-AT in healthy sub-
jects is approximately 30 μmol, the predicted concentration
of α1-AT in the lung interstitium of healthy subjects should
be approximately 24 μmol, which is 200 times lower than
the concentration of elastase in the azurophil granule.
Thus, active neutrophil elastase diffuses away from the
granule until the concentration has fallen sufficiently for
the enzyme to be completely inactivated by the local 
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Figure 23.3 Relationship between total chemotactic activity
and the contribution made by: (a) LTB4; and (b) IL-8 in COPD
patients with and without α1-AT deficiency. Closed symbols
indicate patients with α1-AT deficiency (PiZ) and open
symbols indicate patients with normal α1-AT levels (PiM).
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concentration of α1-AT, allowing a degree of tissue damage
to occur within the immediate vicinity of the degranulating
neutrophil. This theoretical relationship, in conjunction
with the increased neutrophilic burden seen within the
lungs of patients with COPD, may explain the elastase
induced connective tissue destruction that occurs, even in
the absence of α1-AT deficiency. This process is summarized
in Figure 23.4.

The second mechanism of neutrophil-mediated lung
destruction in COPD is via the release of oxidative
molecules following the neutrophil respiratory burst. The
neutrophil respiratory burst results in the release of oxi-
dative molecules, originating from the membrane-bound
nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase system. Superoxide production starts with the
reduction of oxygen by NADPH to form the superoxide 
radical (O2

−). These radicals either react spontaneously 
with water to produce molecular oxygen and hydrogen
peroxide, or the process can by catalysed by the enzyme
superoxide dismutase. The reduction of hydrogen peroxide
to water, or to the highly reactive hyperchlorous acid in 

the presence of chloride, is catalysed by myeloperoxidase
present in the azurophil granules. These products are usu-
ally released into the phagolysosome, where they destroy
ingested bacteria. However, the neutrophil products of the
respiratory burst also have the ability to damage normal
cells directly resulting in cell death [123]. In health, the
potential damaging effects of these oxidants are controlled
by antioxidants [124]; however, there is evidence of oxid-
ative stress in smoking-related lung disease with reduced
plasma antioxidant capacity and increased lipid peroxida-
tion [125]. Furthermore, neutrophils from patients with
COPD demonstrate enhanced respiratory burst compared
with smokers with normal lung function [68]. In addition,
oxidants themselves can be proinflammatory [126,127],
hence amplifying the inflammatory process and potential
tissue damage.

A schematic summary of the cells and stages thought to
be involved in the process of neutrophil recruitment and
subsequent inflammation and tissue damage in COPD are
shown in Figure 23.5.

Increasing our understanding of the processes of neutrophil
recruitment and activation within the lung during the
development and progression of COPD has allowed the
identification of a number of potential therapeutic targets.
These therapeutic strategies can act at a variety of stages
along the pathogenic pathway, including the processes of
neutrophil activation, adhesion, transmigration and proteo-
lytic tissue damage.

Cytokine–chemoattractant antagonists

Blockade of cytokines produced early in the inflammatory
cascade, such as IL-1β, TNF-α and PAF, would be expected
to abrogate subsequent events including neutrophil adhe-
sion, migration and activation. Humanized TNF-α antibod-
ies have been found to be effective in chronic inflammatory
conditions such as rheumatoid arthritis and Crohn disease
[128,129], and this approach may be effective in COPD.

Blocking the effects of more distal mediators, such as IL-8,
might regulate neutrophilic inflammation more specifically
and antibodies directed against IL-8 have been shown to
block neutrophil-mediated tissue injury in animal models
[130]. Another approach would be to block binding of IL-8
to its neutrophil receptors (CXCR1 and CXCR2) via disrup-
tion to the transmembrane spanning structures common to
these receptors. Peptides have been developed to prevent
the receptor binding of IL-8 [131], although the long-term
safety and efficacy of these drugs has yet to be assessed.

The neutrophil as a target for 
anti-inflammatory therapy
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Figure 23.4 Diagrammatic representation of the mechanism
involved in neutrophil elastase (NE) release from a neutrophil
azurophil granule. Once the granule undergoes exocytosis
from the neutrophil, elastase diffuses away. The high intrinsic
concentration rapidly decreases initially and subsequently
decreases more slowly. The individual arrows on the figure
indicate representative concentrations at given distances from
the granule. Note: in patients with normal levels of α1-AT,
the enzyme activity would be completely blocked at a distance
away from the granule when the concentration falls to less
than 30 μmol. On the other hand, in patients with α1-AT
deficiency, the enzyme activity would not be inhibited until 
it is diffused far enough away for the concentration to fall to 
5 μmol.



The potent neutrophil chemoattractant LTB4 is another
distal mediator with potential as a therapeutic target in
COPD. Indeed, a recent randomized placebo-controlled
trial of the LTB4 synthesis inhibitor BAYx1005 demon-
strated modest reductions in some measures of neutrophilic
bronchial inflammation in patients with COPD [132].
Potent selective LTB4 receptor antagonists have now been
developed that may prove to be more effective.

Neutrophil adhesion molecule antagonists

Glycomimetics with structural similarities to the saccharide
residues on endogenous ligands for L- and P-selectin, such
as fucoidan and sialyl-Lewisx, have been shown to block
selectin binding in vitro and have been used effectively in a
variety of pulmonary disease and injury models [133–135].
Newer generations of glycomimetics are being developed
with structural modifications that increase specificity for
individual selectins, which may therefore limit inflam-
mation with less potential to disrupt the immune system or
repair processes [136], and such an approach may prove to
be of benefit in chronic pulmonary diseases such as COPD.

For instance, leumedins are a class of small molecular
weight drugs that inhibit CD18-dependent neutrophil
adhesion [137] and can block pulmonary leucocyte recruit-
ment in a number of acute inflammatory and allergic con-
ditions [138,139]. The mechanism of action of leumedins is
not completely understood, but appears not to be specific to
integrin-mediated adhesion [140].

Antiproteases

Given that the final common pathway in the pathogenesis
of COPD is thought to be lung destruction by neutrophil
elastase, a logical form of therapy would be to supplement
or enhance the protective antiprotease screen within the
lung. Indeed, this approach has already been taken in
patients with α1-AT deficiency, and augmentation therapy
has proved to be safe [141], although there has yet to be 
a significantly powered, controlled study to prove that 
is effective. Synthetic inhibitors of neutrophil elastase have
also been developed that inhibit elastase-mediated lung
injury in experimental animals [142] and inhibit elastase-
induced mucus secretion in vitro [143]. There are few 
clinical studies of such inhibitors in COPD, although one
short study showed no overall effect on plasma levels of
elastin-derived peptides or urinary levels of desmosine,
which are markers of lung elastin destruction [144].

Corticosteroids

The effects of corticosteroids are multicellular, limiting both
the production of inflammatory mediators by leucocytes
and the response to those mediators by target cells (e.g.
other leucocytes, endothelial and parenchymal cells).
Glucocorticoids modulate the function of nuclear factor κB
(NF-κB) [145], a transcription factor associated with the
regulation of an array of genes that code for cytokines and
other inflammatory mediators. NF-κB is also involved in
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the regulation of the expression of endothelial and leuco-
cyte adhesion molecules [146,147]. In COPD, corticos-
teroids can reduce the neutrophil chemotactic activity of
sputum [148], but neither inhaled nor oral steroids have
been shown to have any effect on sputum neutrophil
counts, granule proteins or inflammatory cytokines in
induced sputum [149,150]. This is consistent with the 
lack of effect seen with inhaled corticosteroids on disease
progression [151], although corticosteroids are effective in
preventing and treating acute exacerbations in COPD
[152], presumably via some as yet undetermined anti-
inflammatory effect.

Non-steroidal anti-inflammatory drugs

The effects of non-steroidal anti-inflammatory drugs
(NSAIDs) are most often attributed to their ability to 
inhibit the inducible form of cyclo-oxygenase-2 (COX-2),
which mediates the conversion of arachidonic acid to
prostaglandins, thromboxanes and other lipid mediators
involved in inflammation and normal physiological res-
ponses. Inhibition of the adhesive and migratory processes
between neutrophils and endothelial cells can occur after
treatment in vitro with NSAIDs such as aspirin [153]. In vivo,
14 days treatment with the NSAID indometacin can change
the population of circulating neutrophils, resulting in
reduced chemotaxis and decreased potential to destroy
connective tissue [154]. Clinical trials of indometacin in
chronic bronchitis have demonstrated reductions in airway
prostaglandins, sputum volume and dyspnoea [155]; how-
ever, there are currently no published data demonstrating a
beneficial effect on disease progression in COPD.

Neutrophil inhibitors

Inhibition of phosphodiesterases (PDE) increases the cyclic
adenosine monophosphate (AMP) content of neutrophils
and reduces chemotaxis, activation, degranulation and
adherence [156–159]. Theophylline is a weak and non-
selective PDE inhibitor that has inhibitory effects on 
neutrophil function in vitro [156], and one study has
demonstrated reduced sputum neutrophil counts following
treatment in vivo [160]. The predominant PDE isoenzyme
in neutrophils is PDE4 and several selective PDE4 inhibitors
have now been developed that that may be effective at
reducing neutrophil influx and subsequent inflammation
in COPD [161–163].

Other neutrophil inhibitors include colchicine, which
potently inhibits neutrophil activation, enzyme release 
and chemotaxis by disrupting cytoskeletal microtubule
structure [164]. A controlled trial of colchicine in COPD
showed some reduction in neutrophil elastase activity and
in an observational study, smokers who were treated with

colchicine had a lower annual decline in lung function 
than untreated smokers [165]. Macrolide antibiotics, such
as erythromycin, also have inhibitory effects on neutrophil
function that are independent of their antibiotic actions
[166]. These drugs have been shown to be effective in 
panbronchiolitis [167]; however, there are currently no
published data showing efficacy of these agents as anti-
neutrophil drugs in COPD.

In conclusion, there is substantial evidence that the 
neutrophil is central to the pathogenesis of COPD. The 
neutrophil is the only cell that contains the products that
have been shown directly to cause all the pathological 
features of COPD. It is likely therefore, that even in the
absence of α1-antitrypsin deficiency, the size, site and extent
of neutrophil traffic is of major pathogenic importance.
Understanding the mechanisms involved should lead to the
identification of potential therapeutic targets and thus ame-
lioration of the neutrophil-mediated inflammatory process.
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CHAPTER 24

Lymphocytes

Simonetta Baraldo, Maria Elena Zanin, Renzo Zuin 
and Marina Saetta

According to the most recent guidelines, COPD is a pre-
ventable and treatable disease state characterized by airflow
limitation that is not fully reversible. The airflow limitation
is usually progressive and is associated with an abnormal
inflammatory response of the lungs to noxious particles or
gases, primarily caused by cigarette smoking. Although
COPD affects the lungs, it also produces significant systemic
consequences [1,2]. A number of studies in recent years
demonstrated that, in patients with COPD, a chronic
inflammation is present throughout the airways, lung
parenchyma and pulmonary vasculature and extends 
even outside the lung, involving lymph nodes, eventually
reaching the systemic circulation [3–7]. The most recent
definitions of COPD introduced the concept that inflamma-
tion is a key event in the pathogenesis of the disease, high-
lighting the need for a better knowledge of the mechanisms
involved in the perpetuation of the inflammatory response.

It has long been recognized that smoking is the most
important risk factor for the development of COPD and 
that exposure to cigarette smoke can elicit an exaggerated
inflammatory response [8,9]. However, only a minority of
cigarette smokers develop overt airflow obstruction and the
pathogenetic mechanisms are still poorly understood. The
aim of this chapter is to review the present knowledge of
the inflammatory response in smokers with COPD, with 
a special focus on lymphocytes. In particular, we first
describe how these cells are recruited to the lung in physio-
logical conditions. We then discuss how lymphocytes could
be involved in the development of structural alterations in
the airways and lung parenchyma, thus promoting the
establishment of airflow limitation. Finally, we consider
how these events evolve when COPD progresses towards its
most severe stages.

The physiological function of the immune system is defence
against infectious organisms and potentially harmful for-
eign substances. The pulmonary immune system is continu-
ously exposed to pathogens and foreign antigens within
inhaled air. It is therefore essential that cells orchestrating
immune responses within the lung can correctly determine
whether an antigenic molecule is potentially dangerous
and can build an appropriate defence. The immune system
can be thought of as having two lines of defence: the first
represents a non-specific (no memory) response to anti-
gens (the innate immune system); and the second displays
a high degree of memory and specificity (the adaptive
immune system). The innate immune system is based on
the cooperation of several cell types and proteins, including
epithelial cells, macrophages, neutrophils, dendritic cells,
natural killer (NK) cells and complement. As the innate 
system represents the first line of defence to an intruding
pathogen, the response evolved has to be extremely rapid.
However, the innate system is unable to memorize the
same pathogen, should the body be exposed to it in the
future. Conversely, adaptive immune responses, which
require activation of lymphocytes, have evolved to provide
a more versatile mean of defence. The adaptive immune
system has much slower temporary dynamics, but it 
possesses a high degree of specificity and evokes a more
potent response to a secondary exposure to the pathogen
[10].

In normal conditions, most infectious agents or foreign
antigenic material may be removed by the innate immune
system without requiring an inflammatory response. By
contrast, when antigenic molecules are recognized as 
dangerous, antigen-presenting cells in the lung initiate the
adaptive inflammatory response displaying the antigen to 
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T lymphocytes. Moreover, by releasing chemokines and
cytokines, they trigger the expansion of antigen-specific B
and T cells in the secondary lymphoid tissues or within the
alveolar spaces [11]. Antigen-specific lymphocytes have
evolved a number of effector mechanisms to fight foreign
antigens, including direct cytotoxicity and secretion of lym-
phokines that can activate themselves or other pulmonary
immunocompetent cells.

As pointed out by Cosio [12], it is important to highlight
that the innate and the adaptive immune responses are 
not completely isolated from each other, but act as an 
integrated system of host defence in which numerous cells
and molecules function cooperatively. Two important links
exist between innate and adaptive immunity. First, the
innate response to pathogens stimulates adaptive immune
responses and influences their nature. Secondly, the adap-
tive immune response uses many of the effector mech-
anisms of innate immunity to eliminate microbes or other
antigenic substances, enhancing the antimicrobic activity of
the innate immunity system. 

To have a clear view of mechanisms leading to lympho-
cyte accumulation and activation in COPD, it is important
to review how these cells are recruited to the lung in physi-
ological conditions. According to their specific properties
and functions, human lymphocytes are functionally com-
partmentalized in the lung. Lung lymphoid tissue includes
the bronchus-associated lymphoid tissue (BALT) as well as
lymph nodes that receive drainage from the nose or lung
[13]. In addition, lymphoid follicles are located throughout
the bronchial tree as far down as the small bronchioles and
are constituted by B-cell germinal centres surrounded by 
T cells, macrophages and dendritic cells (DC). Naive B and 
T cells keep moving continuously in the lymphoid tissue
until they respond to their cognate antigen, proliferate and
differentiate in memory and effector lymphocytes. More-
over, the activation of T cells after antigen presentation
results in up-modulation of several adhesion molecules and
homing receptors, which are necessary for migration of 
T cells to different compartments in the lung. 

The inflammatory cells of the adaptive immune response
(mainly T and B lymphocytes), which have evolved to 
protect individuals from infection and eliminate foreign
substances, should be promptly removed as soon as the
originating stimulus disappears. However, in some situ-
ations, as in COPD, the inflammatory response may persist
and cause tissue injury and disease. We describe below the
mechanisms through which lymphocytes may promote
structural changes in the airways, lung parenchyma and
pulmonary arteries of smokers with COPD. 

Lymphocytes in COPD

Central and peripheral airways

To understand the immune reaction to cigarette-smoke
exposure, it is important to realize that innate and adapt-
ive immune responses are components of an integrated 
system. Cigarette smoke produces a clear innate immune
response, as elegantly shown by Niewoehner et al. [14],
who demonstrated that an inflammatory reaction is already
present in the peripheral airways of young smokers who
experienced sudden death outside of the hospital setting.
Early lesions already present in young smokers included 
an inflammatory infiltrate in the airway wall consisting
predominantly of mononuclear cells and clusters of macro-
phages in the respiratory bronchioles. Interestingly, the
authors reported that these lesions were present in the
absence of noteworthy tissue destruction and fibrosis, and
suggested that this stage of the disease could still be largely
reversible. Therefore, the great majority of smokers develop
a chronic non-specific inflammation that should be inter-
preted as the innate immune response to cigarette smoke
damage. In those smokers who develop COPD, beside the
innate immune response, the adaptive immune response
involving B and T cells becomes activated. These same
smokers would also develop structural abnormalities in
peripheral airways and parenchyma, which contribute to
airflow limitation by increasing peripheral airway resist-
ance and decreasing the elastic recoil of the lung. The sus-
ceptibility factors determining those smokers who would
develop COPD are still poorly understood. These may
involve several components, such as genetic predisposition
(i.e. genetic control of the balance of helper and cytotoxic T
lymphocytes, polymorphisms of cytokines and growth fac-
tors) or environmental conditions triggering or maintaining
the disease (i.e. viral or bacterial infections and pollutants).
It has been proposed that perpetuation of the inflammation
initiated by cigarette smoke and its shift toward an adaptive
response may lead to the development of structural
changes in the lung, which in turn may promote the 
establishment of airflow limitation and its subsequent 
progression [15]. 

In central airways, the development of airflow obstruc-
tion is associated with an increase of macrophages and T
lymphocytes in the airway wall and a specific recruitment
of neutrophils in the airway lumen and glands [16–18].
Because the adhesion molecules E-selectin and ICAM-1 are
up-regulated on submucosal vessels and on bronchial
epithelium of smokers with COPD [19], these molecules
seem to be important for neutrophil recruitment. Interest-
ingly, mediators released by neutrophils may stimulate the
activity of mucus-secreting cells as neutrophil elastase,
which is a remarkably potent secretagogue. It is therefore
conceivable that neutrophils could be crucial for the devel-
opment of mucus hypersecretion in central airways, which
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are indeed the main site responsible for mucus production
expressed clinically as chronic bronchitis.

Conversely, peripheral airways are the major site of
increased resistance in smokers, as elegantly shown by the
pioneering work of Hogg et al. [20], who proposed that
peripheral airways (less than 2 mm in diameter) represent
the lungs ‘quiet zone’ where disease can accumulate for
many years before becoming clinically relevant. 

The main pathological lesions associated with the devel-
opment of COPD in peripheral airways include structural
changes, such as epithelial metaplasia, airway wall fibrosis,
smooth muscle hypertrophy and inflammatory changes,
mainly increased numbers of CD8+ T and B lymphocytes
[3,5,21,22] (see Plate 24.1; colour plate section falls between
pp. 354 and 355).

Inflammation, fibrosis and smooth muscle hypertrophy,
by increasing the thickness of the airway wall, may facilit-
ate uncoupling between airways and parenchyma, there-
fore promoting airway closure. In addition, airway wall
inflammation could contribute to the destruction of alve-
olar attachments (i.e. the alveolar walls directly attached to
the airway wall), allowing the airway wall to deform and
thus narrowing the airway lumen. This hypothesis is sup-
ported by the observation that, in smokers, the destruction
of alveolar attachments is correlated with the degree of
inflammation in peripheral airways [23]. This finding 
suggests a pathogenetic role for airway inflammation in
inducing destruction of alveolar attachments. It is possible
that mediators released by inflammatory cells may weaken
the alveolar tissue and facilitate its rupture, particularly at
the point where the attachments join the airway wall,
where the mechanical stress is maximal.

CD8+ T lymphocytes, which are increased not only 
in peripheral but also in central airways and in lung
parenchyma [5,6,24], seem to have a crucial role in the
pathophysiology of COPD. Traditionally, the major activity
of CD8+ cytotoxic T lymphocytes has been considered the
rapid resolution of acute viral infections, and viral infec-
tions are a frequent occurrence in patients with COPD. 
The observation that people with frequent respiratory
infections in childhood are more prone to develop COPD
supports the role of viral infections in this disease [25]. It is
conceivable that, in response to repeated viral infections, 
an excessive recruitment of CD8+ T lymphocytes may occur
and damage the lung in susceptible smokers, possibly
through the release of tumour necrosis factor α (TNF-α)
and perforins [26]. On the other hand, it is also possible that
CD8+ T lymphocytes are able to damage the lung even 
in the absence of a stimulus such as viral infection, as
shown by Enelow et al. [27], who clearly demonstrated 
that recognition of a lung ‘autoantigen’ by cytotoxic T cell
may directly produce a marked lung injury. Taking into
account these findings, it can be hypothesized that the

CD8+ cytotoxic T-cell accumulation observed in COPD
could be a response to an ‘autoantigenic’ stimulus induced
by cigarette smoking [12] (see Plate 24.2; colour plate 
section falls between pp. 354 and 355).

To better characterize the nature of the inflammatory
response present in COPD, the pattern of cytokine profile
and chemokine receptor expression has been recently
investigated. A current paradigm in immunology is that the
nature of an immune response to an antigenic stimulus 
is determined largely by the pattern of cytokines produced
by activated T cells. Type 1 T cells express cytokines, 
such as γ-interferon (IFN-γ), crucial in the activation of
macrophages and in the response to viral and bacterial
infections, whereas type 2 T cells express cytokines, such as
interleukin 4 (IL-4) and IL-5, involved in immunoglobulin
E (IgE) mediated responses and eosinophilia characteristic
of allergic diseases. It has recently been shown that the
CD8+ T cells infiltrating the peripheral airways in COPD
produce IFN-γ and express CXCR3 [28], a chemokine
receptor that is known to be preferentially expressed on
type 1 cells. Moreover, CXCR3 expression is parallelled by a
strong epithelial expression of its ligand CXCL10, suggest-
ing that the CXCR3–CXCL10 axis may be involved in the
recruitment of type 1 cells in peripheral airways of smokers
with COPD. Recently, Grumelli et al. [29] confirmed the
presence of CXCR3 on lymphocytes isolated from smokers
with COPD. Moreover, they extended those findings by
showing that the interaction of CXCL10 with CXCR3 drives
the release of matrix metalloproteinase 12 (MMP-12) by
macrophages. Because MMP-12 is a potent enzyme which
degrades elastin and can cause lung tissue destruction,
these data suggest a possible mechanism through which
Th1 lymphocytes can drive the progression of emphysema,
thus relating the inflammation in peripheral airways to the
alveolar wall destruction.

Lung parenchyma and pulmonary arteries

Emphysema is one of the most important pathological 
hallmarks of COPD, defined anatomically as a condition of
the lung characterized by permanent abnormal enlarge-
ment of the respiratory airspaces, accompanied by destruc-
tion of their walls without obvious fibrosis. Although
emphysema has long been recognized as a key component
of COPD, the pathogenesis of parenchymal destruction
remains enigmatic. The most widely accepted hypothesis
relates emphysema to an imbalance of the lung protease–
antiprotease system. This hypothesis is based on the 
observation that activated inflammatory cells release pro-
teases that, overwhelming local antiprotease activity, can
destroy lung parenchyma. In particular, neutrophils and
macrophages, which are activated by cigarette smoking, 
are potential sources of proteases such as leucocyte elastase
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and MMPs, which can damage lung cells and degrade the 
interstitium (e.g. elastin, collagen, proteoglycans). How-
ever, because many cigarette smokers and patients with
other inflammatory lung diseases (pneumonia and acute
respiratory distress syndrome, ARDS) do not develop signi-
ficant lung destruction despite a striking inflammatory pro-
cess, this hypothesis may not fully explain the loss of lung
tissue in cigarette smoking-induced emphysema.

There is recent evidence that parenchymal destruction is
associated with the presence of an inflammatory process in
the alveolar walls [30–32], consisting predominantly of
CD8+ T lymphocytes [5]. The observation that these cells
are increased in the lung parenchyma of smokers with
COPD and show a significant correlation with the degree of
airflow obstruction is intriguing and supports the notion
that tissue injury may be dependent on T-cell activity. One
of the most important consequences of the effects of cyto-
toxic CD8+ T lymphocytes is the apoptosis of target cells,
and it would not be surprising that apoptosis has a role in
the destruction of lung tissue in patients with emphysema
[32]. Majo et al. [31] have reported that, in smokers with
emphysema, both the degree of apoptosis and the number
of CD8+ T cells in the alveolar walls increased in parallel
with the amount of cigarette smoke inhaled. It can there-
fore be hypothesized that the proliferation of cytotoxic
CD8+ T lymphocytes observed in smokers with COPD may
promote lung destruction by inducing apoptosis of alveolar
wall cells. 

The structural changes occurring in the lungs of patients
with COPD may have an important effect on the pulmon-
ary circulation. Indeed, pulmonary hypertension and 
cor pulmonale are common sequelae to chronic airflow
obstruction, but the precise mechanisms of increased vascu-
lar resistance are unclear. Potential causes of pulmonary
hypertension in COPD include emphysematous destruction
of the capillary bed, remodelling of pulmonary vessels and
hypoxic pulmonary vasoconstriction [3]. 

In the pulmonary arteries of subjects with COPD, the
most consistent morphological change is the thickening 
of the intimal layer [33,34], produced by the proliferation
of smooth muscle cells and by the deposition of both 
elastic and collagen fibres. Less frequently, some authors
reported a moderate degree of muscular hypertrophy [35].
Endothelium has a crucial role in the regulation of vascular
cell growth and tone, through the release of endothelium-
derived relaxing factors [36]. Endothelial dysfunction,
which results in an impaired release of these factors, has
been shown in patients with COPD, even in the absence of
hypoxaemia [37]. These functional and structural changes
in pulmonary arteries are associated with the infiltration 
of inflammatory cells, mainly CD8 T lymphocytes, in the
adventitial layer [5,38]. This observation supports a possible

role for these cells in inducing the vascular alterations in
patients with COPD. As pointed out by Barbera et al. [33], 
it is possible that endothelial damage by cigarette smoke
components is the first vascular alteration occurring in
COPD. This early alteration may predispose smokers to
develop further vascular damage as a result of additional
factors, such as hypoxia and inflammation, ultimately lead-
ing to pulmonary hypertension.

COPD is a progressive disease that, in a minority of subjects,
may worsen toward a very severe stage. It has been shown
that, in COPD patients, the inflammatory response in the
lung enhances as airflow obstruction progressively worsens.
Two pioneering studies examined the lung pathology in
patients with severe COPD undergoing lung volume reduc-
tion surgery [39,40]. Retamales et al. [39] demonstrated
that there is an increase in the intensity of the inflamma-
tory response in the alveolar walls and alveolar spaces 
of these patients, suggesting that the lung inflammation
induced by cigarette smoking is amplified in severe emphy-
sema. In a subsequent study, we extended those findings 
by demonstrating that in severe stages of COPD there is an
amplification of the inflammatory response even in the
peripheral airways. This enhanced airway inflammatory
process correlated with the degrees of airflow limitation,
lung hyperinflation, CO diffusion impairment and radio-
logical emphysema, suggesting that the inflammatory
response could have a crucial role in the clinical progression
of the disease [40]. More recently, Hogg et al. [22] exam-
ined lung specimens from a large population of smokers,
evaluating the evolution of pathological changes as airflow
obstruction progressively worsened. The authors elegantly
showed that the progression of COPD (from GOLD stage 0
to GOLD stage 4) [2] was associated with increased mucus
production in peripheral airways, thickening of the air-
way wall and amplification of the inflammatory response,
mainly because of an increase in CD8+ T and B cells.
Moreover, they showed that, in patients with the most
severe stages of COPD, inflammatory cells in the airway
wall organize into lymphoid follicles to facilitate antigen
presentation to the cells of the adaptive immune response.
The authors suggested that these follicles represent an
adaptive immune response, which may develop in relation
to microbial colonization and infection occurring in the
later stages of COPD. 

Subjects with severe COPD are notoriously prone to
develop exacerbations of the disease, which are a major
cause of morbidity and mortality, being associated with a
significant health and economic burden through hospital
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admission and absenteeism from work [2]. Although 
exacerbations typically punctuate the progression of COPD,
their role was underestimated until the study by Donaldson
et al. [41] demonstrated that the frequency of acute exacer-
bations contributes to long-term decline in lung function.
The authors showed that patients with COPD who suffered
frequent exacerbations experienced a significantly greater
decline in forced expiratory volume in 1 s (FEV1) than
patients who had infrequent exacerbations. The aetiology
of COPD exacerbations has not been established, although
there is increased evidence that both bacterial and viral
infections may have a role [42,43]. The precise mechan-
ism by which these respiratory infections may induce
COPD exacerbations are poorly understood. Examination
of patients during exacerbations of COPD by collecting
bronchial biopsies, bronchoalveolar lavage and, more
recently, spontaneous or induced sputum showed increased
airway inflammation and elevated levels of airway inflam-
matory cytokines [44–46]. In particular, exacerbations 
are characterized by a marked recruitment of neutrophils,
which is associated with an increased expression of IL-8,
mieloperoxidase and TNF-α, suggesting a pathogenetic role
for bacterial infection. In mild exacerbations of COPD, 
neutrophilia is parallelled by a marked eosinophilia, 
which is associated with up-regulation of the eosinophil
chemoattractants eotaxin and RANTES [46,47]. Viral infec-
tions are the most likely causes of this eosinophilia, because
respiratory viruses are able to stimulate the production 
of both eotaxin and RANTES. There is also evidence that
RANTES may act synergistically with CD8+ cells to enhance
apoptosis of virally infected cells. As suggested by Zhu et al.
[47], when CD8+ cells predominate, as in stable COPD, the
increase in RANTES occurring during exacerbations may
promote tissue damage mediated by CD8+ cells, encourag-
ing the development of emphysema. In this way, repeated
exacerbations resulting from viral infections may accelerate
the lung function decline in smokers whose CD8+ T-cell
numbers are already increased. This hypothesis is sup-
ported by the recent observation that, as mentioned above,
exacerbation frequency is an important determinant of
lung function decline in COPD [41]. 

Finally, it is important to highlight the need for a better
understanding of the mechanisms regulating the inter-
action between the acute inflammation activated during
exacerbations and the underlying inflammatory response
in patients with COPD. This is a critical issue when consid-
ering that hospital admission for severe exacerbations of
COPD is associated with a mortality rate of 49% at 2 years, a
dramatic figure resembling that of lung cancer [48]. This
knowledge could help to prevent or treat exacerbations 
and hopefully to improve the otherwise inexorable clinical
outcome of these patients.
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CHAPTER 25

Cytokines

Jack A. Elias and Robert J. Homer

Chronic obstructive pulmonary disease (COPD) is a 
pressing clinical problem. In the USA, it affects 16 million
people including 4–6% of males and 1–3% of females over
45 years of age, accounts for 13% of hospitalizations and 
is the fourth leading cause of death. In addition, despite 
antismoking campaigns, approximately 48 million people
in the USA smoke cigarettes and 3000 people, mostly
teenagers, take up the habit each day. Worldwide, 1.5 mil-
lion deaths per year due to COPD are predicted in China
alone over the next half century. Thus, COPD is and will
continue to be a major health care issue.

The GOLD guidelines recognize COPD for the first time 
to be a chronic inflammatory condition [1]. Cytokines are
extracellular signalling peptides critically important in the
regulation of inflammation as well as having important
effector functions of their own. Cytokines generally are
produced in patterns characteristic of a particular disease. 
A description of the cytokines involved in COPD would 
not only further our understanding of the basic biology of
the process, but would also shed light on clinical subgroups
of patients and would provide novel targets for therapeutic
intervention.

A basic understanding of cytokine biology is needed
before discussing their role in COPD [2]. Cytokines can 
be divided into several subgroups including inflammat-
ory cytokines, immune cytokines, chemokines and anti-
inflammatory cytokines. Inflammatory cytokines include
tumour necrosis factor α (TNF-α) and interleukin 1β (IL-
1β). These cytokines are characterized by participation in
virtually any non-specific inflammatory process. They are
made by a wide variety of cells, although IL-1β and TNF are
principally made by macrophages. They induce a variety 
of acute phase reactions including fever, leucocytosis, 
production of other cytokines from a variety of cells, 
and expression of adhesion molecules on endothelium.
Chemokines are important chemoattractants and growth
factors. Biochemically they are generally in the 8–10 kDa

range and can be subclassified into four different structural
families. The two most important subfamilies are the CC
and the CXC families based on the presence of two cysteine
residues either adjacent to each other (CC family) or 
separated by another amino acid (CXC family). The CC
chemokines including eotaxin, RANTES and macrophage
chemotactic protein-1 (MCP-1) are involved in chemoat-
traction of eosinophils, monocytes and T cells and function
through the CCR family of receptors. The CXC chemokines
including IL-8, GRO-α, and ENA-78 are involved in the
recruitment and activation of neutrophils and function
through the CXCR family of receptors. Immune cytokines
include interleukin-4 (IL-4), IL-13 and γ-interferon (IFN-
γ). These cytokines are produced predominantly, although
not exclusively, by T cells and are generally thought to
reflect specialized differentiation of T cells into Th1 (IFN-γ)
and Th2 (IL-4, IL-13) subsets. Th1 T cells are thought to be
critically important in resistance to intracellular infections
such as tuberculosis while Th2 T cells are thought to be crit-
ically important in parasitic infections and allergy. Cytolytic
T cells may have similar divisions into Tc1 and Tc2 cells.
Cytokines such as IL-10 and transforming growth factor β
(TGF-β) one are generally considered anti-inflammatory
and may be critically important in so-called regulatory T cells.

Investigators have attempted to define the inflammatory
profile of COPD by examining the inflammatory cell and
cytokine pattern seen in these patients. The interpretation
is complex because the function of each cytokine depends
on the overall inflammatory context (e.g. the presence of
other cytokines). Neutrophils, T cells, macrophages and
eosinophils are involved in the inflammatory response in
patients with COPD. However, the importance of each is
difficult to ascertain because of confounding influences
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relating to methods of assessment (sputum vs bronchoalve-
olar lavage [BAL] vs biopsy), site of assessment (central vs
peripheral airway vs parenchyma) and the compartmental-
ization of the inflammation in these patients [3]. As a result
of the latter, neutrophils are more readily appreciated in
sputum and BAL than biopsies, eosinophils are seen with
equal efficacy in all assessments and lymphocytes are 
predominantly noted in tissues [3–5].

It is not known whether this reflects differences in transit
time in tissue or transit from other anatomical sites, such 
as from airway rather than parenchyma. Another major
problem is interpreting the results with appropriate control
groups. Many studies have attempted to include patients
with COPD, ‘healthy’ smokers and non-smokers. However,
because all studies to date have been cross-sectional rather
than longitudinal, it is not clear whether some of the
‘healthy’ smokers simply were identified early in their dis-
ease progression and ultimately will become ‘unhealthy’
smokers. Finally, because of COPD clinical heterogeneity, it
is hard to know how comparable different patient groups
are among different studies.

Studies using BAL have demonstrated at least a fivefold
increase in cell recovery with 95% or more of these cells
being macrophages. Increases in neutrophil recovery have
also been noted [3]. Comparisons of central airway biopsies
from smokers and non-smokers demonstrate increased
numbers of macrophages and T lymphocytes, without
significant differences in neutrophils, eosinophils or mast
cell [3,6]. In addition, a number of studies have demon-
strated that eosinophilia is a prominent finding in sputum,
BAL and tissues from patients with COPD during exacerba-
tions [3,7] and that eosinophilia can be seen in the sub-
mucosa of bronchioles from smokers [8]. Eosinophils may
be present in some patients, which may correlate with 
corticosteroid responsiveness [7]. Eosinophil degradation
products are found in virtually all COPD patients, however,
in levels higher than in asthmatics [9]. It has been suggested
that the discrepancy between the number of cells vs cell
products is caused by increased cell death, possibly be-
cause of concurrent presence of neutrophils. In patients
with exacerbations of COPD or severe COPD, increases in 
neutrophils have been noted [3].

A mononuclear inflammatory response has also been
noted in biopsies from the peripheral airways and
parenchyma of smokers [10,11]. Even after smoking 
has ceased, the inflammatory response continues [12].
Importantly, comparisons of tissues from smokers with and
without COPD demonstrated that many of the lymphocytes
in COPD tissues are CD8+ cells [11]. At present it is not 
clear if these CD8+ cells are the result of the recurrent viral
infections experienced by these patients [11] or perhaps
associated with an occult viral infection. One group has
long proposed that occult adenoviral infection is related to
COPD and has shown that there is a correlation of number

of CD8 cells and of number of epithelial cells expressing
adenoviral E1A protein [13]. Experimentally, coinfection
with adenovirus increases CD8 cells in a smoking model
[14]. CD8+ cell number correlates directly with the number
of pack-years of cigarette smoke exposure [11].

In an attempt to understand the importance of these 
cell populations, investigators have looked for correlations
between their presence and number, and disease severity.
Lymphocyte counts correlate directly with indices of alveo-
lar destruction [15] and the number of CD8+ cells correlates
with the degree of airflow limitation [6,11]. The import-
ance of neutrophils is less clear with correlations between
neutrophil number and airflow limitation [3], and neutro-
phil number and integrity of pulmonary function being
reported [15]. In the latter study, it was proposed that, as
long as the inflammatory response was composed of granu-
locytes, there was no destruction of the lung.

The lymphocytes express CXCR3, a chemokine receptor
preferentially expressed on Th1 lymphocytes [16,17]. The
number of CXCR3+ cells in the epithelium and submucosa
is increased in smokers with COPD compared with non-
smoking subjects, but not compared with smokers with
normal lung function. Immunoreactivity for IP10, the 
ligand for CXCR3, is present in the bronchiolar epithelium
of smokers with COPD but not in the bronchiolar epithe-
lium of smoking and non-smoking control subjects. Most
CXCR3+ cells coexpressed CD8 and produced IFN-γ [16,17].
The Th1 cells also show evidence of activation with increased
expression of the transcription factor STAT-4 [18]. This is
consistent with the demonstration that the adoptive trans-
fer of Th1 cells to the lung elicits a neutrophilic inflam-
matory response [19]. A Th1 predominance can also be seen 
in peripheral blood [20]. Experimentally, IFN induces
emphysema by itself (see below). CD8 T cells also make
granzyme and perforins which may injure the lung. Finally,
these cells may either make cytokines, which recruit other
inflammatory cells that injure the lung, or they may induce
parenchymal cells to produce such signals [21].

Concentrations of TNF-α, IL-1β, IL-6, IL-8 and MCP-1
are elevated in the lungs of smokers [22–24]. Furthermore,
IL-1β and IL-8 are elevated in a cigarette dose-dependent
manner and TNF-α and IL-8 are elevated in the patients
with COPD compared with the smoking and non-smoking
control subjects [22,23]. TNF is particularly important as it
activates macrophages to produce proteases ([25] and see
below). IL-8 may be the most significant of the neutrophilic
chemokines. Significant correlation was found in lavage
fluid of COPD patients between IL-8 and neutrophils [4]. 
Of five chemoattractants examined in one study (IL-8,
ENA-78, leukotriene B4 which are primarily chemotactic
for neutrophils; MCP-1 and macrophage inflammatory
protein-1α [MIP-1α] which are predominantly chemotactic
for mononuclear leucocytes) only the level of IL-8 in 
BAL fluid clearly distinguished between subjects with and
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without emphysema among current smokers [26]. Both
GRO-α and MCP-1 are also overexpressed in patients with
COPD but not healthy smokers or controls [27].

Not only are there increased amounts of cytokines in
COPD lungs at baseline, but lung macrophages from pati-
ents with COPD can be stimulated to produce enhanced
amount of IL-8, TNF and IL-10 [25]. Other CXC chemo-
kines (GRO-α, ENA-78) also show enhanced release [28].
In vitro, cigarette smoke causes increased expression of IL-8
and G-CSF (neutrophilic activity) and MCP-1 (monocytic
activity) by bronchial epithelial cells, and TNF and IL-6 by
alveolar macrophages [29–31]. Not only does smoke cause
enhanced release of cytokines from COPD macrophages,
but IL-10 inhibits release of proteases in macrophages from
controls but not smokers [25].

COPD is characterized by recurrent exacerbations during
which there is an acute decline in respiratory function.
During these exacerbations, eosinophils and T lymphocytes
represent common features in the airways. Despite the
presence of eosinophils, no increased IL-5 is seen in tissue
[32]. Results have differed among groups concerning other
products known to regulate eosinophils, with either eotaxin
or RANTES correlating with pulmonary eosinophilia
[33–35]. All of the IL-4 and IL-5 positive T cells were CD4
and none were CD8.

Recently, it has been recognized that systemic effects are
commonly seen in patients with COPD. These effects are
clinically relevant because they modify and can help in the
classification and management of the disease [36]. These
include affective disorders, cardiovascular and musculo-
skeletal abnormalities, and metabolic and nutritional dis-
turbances. At least some of these may be caused by systemic
levels of cytokines produced in the lung. It is known that
patients with COPD have increased skeletal muscle atrophy
and apoptosis [37]. Circulating levels of TNF-α may cause
increased apoptosis of skeletal muscle as well as weight loss
[38–41]. Some authors have associated hypoxia per se with
production of TNF-α or associated greater energy expend-
iture to TNF-α levels [42–45].

Another approach to deterrmine the role of cytokines 
in COPD is to look at genetic polymorphisms that alter
expression or activity of these products [46]. TNF-α poly-
morphisms have attracted considerable attention [47–55].
Unfortunately, no consensus is apparent, with some papers
strongly supporting a claim of association and others oppos-
ing one. Fewer papers have examined other cytokines.
Polymorphism in the IL4RA gene has been associated 
with accelerated decline in lung function [56]. In this 
study, association with IL-13 was much weaker. Other
studies have shown a stronger association with IL-13 
polymorphism [57]. The redundancy of the cytokine or
inflammatory system may make it impossible to see any 
but the strongest effects unless enormous populations are
examined.

It is crucial to have a theoretical understanding of the 
biology of emphysema in order to interpret the results of
necessarily descriptive human data and to guide future
human experimentation. This requires intensive analysis of
animal models. Groups have taken a variety of approaches
to this problem [58]. The most straightforward approach is
simply to expose an appropriate animal to cigarette smoke.
This model has the advantage of being perhaps the most 
relevant but is very slow and the effects are relatively small.
Some groups still use intratracheal applications of protease,
because it is more rapid than cigarette smoke exposure and
effects are large. The most recent approach involves genetic
modification of mice, either through transgenic overexpres-
sion or knockout of specific genes. A potential drawback 
of genetic manipulation of mice is that development-
dependent phenotypes must be distinguished from acquired
adult-onset phenotypes more relevant to human COPD.
One group has approached this problem by use of tightly
controlled externally regulated promoters [59]. Other
groups have simply ensured that any effect is not apparent
until adulthood. We discuss only those models most relev-
ant to the role of cytokines in COPD.

Any description of COPD ultimately requires an under-
standing of the relationship of proteases, inflammation and
cytokines. The current dominant model in emphysema 
is the so-called protease–antiprotease hypothesis [60]. In
this concept, the normal lung is believed to be protected 
by an antiprotease ‘shield’ which negates the function of 
proteolytic enzymes that are released into the airway or
parenchyma. The increase in proteinase burden is thought
to derive from inflammatory cells which are recruited to
the lung in response to cigarette smoke and possibly other
agents. Ineffective or disordered repair of elastic fibres and
or collagen and oxidant-induced injury may also contribute
to the pathogenesis of these disorders [61].

This classic model suggests that proteases work primarily
via proteolytic digestion of the extracellular matrix, particu-
larly elastin. This theory has been challenged recently by
the concept of lung apoptosis or vascular insufficiency as a
major source of lung parenchymal loss [62,63]. The two
approaches may be reconciled because it is possible that
proteases may contribute to tissue destruction by promot-
ing apoptosis [64,65]. Direct experimental evidence also
suggests that proteases are upstream from at least a portion
of the inflammatory response [66,67].

The specific proteases and antiproteases involved in
COPD are still unclear [60]. Candidate proteases include
members of the serine protease family (e.g. neutrophil 
elastase [NE]), cysteine protease family (e.g. cathepsin B)
and the matrix metalloproteinase family (MMPs, e.g.
MMP-12) [68]. The MMPs have attracted considerable

Experimental models of emphysema
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attention because expression of various MMPs are seen in
smokers’ lungs but not in controls, genetic polymorphisms
of MMPs have been implicated in human emphysema and
overexpression of MMP-1 in the murine lung leads to
acquired adult-onset emphysema [58,69–74]. Numerous
antiproteases have also been implicated in the control 
of pulmonary proteolysis. They include α1-antitrypsin,
secretory leucocyte protease inhibitor (SLPI) and elafin
(inhibitors of various serine proteinases), α2-macroglobulin
(a broad-spectrum protease inhibitor) and the tissue
inhibitors of metallorproteinases (TIMPs). Members of the
cystatin superfamily may also be important [60]. Mice
deficient in TIMP-3 develop spontaneous air space enlarge-
ment in the lung which is evident at 2 weeks after birth and
progresses with the age of the animal [75].

Although cigarette smoke exposure is the single most
important predictor of the development of COPD after 
age 35, it is important to appreciate the complex nature 
of the relationship between COPD and cigarette smoke.
Population-based studies such as the Lung Health Study,
Normative Aging Study and epidemiological studies from
the Netherlands have demonstrated that asthma and air-
ways hyperresponsiveness (AHR) are independent risk 
factors for the development of COPD and for a COPD phe-
notype characterized by the accelerated loss of pulmonary
function [76–79]. Rapid loss of lung function is also seen 
in asthmatic patients who smoke. The forced expiratory
volume in 1 s (FEV1) decline experienced by these patients
is greater than that in non-asthmatic smokers or asthmatic
non-smokers [7,80]. Smokers can also have elevated
immunoglobulin E (IgE) levels and elevated levels of circu-
lating eosinophils. In these studies, eosinophilia correlates
inversely with pulmonary function, highlighting a group of
patients that experience a rapid loss of pulmonary func-
tion [79]. These sorts of observations led, in 1961, to the
formulation of the ‘Dutch hypothesis’, which proposes that
the distinctions between COPD and asthma are not abso-
lute and that some of the mechanisms that are responsible 
for asthma are also important in the pathogenesis of COPD.
This hypothesis points to endogenous factors including
AHR and atopy as markers of a basic disturbance or con-
stitution that predisposes to the development of chronic
non-specific obstructive lung disease. This contrasts with the
‘British hypothesis’, which focuses strictly on exogenous
factors such as exposure to cigarette smoke and postulated
that recurrent airway infections are responsible for the gen-
eration of chronic airflow limitation in COPD.

IL-13 is a 12-kDa protein product of a gene on chromo-
some 5 at q31 which is produced in large quantities by 

IL-13 and IFN-γ

activated Th2 cells and is thought to be critically important
in allergic responses including asthma [81]. It has also been
demonstrated in the airways of patients with COPD with
mucus hypersecretion [82]. In light of the Dutch hypothesis,
which suggests a role for allergy in COPD, studies were
undertaken to define the chronic in vivo effector functions
of IL-13 in the airway [83]. An externally regulated system
was used to overexpress IL-13 in lung. These mice showed a
significant increase in induced IL-13 protein production
within 48 h and steady state levels of IL-13 (0.5–1.5 ng/mL
in BAL fluid) within 96 h. The animals’ lungs developed an
inflammatory infiltrate over approximately 2–3 weeks,
which was characterized by increased numbers of macro-
phages, lymphocytes and eosinophils (see Plate 25.1; colour
plate section falls between pp. 354 and 355). During this
interval, massive alveolar septal destruction and alveolar
enlargement also occurred as shown by both casual inspec-
tion and morphometry. Alveolar enlargement could be
appreciated within 48 h, was prominent within 7 days and
continued to progress for at least 1 month. Furthermore,
comparable to human COPD in which total lung capacity is
increased, the transgenic mice showed a two- to threefold
increase in lung volume. The overinflation was accompanied
by enhanced pulmonary compliance, again as seen in human
disease. Airway changes included fibrosis and mucus meta-
plasia. Similar to some patients with COPD, these mice had
marked airway hyperresponsiveness.

To begin to understand the mechanism(s) of IL-13-
induced emphysema, studies were undertaken to deter-
mine if IL-13 altered the levels of, and/or bioactivities of, a
variety of proteases (Table 25.1). By a variety of techniques,
IL-13 was a potent stimulator of MMP-2, -9, -12, -13 and -14.
The alterations in MMP-9 and MMP-12 were quite prom-
inent. In contrast, IL-13-induced alterations in the levels of
mRNA encoding MMP-7 were not detected. Interestingly,
immunohistochemistry (IHC) demonstrated that MMP-12
was most prominent in alveolar macrophages, while MMP-9
staining was most prominent in epithelial and other stromal
cells. Increases in the levels of mRNA encoding cathepsin B,
K and L and lesser increases in S were also seen. Antipro-
teases were also affected, because α1-antitrypsin was signi-
ficantly reduced and TIMP-1 was increased, while TIMP-2,
TIMP-3, SLPI and cystatin C were not significantly altered.

To further understand the importance of these pathways,
specific protease inhibitors were given to the animals. Both
the specific MMP inhibitor GM6001 and the cystein pro-
tease inhibitors E-64 or leupeptin caused an approximately
70% decrease in the IL-13-induced increase in lung volume
and chord length and a > 90% decrease in BAL cellularity
with a > 95% decrease in eosinophil influx and lymphocyte
accumulation. Neither inhibitor affected mucus metaplasia
or the levels of BAL IL-13.

To further characterize the role of these proteases, the 
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IL-13 mice were bred with mice specifically deficient in
MMP-9 and MMP-12, which have been heavily implicated
in murine and human emphysema. In both cases, the
emphysema as measured by chord length, compliance and
lung size was markedly reduced, showing that both enzymes
are specifically required [84]. The induction of MMP-2, -9, 
-13 and -14 was at least partially dependent on MMP-12
because IL-13 overexpressing mice deficient in MMP-12
showed reduced induction of those enzymes. The MMP-
12 deficient mice also showed a reduction in recovery of
total leucocytes, eosinophils and macrophages, but not
lymphocytes or neutrophils. On the other hand, loss of
MMP-9 from the IL-13 overexpressing mice had no effect
on induction of MMP-2, -12, -13 and -14 and did not 
alter eosinophil, macrophage or lymphocyte recovery, but
increased the recovery of total leucocytes and neutrophils
in BAL fluids. This suggests that MMP-9 is downstream in
the effector cascade from MMP-12.

The role of chemokines in the development in the 
IL-13 phenotype was also examined [85]. IL-13 stimulates
expression of a large number of CC chemokines including
MCP-1, -2, -3 and -5, macrophage inflammatory protein 1α
(MIP-1α), MIP-1β, MIP-2, MIP-3α, thymus- and activation-
regulated chemokine, thymus-expressed chemokine, eotaxin,
eotaxin 2, macrophage-derived chemokines, and C10. The
role of the CC chemokine receptor CCR2 in mediating 
the effects of IL-13 was then examined by breeding CCR2
knockout mice with the IL-13 mice. The CCR2 knockout
mice showed reduced lung size, alveolar size and lung 
compliance with reduced inflammation. However, CCR2

deficiency did not decrease the basal or IL-13-stimulated
expression of target matrix MMPs or cathepsins but did
increase the levels of mRNA encoding α1-antitrypsin, tissue
inhibitor of MMP-1, -2 and -4, and SLPI. These studies
demonstrate that IL-13 is a potent stimulator of MCPs and
other CC chemokines and document the importance of
MCP–CCR2 signalling in the pathogenesis of the IL-13-
induced pulmonary phenotype.

CD8+ lymphocytes have been identified to be in excess in
lungs of patients with COPD and are thought to produce
IFN-γ. In order to examine the role of IFN- γ directly, mice
that overexpress IFN-γ in the lung were examined [86]. These
mice also developed emphysema, but there were striking
differences from the IL-13 mice (see Plate 25.1; colour plate
section falls between pp. 354 and 355). There was only a
mild tissue inflammatory response made up of mono-
nuclear cells and occasional granulocytes. BAL revealed an
approximately threefold increase in cell recovery, with 18%
neutrophils and the remainder macrophages and lympho-
cytes. In contrast to the IL-13 animals, no mucus was seen.
In fact, IFN-γ is known to inhibit mucus production [87].

Proteases were also evaluated in these mice (see 
Table 25.1). IFN-γ enhanced the levels of mRNA encoding
MMP-12 and cathepsins S, H and D. Lesser increases in
cathepsin B were noted. Alterations in MMP-9, MMP-13 
or cathepsin K were not appreciated. Zymography and
Western blot confirmed the selective induction of MMP-12
and E-64 active site probe analysis confirmed the induction
of cathepsins S, H and B. In contrast, IFN-γ was a potent
inhibitor of the levels of SLPI mRNA and otherwise had 
no effect on antiproteases. Protease inhibitors prevented
emphysema in these mice. In addition, the IFN-γ mice
showed increased epithelial cell apoptosis. Interestingly,
inhibition of either cathepsin S or caspases reduced apoptosis,
inflammation and emphysema indicated that these three
features are closely interrelated [88].

The data noted above demonstrate that IL-13 and IFN-γ
both cause emphysema when targeted to the adult murine
lung. IL-13 caused mucus metaplasia while IFN-γ did not.
In addition, emphysema induced by IL-13 was associated
with an inflammatory response made up of macrophages,
eosinophils and lymphocytes while that caused by IFN-γ
was associated with macrophages and granulocytes. The
mechanisms of these emphysematous responses also
appeared to differ because IL-13 and IFN-γ caused different
patterns of MMP and cathepsin activation and only IFN-γ
decreased SLPI expression (see Table 25.1). These similar-
ities and differences are intriguing when one compares
them with the different clinical presentations seen in
patients with COPD. In many ways, the IFN-γ mice have a
phenotype that is similar to patients who are commonly
encountered clinically as having COPD associated with 
BAL neutrophilia. In contrast, the IL-13 mice may model
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Table 25.1 Comparison of effects of murine lung
overexpression of interleukin 13 and γ-interferon.

Protease/
antiprotease/mucus IL-13 mice Interferon mice

Proteases
MMP-2, -9, -13, -14 Increased Unchanged
MMP-12 Increased Increased
Cathepsin B, H, S Increased Increased
Cathepsin D Unchanged Increased
Cathepsin K Increased Unchanged

Antiproteases
SLPI Decreased
TIMP-1 Increased Unchanged
α1-antitrypsin Decreased Unchanged

Mucus Increased No change

IL-13, interleukin 13; MMP, matrix metalloproteinase; 
SLPI, secretory leucocyte protease inhibitor; TIMP-1, 
tissue inhibitor of metalloproteinase-1.



patients with asthma, eosinophilia or AHR who manifest
accelerated rates of loss of lung function after exposure to
cigarette smoke. In many ways, the IL-13 mouse is the
transgenic substantiation of aspects of the Dutch hypothesis
because these mice show that genes that are strongly 
implicated in the asthmatic diathesis can have a key role in
the generation of emphysema.

A striking series of experiments have shown that continu-
ous stimulation with vascular endothelial growth factor
(VEGF, a trophic and survival factor for endothelial cells),
which is normally highly expressed in the lung, is required
for prevention of emphysema in the rat [89,90]. Chronic
treatment of rats with a VEGF receptor antagonist led to
enlargement of the air spaces, indicative of emphysema.
Viewed by angiography, these rat lungs showed a pruning
of the pulmonary arterial tree as well as increased alveolar
septal cell apoptosis. Treatment with a caspase inhibitor
prevented VEGF antagonist induced septal cell apoptosis
and emphysema. There was no lung infiltration by inflam-
matory cells. When oxidative injury, which is known to be
elevated in lungs of smokers, was blocked, emphysema
lessened. In support of the VEGF hypothesis, VEGF, VEGF
R2 protein and mRNA expression are significantly reduced
in emphysema [62,91]. Given the current clinical interest
in VEGF antagonists for therapy of malignancies and the
possible need to give these reagents for long periods of time,
the role of VEGF in human disease is a critical issue.
However, regardless of the ultimate role of VEGF in human
disease, these studies established the critical concept that
proteolytic matrix degradation does not need to be the 
primary event in the development of emphysema. The
presence of apoptosis of septal cells in human disease was
supported by two subsequent studies, which included 
multiple apoptosis assays including TUNEL, single-stranded
DNA staining, caspase 3 immunohistochemistry, a DNA 
ligase assay and DNA laddering [62,63].

Mice with a targeted disruption of MMP-12 are resistant 
to cigarette smoke-induced emphysema [92]. Interestingly,
MMP-12 deficiency also decreased cigarette smoke-induced
pulmonary inflammation. RS113456, a metalloprotease
inhibitor, also prevented neutrophil influx and connective
tissue breakdown. Thus, acute smoke-induced connective
tissue breakdown, the precursor to emphysema, requires
MMP-12 and the neutrophil influx appears to be secondary

Cigarette smoke, MMP-12 and TNF-α

Vascular endothelial growth factor 
and apoptosis

to macrophage activation [93]. Similar results are obtained
with a synthetic serine elastase inhibitor or with α1-
antitrypsin. Some proteases are therefore upstream of the
inflammatory response and not simply an effector mech-
anism [94,95]. Both wild type (MMP-12 +/+) mice and 
mice lacking MMP-12 (MMP-12 −/−) demonstrated rapid
increases in whole-lung nuclear factor-κB activation and
gene expression of pro-inflammatory cytokines after cigarette
smoke exposure, indicating that a lack of MMP-12 does 
not produce a global failure to up-regulate inflammatory 
mediators. However, only MMP-12 +/+ mice demonstrated
increased whole-lung TNF-α protein or release of TNF-α
from cultured alveolar macrophages exposed to smoke in
vitro. Levels of whole-lung E-selectin, an endothelial activa-
tion marker, were increased only in MMP-12 +/+ mice. These
findings suggest that, acutely, MMP-12 mediates smoke-
induced inflammation by releasing TNF-α from macrophages,
with subsequent endothelial activation, neutrophil influx
and proteolytic matrix breakdown caused by neutrophil-
derived proteases [96]. Furthermore, mice deficient in both
TNF-α receptor subunits (p55 and p75) show no increase in
gene expression of TNF-α, neutrophil chemoattractant,
MIP-2 and MCP-1 due to cigarette smoke. At 24 h, control
mice demonstrated increases in lavage neutrophils, macro-
phages, desmosine (a measure of elastin breakdown) and
hydroxyproline (a measure of collagen breakdown), whereas
TNF-α receptor knockout mice did not [67].

Additional evidence that proteases can be upstream 
from the inflammatory process rather than function only 
as effector molecules is provided by studies with mice
deficient in TNF-α receptor exposed to an exogenous 
protease. A single intratracheal dose of porcine pancreatic
elastase, which is cleared from the lung by 24 h, was admin-
istered to wild type IL-1β type 1 receptor-deficient, double
TNF-α (type 1 and type 2) receptor-deficient, and com-
bined TNF-α (type 1 receptor) plus IL-1β receptor-deficient
mice. There was marked reduction in the development of
emphysema in the combined knockout mice and moderate
reduction in the TNF-α receptor knockout mice. The level
of apoptosis assessed by a TUNEL assay was increased at 
5 days after elastase treatment and was markedly and 
similarly attenuated in the IL-1β, the double TNF-α and
the combined receptor-deficient mice [66]. This shows 
that the injury induced by exogenous elastase requires
amplification via induction of endogenous mediators.

TGF-β1 is a member of the TGF-β superfamily with com-
plex effector functions. It is produced by all leucocytes 
and some stromal cells. It is best known for its anti-
inflammatory and profibrotic activity, although in appropri-

TGF-β1
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ate settings it can induce inflammation and cell death, and
inhibit wound healing. TGF-β1 is secreted in an inactive
form and requires extracellular activation. A number of
activation pathways for TGF-β1 have been identified,
including interaction with the epithelial-restricted integrin
αvβ6. In mice deficient in this integrin, MMP-12 was seen
to be markedly up-regulated [97]. These mice consequently
develop age-related emphysema. This emphysema is com-
pletely abrogated either by transgenic expression of versions
of the β6 integrin subunit that support TGF-β activation,
the loss of MMP-12 or simultaneous transgenic expression
of active TGF-β1. TGF-β1 suppresses MMP-12 production
by macrophages directly. This implies a role for TGF-β1 in
preventing emphysema. Defects in fibrillin and TGF-β latent
binding protein-4 also lead to reduced TGF-β activity and
adult-onset emphysma [98,99]. The relevance of these find-
ings to human disease is not clear, especially because the role
of MMP-12 in human as opposed to murine emphysema
has been strongly questioned [68]. Furthermore, TGF-β is
overexpressed in COPD, not underexpressed [100]. It is also
not clear from these results if MMP-12 is acting via matrix
proteolysis directly or if it is inducing alveolar cell apoptosis.

A number of novel experimental findings have changed the
paradigm of COPD research. The ability of IL-13 to induce
COPD was unexpected and raised the issue of the relation
of COPD and asthma. The significance of CD8 T cells in
human COPD is enhanced by the experimental data that
IFN-γ can produce emphysma. The difference in protease
and antiprotease expression of those two models reinforces

Conclusions

the notion of COPD heterogeneity. The data on apoptosis
and COPD raised an entirely new hypothesis about the
pathogenesis of this disease and suggests a new relation-
ship of proteases, inflammation and lung destruction. Our
understanding of the biology of this disease is just begin-
ning, however. For example, IL-13 induces both VEGF and
TGF-β1 [101,102]. Clearly, the presence of these mediators 
in the IL-13 mice does not provide complete protection
from emphysema in this model. Whether these products
are providing partial protection in this model is not known.

A model incorporating these newer data is shown in
Figure 25.1. The canonical smoking–inflammation–protease
pathway is shown in the middle. Question marks are indic-
ated next to areas of uncertainty. It is not known how and if
IL-13 and IFN-γ boxes are produced in human smokers’
lungs. The presence of MMP-12 in human lungs is similarly
controversial. While cigarette smoke reduces VEGF, which
may lead to apoptosis, the ability of cigarette smoke to
increase free radicals is well known, which may also
directly lead to apoptosis independent of VEGF deficiency.
TGF-β is included as a negative regulator of MMP-12, thus
potentially preventing emphysema despite evidence that
TGF-β is overexpressed in human emphysma. 

The human data show a large number of mediators
expressed but does not address the significance of any 
one mediator. In order to do so, clinical trials of various
inhibitors will be required. TNF and IL-1β antagonists are
possible but not exclusive choices because they are already
in clinical use for other indications. It seems likely that
many of these mediators will be important in specific 
subsets of patients. Data correlating expression with specific
clinical phenotypes will therefore be critical in order to
direct therapeutic trials.
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Figure 25.1 Model of human COPD. Canonical model of inflammation leading to elastolytic proteases is shown in the centre.
Note that data now show that some elastases require induction of additional inflammation to induce parenchymal loss. In
addition, it is known that proteases can lead to an alternative mode of parenchymal loss, namely apoptosis (see text for
discussion). IFN-γ, γ-interferon; IL-13, interleukin 13; MMP-12, metalloproteinase 12; TGF-β, transforming growth factor β;
TNF-α, tumour necrosis factor α; VEGF, vascular endothelial growth factor.
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CHAPTER 26

Leukotrienes in COPD: 
the unexploited potential

Sven-Erik Dahlén

Although leukotrienes, prostaglandins and other eicosanoids
are ubiquitous signalling molecules with a diverse number
of biological activities, their role in COPD remains to be
explained. There are few clinical studies that have directly
addressed the potential functions of leukotrienes or
prostaglandins in the symptomatology or pathophysiology
of COPD. This is somewhat surprising in view of the estab-
lished role of leukotrienes as mediators of the airway
obstruction and inflammation in asthma and the use of
prostaglandins in the treatment of pulmonary hyperten-
sion. In fact, the lung was one of the first organs where
prostaglandins were discovered and their biological activit-
ies investigated [1]. The formation of eicosanoids in differ-
ent cells within the lung is extensive [2], but their possible
contribution to COPD has not received much attention. In
part influenced by the ‘Dutch hypothesis’, this account
focuses on the experience with antileukotrienes in the
treatment of asthmatic airway disease, with the deliberate
hope this may stimulate further studies to evaluate the 
role of leukotrienes and other eicosanoids in COPD. After
an outline of the biosynthetic pathways for formation of
leukotrienes and other eicosanoids, the focus is on the the
biological effects of leukotrienes that may be relevant for
treatment of COPD.

Leukotrienes constitute a class of potent biological lipid
mediators derived from arachidonic acid [3]. However,
leukotrienes are not to be found in a resting cell. Bio-
synthesis of leukotrienes requires a cellular activation, such 
as cross-binding of the immunoglobulin E (IgE) receptor 
on the mast cell surface, to stimulate cellular conversion 
of the substrate arachidonic acid into biologically active
messenger products. Arachidonic acid is normally esterified
to membrane phospholipids. The release of arachidonic

Biosynthesis, receptors and metabolism

acid is predominantly controlled by the action of different
phospholipase A2 enzymes, all of which cleave arachidonic
acid from membrane phospholipids. The liberated arachi-
donic acid can be metabolized to prostaglandins, thrombox-
ane A2 (TXA2) or leukotrienes, as well as a great number of
other molecules collectively named eicosanoids (Fig. 26.1).

The name eicosanoids is derived from the Greek prefix
eicosa (εικοσι, twenty) and refers to the number of carbon
atoms in the substrate arachidonic acid. As indicated in
Figure 26.1, oxygenation of different carbon atoms in
arachidonic acid initiates different pathways. Although 
not covered in this chapter, it should be recognized that 
different lipoxygenation and p450 derived hydroxyacids
and downstream metabolites make up a major proportion
of arachidonic acid metabolites in human lung tissue, with
15(S)-hydroxy-eicosatetraenoic acid being predominant
[2]. Recent attention has focused on the potential of lipox-
ins as anti-inflammatory regulators of inflammation and
remodelling [4].
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Main mammalian enzymatic conversions
of arachidonic acid
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Figure 26.1 Main mammalian transformations of arachidonic
acid (eicosa-5,8,11,14-tetraenoic acid) indicating the position
of oxygenations in the different pathways (carbon 1 being 
the carboxyl end). COX, cyclo-oxygenase; HETE, hydroxy-
ETA; LO, lipoxygenase; LT, leukotriene; LX, lipoxin; 
PG, prostaglandin; TX, thromboxane.



The initating enzyme in leukotriene synthesis is 5-
lipoxygenase (5-LO). The enzyme has two catalytic activities:
the conversion of arachidonic acid to 5-hydroperoxy-
eicosatetraenoic acid (5-HPETE) and the subsequent 
formation of leukotriene A4 (LTA4) (Fig. 26.2). LTA4 is
a short-lived compound that can be further metabolized 
to LTB4 or LTC4, in reactions catalysed by LTA4 hydrolase
(LTA-H) and LTC4 synthase (LTC-S), respectively. LTC4 and
its metabolites, LTD4 and LTE4, are collectively designated
cysteinyl-leukotrienes (CysLT) because of the common
constituent cysteine in the side-chain.

In contrast, prostaglandin H synthase (PGHS) initiates the
metabolism of arachidonic acid to prostaglandins and TXA2

(see Fig. 26.2). PGHS is, as 5-LO, a dual enzyme catalysing
two coupled reactions: an initial cyclo-oxygenation and an
a subsequent hydroperoxidase reaction. However, as drugs
that inhibit prostaglandin formation usually inhibit the 
first cyclo-oxygenase reaction, PGHS is usually functionally
and pharmacologically described as the prostaglandin cyclo-
oxygenase (COX). Two forms of the enzyme exist: COX-1,
which is constitutively expressed in many cells and believed
to be mainly involved in the production of prostanoids in
physiological reactions; and COX-2, which is often induced
in cells during inflammation and therefore considered 
primarily involved in pathological states [5]. As illustrated
by the recently documented cardiovascular side-effects of
selective COX-2 inhibitors [6], there are several important
exceptions to the general dogma of COX-2 as an inducible
and exclusively proinflammatory enzyme.

5-LO is restrictively expressed in the human body and
predominantly found in myeloid cells such as granulocytes,
monocytes, macrophages, mast cells and B-lymphocytes
[3]. The human 5-LO gene is located on chromosome 10 [7]
and the protein has a molecular weight of 78 kDa. Some
mutations in the 5-LO promoter region have been reported
[8]. However, it remains unclear if enzyme polymorphisms
have relevance for the enhanced biosynthesis of leuko-
trienes found in certain patients with asthma. The cellular
biosynthesis of leukotrienes involves a 18-kDa membrane-
bound protein named FLAP (five-lipoxygenase activating
protein). It is an arachidonate-binding protein, which stimu-
lates the conversion of cellular arachidonic acid by 5-LO
[9–11]. The human gene is located on chromosome 13q12.
The FLAP protein was discovered because some inhibitors
of leukotriene formation such as MK-886, MK-591 and
BAYx1005 bind to this protein and thereby inhibit
leukotriene biosynthesis.

LTA4 hydrolase (LTA-H) is a cytosolic 69-kDa enzyme
that catalyses the conversion of LTA4 to LTB4 (reviewed in
Haeggstrom [12]). The enzyme is a zinc metalloenzyme
which also exhibits aminopeptidase activity with unknown
physiological relevance. The gene is on region 12q of 
chromosome 22. In contrast to 5-LO, LTA-H is widely dis-
tributed and has been found in almost all mammalian cells.
One possible explanation for this discrepancy would be that
LTA-H is primarily involved in leukotriene synthesis in cells
expressing 5-LO, whereas aminopeptide activity occurs in
cells that do not produce leukotrienes. Alternatively, LTA-
H might have a role in the transcellular metabolism of
leukotrienes (see below). 

LTC4 synthase (LTC4-S) is an integral membrane 18-kDa
protein, catalysing the final step in LTC4 formation
(reviewed in Lam and Austen [13]. The enzyme catalyses
the conjugation of glutathione with LTA4 and is active as 
a homodimer. Expression of LTC4-S is high in cells with 
an established role in the biosynthesis of CysLT such as
mast cells and eosinophils. LTC4-S activity is also detected
in cells that apparently do not express 5-LO such as endo-
thelial cells and platelets. Overexpression of LTC4-S was
reported in bronchial biopsies from aspirin-intolerant asth-
matic patients [14]. LTC-S is a member of the MAPEG
(membrane-associated proteins in eicosanoid and glutathione
metabolism) family of proteins that also includes FLAP,
microsomal prostaglandin E synthase (mPGES) and several
microsomal glutathione S-transferases (reviewed in Jakobsson
et al. [15]). The gene for LTC4-S is on the 35q region of 
chromosome 5, close to the locus for genes encoding 
pro-inflammatory cytokines and growth factor receptors.

The mechanisms involved in the cellular biosynthesis 
of leukotrienes are still incompletely understood [3]. The
physiological relevance of the localization of the 5-LO 
and FLAP to the nuclear envelope is not known, but it is
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Figure 26.2 5-Lipoxygenase (5-LO) and cyclo-oxygenase
pathways. Cyclo-oxygenase (COX, two isoenzymes COX-1
and COX-2) catalyse the formation of prostaglandins (PG) 
and thromboxane (TX). The biosynthesis of leukotrienes 
(LT) is catalysed by 5-LO in cooperation with FLAP (five
lipoxygenase activating protein). The primary leukotriene
intermediate LTA4 is metabolized to LTB4 or the cysteinyl-
leukotrienes LTC4, LTD4 and LTE4, that made up the biological
activity previously known as slow reacting substance of
anaphylaxis (SRS-A).



possible that 5-LO products also have a function in tran-
scriptional regulation of genes. 

Eosinophils and mast cells have high capacity to generate
LTC4, from the endogenous pool of arachidonic acid. How-
ever, several lines of evidence suggests that CysLT as well 
as LTB4 can also be produced in the lung through interac-
tion between structural and infiltrating inflammatory cells.
Such transcellular metabolism means that stimulated leuco-
cytes, and in particular neutrophils, can release LTA4 which
then can be further metabolized by other surrounding cells
into LTB4 or LTC4 (reviewed in Lindgren and Edenius [16]).
This means that cells without the initial 5-LO but with
expression of distal enzymes permitting further metabolism
of LTA4 nevertheless may form the biologically active
leukotrienes in such interactions. Activated myeloid cells
may release LTA4 which is subsequently metabolized by
endothelial cells and platelets to LTC4. Likewise, LTA4

produced by neutrophils may be accepted by endothelials
cells and form LTB4, despite lack of 5-LO in the endothelial
cells. Transcellular metabolism of LTA4 in artherosclerotic
plaques has recently gained considerable interest as a crit-
ical event in vascular inflammation, and altered expression
of the receptors for LTB4 seem to be involved [17]. 

After intracellular formation of LTC4, the compound 
is released to the extracellular space. Export of LTC4 has
been demonstrated in many cells to be carried out by the
multidrug-resistence protein (MRP) [3]. Mice lacking MRP
have a decreased export of LTC4 and an attenuated
response to inflammatory stimuli [18]. After the carrier-
mediated export of LTC4, metabolism of LTC4 provides
the extracellular LTD4 and LTE4. Intracellular LTB4 is also
secreted via a specific transporter [19]. These carrier pro-
teins are a potential future target for antileukotriene drugs.

There are four G-protein-coupled receptors that have
been identified for leukotrienes (reviewed in Brink et al.
[20]). For the cysteinyl-leukotrienes CysLT1 and CysLT2,
and for LTB4 BLT1 and BLT2 (see Fig. 26.2). There is phar-
macological evidence suggesting the presence of a third 
receptor for CysLT, as the response to LTC4 in the human
pulmonary artery is resistant to all currently available
antagonists [21,22]. Current evidence suggests that most, if
not all, effects of leukotrienes with relevance to asthma are
mediated by activation of the CysLT1 receptor. For example,
it was recently established that bronchoconstriction as 
well as ventilation–perfusion mismatch in subjects with
asthma challenged with inhaled LTD4 was completely
blocked by montelukast [23]. However, with regard to
events of relevance to COPD, much less is known about the
involvement of leukotriene receptors. In animal models of
lung fibrosis, there appears to be opposing effects of CysLT1

and CysLT2 receptors [24,25].
Our understanding is as yet limited with regard to 

how different enzymes, receptors and transporters in the

leukotriene pathway are regulated in health and disease.
With airway inflammation, it must be taken into account
that changes in the expression of a particular enzyme in a
particular cell is only one part of the events that occur.
Diseases or drugs may change the number and composition
of cells in the airway tissue with dramatic effects in vivo on
the profile and amounts of compounds formed. Therefore,
in vivo measurements of eicosanoids are generally most
conclusive regarding the amounts and profile of products
formed in a particular situation.

The circulating levels of any of the CysLT are below 
the detection limits of immunoassays but the endogenous
formation may be followed by collection of sputum, nasal
or bronchioalveolar lavage fluids or by measurement of the
stable urinary end product LTE4 [26]. There are recent 
indications that exhaled breath condensates (EBC) may be
used to measure CysLT [27], but there remain questions
about the identity and source of CysLT immunoreactivity 
in EBC.

Measurement of urinary LTE4 is thus a validated and 
sensitive method to monitor whole body production of
CysLT [26]. It has been used to provide mechanistic informa-
tion about the response to different bronchoprovocations.
Urinary LTE4 is typically increased following most indirect
bronchprovocations studied. This has been made possible
because of the rapid excretion of CysLT into the urine.
Following inhalation of LTD4, there is a significant increase
in urinary LTE4 within 30–60 min. Likewise, allergen-
induced bronchoconstriction is followed by increased 
urinary LTE4 within an hour. This means that this measure
may be more reflective of acute episodes of airway obstruc-
tion than chronic inflammatory changes. However, subjects
with aspirin-intolerant asthma have generally, on the pop-
ulation level, been found to have increased urinary LTE4

[26,28]. There are currently no definitive data on urinary
LTE4 in COPD.

In the case of LTB4, the methods for in vivo measurement
are even more limited. As for CysLT, the circulating blood
levels are below the detection limit of reliable assays. When
very high doses of LTB4 were injected in volunteers, it 
was possible to measure some metabolites in urine [29].
Normally, physiological concentrations of LTB4 are com-
pletely metabolized into water and carbon dioxide [30]. For
LTB4, we are therefore currently limited to measurements
in different body fluids where the problems of erroneous
formation during sampling become significant. A common
approach has been to estimate the ability of blood cells ex
vivo to generate leukotrienes [31]. The method involves
normal collection of blood and subsequent stimulation 
of whole blood, neutrophils or any other cell of interest
with, for example, calcium ionophore for a defined time
period, followed by measurement of LTB4 in the sample.
However, it is not conclusively established to what extent
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this measure of capacity to generate LTB4 in the test tube
reflects in vivo propensity to form leukotrienes.

Soon after their discovery, it was documented that LTC4

and LTD4 were potent inducers of bronchoconstriction in
guinea-pig airways in vitro and in vivo [32,33] and caused
contractions of isolated human bronchi [34–36] (Fig. 26.3).
Local injection of these two CysLT also increased accumula-
tion of intravenous injected Evans blue in the skin [32,33],
suggesting an increase in microvascular permeability. In
the hamster cheek pouch, it could be established that 
LTC4 and LTD4 caused exudation of plasma proteins in
postcapillary venules [37]. In the guinea-pig, it was shown
that LTC4, LTD4 and LTE4 were capable of plasma protein
extravasation in all segments of the airways [38].

The biological effects of LTE4 have been less studied, 
perhaps because this leukotriene was found to be an
incomplete and less potent agonist than LTC4 and LTD4

in some standard bioassays such as the guinea-pig ileum
[39–41]. However, LTE4 has been documented to possess a
bronchoconstrictor activity in vitro and in vivo that is closely
similar to that of LTC4 and LTD4 [42,43]. It has also been
observed that prolonged exposure to LTE4 may produce
enhancement of the responsiveness of smooth muscle to
histamine [44,45]. Moreover, LTE4 is a full agonist for con-
traction of human bronchi in vitro [46], and its potency is
similar to that of LTC4 and LTD4.

Of particular relevance to COPD, it has been observed
that LTC4 and LTD4 may stimulate mucus secretion in 
isolated animal and human airways [47–49]. Additional
effects with relevance to the role of CysLT in pulmonary
inflammation have been reported. Thus, increased infiltra-
tion of eosinophils into the airway mucosa of asthmatics
was observed following inhalation of LTE4 [50], and 

Biological actions of leukotrienes with
relevance to the respiratory system

inhalation of LTD4 increased the number of eosinophils 
in induced sputum samples from asthmatics [51,52].
However, it has been overlooked that inhalation of LTE4

also increased the number of neutrophils in the airways
[50]. The capacity of CysLT to promote eosinophil recruit-
ment has been studied in experimental models [53,54],
although the mechanisms involved remain undefined.
There is also experimental data in vitro [55–58] and in vivo
[59] supporting the view that CysLT may be involved in 
airway smooth muscle proliferation and remodelling.

The exquisite spasmogenic potency of CysLT on isolated
human bronchi has been confirmed in bronchoprovoca-
tion studies of control subjects [60–62]. The CysLT are the
most potent endogenous bronchoconstrictors known so far.
Accordingly, CysLT have generally been found to produce
bronchoconstriction in doses that were 100–10 000 times
lower than those required with histamine or methacholine.
Asthmatics have also been found to be hyperresponsive to
inhalation of LTC4, LTD4 and LTE4 [63–65]. There are indica-
tions that LTD4 may cause greater airway narrowing than
methacholine [66]. On the other hand, at least for LTC4 and
LTD4, there are observations indicating that the hyper-
responsiveness of asthmatics to these leukotrienes relative
to methacholine was less than in controls [31,64,67]. This
raises the interesting hypothesis that chronically elevated
production of leukotrienes in the airways induces adaptive
changes in the effector cells or at the receptor level [68].
However, concerning LTE4, the opposite finding has been
reported, namely that asthmatics were especially hyper-
responsive to this particular leukotriene [69]. Altogether,
the studies where bronchial challenge with CysLT have been
performed are relatively few and more work is needed. 
In this context, there are also indications that repeated 
challenge with CysLT is associated with tachyphylaxis medi-
ated by local generation of a prostanoid, and presumably 
PGE2 [70].

LTB4 has been found to have primarily leucocytes as 
targets for its biological activity (see Fig. 26.3). Thus, it is 
a potent stimulus for activation of leucocytes, eliciting
chemokinetic and chemotactic responses in vitro [71]. In
vivo, LTB4 increases leucocyte rolling and adhesion to the
venular endothelium [37], followed by their emigration
into the extravascular space. During a short-lasting expos-
ure to LTB4, polymorphonuclear leucocytes are mainly
recruited. With prolonged exposure to LTB4, as presumably
occurs when LTB4 is formed in vivo, other granulucytes,
including eosinophils, are found in tissues or exudates after
challenge with LTB4 [72]. More recently, the effects of 
LTB4 on T-lymphocyte migration in the lung has attracted
attention [73]. Altogether, it is an attractive hypothesis 
that LTB4 contributes to the neutrophilic inflammation in
COPD. Indeed, there are studies where altered levels or
changed responsiveness to LTB4 have been reported in 
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sputum from patients with COPD [74], but the studies are
limited and confirmation is required.

In addition to effects on leucocyte adhesion and migra-
tion, LTB4, as other secretagogues, stimulates secretion 
of superoxide anion and release of different granular 
constituents from leucocytes [75,76]. Possibly relating to
effects of LTB4 on B-cells, it has been established that 
sensitized 5-LO-deficient mice produced lower levels of IgG
and IgE upon ovalbumin challenge than wild-type mice
[77]. Furthermore, it has been reported that LTB4, similar 
to many other eicosanoids, is an agonist for the nuclear
transcription factor peroxisome proliferator-activated
receptor α (PPARα) [78]. The finding may implicate a role
for LTB4 in the control of central events in lipid metabolism
and inflammation, but also the possibility that LTB4 has
intracellular and nuclear targets, which may participate 
in long-term control of gene expression. It is noteworthy
though that there have been few new publications to 
follow-up on the original observations. 

With respect to effects of LTB4 on the lung, it is estab-
lished that LTB4 has contractile activity in the guinea-pig
lung parenchyma [79–82]. The response is indirect, invol-
ving release of TXA2 and histamine, possible from pul-
monary mast cells. It has been established that the effect in
the lung parenchyma is a result of activation of the pul-
monary blood vessels rather than the airway elements [83].
This particular response to LTB4 has been confirmed in the
human pulmonary artery but not in other non-vascular
smooth muscle, including human bronchi. 

In a dog model, LTB4 was found to increase airway react-
ivity to acetylcholine [84], whereas among non-asthmatic
humans there was no change in bronchial hyperrespons-
iveness to histamine following the inhalation of LTB4, alone
or in combination with PGD2 [85]. Nor was there any 
direct bronchoconstrictor effect of inhaled LTB4 [86]. A sub-
sequent study observed that inhalation of LTB4 by healthy
human volunteers was followed by distinct cellular changes
in the airways, and possibly also some plasma exudation
[87]. In a study where LTB4 was inhaled by a group of 
asthmatics, the lack of immediate bronchoconstrictive
properties was confirmed as well as prominent acute effects
on leucocyte traffic in the lung and blood [88].

As COPD is a disease with many systemic and metabolic
consequences, it is of interest that there are suggestions of
leukotrienes as mediators in chronic inflammation in gen-
eral, and cardiovascular diseases in particular. For example,
there is a case for LTB4 in artherosclerotic inflammation
[17]. Thus, treatment with a leukotriene biosynthesis
inhibitor has been reported to have a beneficial effect on a
surrogate marker of ischaemic heart disease in a group of
subjects with a particular polymorphism in 5-LO and
altered capacity to biosynthesize LTB4 [89]. Another genetic
population study has suggested that certain polymorphisms

in 5-LO carry risk odd ratios of similar magnitude as dia-
betes or smoking [90]. However, CysLT may also be much
involved in cardiovascular events. For example, experi-
ments in isolated perfused hearts disclosed a depressive
effect of CysLT on cardiac contractility [91,92]. The effect
correlated with coronary vasoconstriction [93], but a direct
negative inotropic effect on the myocardium may also be
involved [92,94]. Such effects may be of relevance to the
comorbidity between ischaemic heart disease and COPD.

There is recent experimental evidence that leukotrienes
have important functions in innate immunity [95] and
immunological responses including lung fibrosis [96], actions
that may have bearing on the pathophysiology of COPD.
There may also be intricate feedback mechanisms within the
eicosanoid family as, for example, 15-HETE has been reported
to inhibit LTB4 production in sputum of patients with
COPD [97].

The inhibition of the leukotriene pathway may be directed
towards their formation or actions (see Figs 26.2 and 26.3).
The leukotriene biosynthesis inhibitors result in inhibition
of both LTB4 and CysLT, whereas CysLT1-antagonists select-
ively inhibit the action of CysLT at one of their receptors.

The 5-LO inhibitor zileuton was the first antileukotriene
compound to be approved for treatment of asthma in the
USA, but has not been registered for use in Europe [98].
Zileuton is an N-hydroxyurea derivative, and its mech-
anism of action is likely to involve chelation of iron at 
the active site of 5-LO, thereby blocking the redox potential
of the enzyme. Among drugs that inhibit leukotriene
biosynthesis, the FLAP-antagonists MK-886 [99], MK-591
[100] and BAYx1005 [101] have been documented to be
potent inhibitors of leukotriene formation when given to
humans in vivo, but none have been taken into final clinical
development.

It would seem straightforward to establish the effective
dose of a 5-LO inhibitor by measuring the degree by which
it inhibits endogenous leukotriene formation. During the
development of 5-LO inhibitors, measurements of ex vivo
formation of LTB4 in ionophore stimulated blood has gener-
ally been used to assess the degree of 5-LO inhibition [102].
This measure correlates well with plasma drug level, but it
might have overestimated the degree of tissue inhibition of
leukotriene formation [26]. For LTB4, there is no indicator
metabolite that can be measured in urine or blood [26]. For
CysLT, measurements of urinary excretion of the end product
LTE4 is currently the most reliable estimate of the degree 
of inhibition of endogenous whole body bio-synthesis [26].

It is worth noting that the level of inhibition of urinary
LTE4 has been consistently less than 50% in the studies
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where significant effects on clinical outcome variables have
been established [86,103,104]. This may indicate either 
that this level of inhibition is sufficient to obtain maximal 
clinical efficacy, or that the clinical efficacy can be increased
further if the inhibition of leukotriene formation is in-
creased. The latter possibility gains some support from the
results of the only allergen challenge study performed with
the highest dose of BAYx1005 so far tested [101]. There
was more than 80% inhibition of allergen-induced urinary
excretion of LTE4 and more than 75% inhibition of bronch-
constriction, which incidentally is the greatest degree of
inhibition reported for this particular outcome variable by
any antileukotriene drug. The phase II treatment trials with
BAYx1005 were subsequently performed at a lower dose
level and ambiguous results led to the discontinuation of
further development of this particular drug for treatment 
of respiratory diseases, whereas its potential for treatment
of artherosclerosis continues to be explored [89].

The other main strategy, to develop leukotriene receptor
antagonists, is completely dominated by the CysLT1 anta-
gonists, although there are BLT antagonists that have been
tested in humans [105]. A number of potent and selective
CysLT1 antagonists have been developed. The compounds
are administered orally, and have been found to cause
significant shifts (25- to 1000-fold) in the dose–response
relation for inhaled LTD4 in control subjects or asthmatics
[106–109]. Although a great number of CysLT1 antagonists
have been developed, only three have reached the market:
montelukast (Singulair®), pranlukast (Onon™) and zafirlu-
kast (Accolate®). Montelukast and pranlukast are also 
registered for treatment of rhinitis. With regard to CysLT2

antagonists, there are only early preclinical candidate sub-
stances [20], and it is unclear if the CysLT2 receptor is an
interesting target for the treatment of asthma. However, 
it remains possible that the pathophysiology of COPD 
may have significant CysLT2 components. For example, 
the structure–activity relations for the effects of CysLT on
mucous secretion are different from those normally exhib-
ited at the CysLT1 receptor [48]. 

Some selective and relatively potent antagonists of LTB4

have been developed [105]. A few compounds have entered
into early clinical testing in humans. The compound LY-
293,111 (VML 295) was found to inhibit LTB4-induced
neutrophil responses in vivo and allergen-induced neutro-
phil activation, but it had no effect on allergen-induced
early or late phase airway obstruction in asthmatics [105].
The results with LY-293,111 in asthmatics argue against an
important role for LTB4 as a mediator of antigen-induced
bronchoconstriction, but do not exclude the possibility that
LTB4 may be involved in other manifestations of chronic
asthma, such as increased bronchial responsiveness, or in
other lung diseases. For example, there is a case for LTB4

in innate immunity [95], and it would seem particularly

important to assess the effects of potent 5-LO inhibitors in
clinical COPD or on surrogate markers of airway inflamma-
tion in COPD. There is one pilot study of the ability of the 
5-LO inhibitor BAYx1005 to inhibit leukotriene production
and inflammatory markers of patients with COPD [110].

A number of studies of different antileukotrienes have
established that leukotrienes mediate significant compon-
ents of bronchoconstriction evoked by common triggers of
airway obstruction (Fig. 26.4). This has been demonstrated
both with different inhibitors of the biosynthesis such as
zileuton and the FLAP antagonists MK-886, MK-591 and
BAYx1005, and with different CysLT1 antagonists such as
MK-571, MK-679, montelukast, pranlukast, pobilukast
and zafirlukast. The beneficial effects of 5-LO inhibitors and
the CysLT1 antagonists were rather similar in the challenge
models and in short-term treatment studies. This led to the
reasonable conclusion that it was principally the CysLT
antagonists that mediated reactions with relevance to
asthma, and further clinical development has been domin-
ated by the receptor antagonists. However, the dismissal 
of a role for LTB4 in airway obstruction and inflammation
may be premature. In particular, studies are required where
long-term effects of potent 5-LO inhibitors are compared
with selective CysLT1 antagonists. There are at least three
areas where LTB4 may be more important than previously
thought. First, one of the hallmarks of asthma, bronchial

Lessons to be learned from the effects 
of antileukotrienes in the treatment of
asthma: questions for COPD research
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hyperresponsiveness (BHR) is not extensively modified by
CysLT1 antagonists, whereas there seem to be such effects
after 5-LO inhibition [86,111]. Secondly, LTB4 is the main
leukotriene formed in the nasal mucosa [112], and the 
5-LO inhibitor zileuton had a striking effect on nasal 
symptoms in aspirin-intolerant asthma [86]. It would be 
of interest to investigate the effects of 5-LO inhibitors more
aggressively in rhinitis and rhinopolyposis where again
provocation studies support potential for this class of com-
pounds. Thirdly, there are several indications that LTB4

may have important effects on lymphocyte trafficking and
homing in the lung [73].

Antileukotrienes do not cause relaxation of airways 
per se. Thus, they have no direct bronchodilatory effects 
on airway smooth muscle nor inhibitory effects on the
bronchoconstrictor response evoked by methacholine or
histamine in subjects with mild asthma. However, adminis-
tration of antileukotrienes has consistently been observed
to produce variable degrees of acute bronchodilatation
when given to subjects with chronic asthma and baseline
airway obstruction [86,113–115]. This is explained by 
the mode of action to inhibit the action or formation of
leukotrienes in the airways. It can be shown also in an 
in vitro model of increased baseline tone that there is a 
component of spontaneous muscle tone that is mediated by
CysLT [116]. Presumably the contribution of leukotrienes
to the airflow limitation in asthma is increased because of
increased production of leukotrienes in asthmatic airway
inflammation. There are studies supporting that the acute
bronchodilatation in response to antileukotrienes is greater
in studies of subjects with more severe depression of lung
function at baseline [114] or more severe disease severity
[117]. The bronchodilatory effect of antileukotrienes is 
also present after treatment with glucocorticosteroids
[113,115]. There are indications of a synergy between beta-
stimulants and antileukotrienes [113,114] but this requires
further studies. Interestingly, there are two preliminary
studies suggesting that airway obstruction in COPD is 
sensitive to treatment with a CysLT1 antagonist [118,119].
It appears highly warranted to investigate systematically the
effects of 5-LO inhibitors and CysLT1 antagonists on airway
function in COPD. 

One of the most well-documented effects of antileuko-
trienes is to protect against bronchoconstriction induced 
by different trigger factors. This includes the response to
allergen-induced airway obstruction [99–101,120–123] 
as well as all other trigger factors examined (see Fig. 26.4).
Both early and the late asthmatic reactions have major
leukotriene-dependent components [123,124]. This sup-
ports the hypothesis that antileukotrienes protect against
bronchospasm as well as oedema and cellular response that
are part of the antigen-induced airway reactions. One of 
the first proof of concept studies was in exercise-induced

bronchoconstriction (EIB) [125]. It has subsequently 
been thoroughly documented that antileukotrienes have
significant protective effects in that particular model, 
and in other models of bronchoconstriction that are con-
sidered to be ‘exercise-mimetics’, such as eucapnic hyper-
pnoea [126], cold air [127] or mannitol inhalation [128].
Although SO2-induced bronchoconstriction is considered
to primarily activate sensory nerves in the airways, the
reflex apparently involves CysLT as zafirlukast was able to
partially inhibit the response [129]. Adenosine-induced
bronchoconstriction appears to activate mast cells in the
airways [130], and this is supported by the protective 
effect of antileukotrienes in adenosine bronchial challenge
[131].

All in all, the most likely explanation of the broad 
bronchoprotective effects of antileukotrienes in indirect
bronchial challenges is that release of CysLT is a final com-
mon response to mast cell activation despite the particular
route that is used to activate the mast cell (e.g. IgE, hyperos-
molarity in EIB, COX-1 inhibition in NSAID-intolerant
asthma) (see Fig. 26.4). The hypothesis is supported by the
documentation of increased in vivo release of the sensitive
mast cells marker 9α,11β-PGF2 in conjunction with these
bronchoconstrictive responses [132]. Another example is
aspirin-induced bronchoconstriction in aspirin-intolerant
asthma where mast cell activation can be shown [133] and
the protective effects of antileukotrienes have been estab-
lished [105,134,135]. It has been observed that patients
with COPD bronchoconstrict in response to inhalation of
hypertonic saline. As this particular response is inhibited
both by montelukast and cetirazine [136,137], it seems 
reasonable to assume that mast cell dependent broncho-
constriction may be generating symptoms also in COPD, and
hence serve as a target for treatment. It has been proposed
that increased responsiveness of peripheral airways is an
important aspect in COPD [138].

The introduction of antileukotrienes as new asthma
treatment obviously followed a conventional clinical 
development where the potential new medications were
documented to have beneficial effects on asthma outcomes
that were superior to placebo. This included treatments 
for a duration of weeks to months with registration of 
endpoints such as pulmonary function, asthma symptoms,
use of bronchodilators, asthma exacerbations and asthma-
specific quality of life [139–143]. A comprehensive account
of the development of each individual drug can be found in
Drazen et al. [144]. In addition, the protective effects in EIB
were extensively documented both in adults and children
[145,146]. There are studies that have documented that 
the clinically beneficial effects of antileukotrienes are asso-
ciated with inhibition of inflammatory cell reactions in, for
example, blood, sputum and bronchial biopsies [147,148].
When comparing different treatments in asthma, it seems
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that montelukast in ordinary doses (10 mg once daily) in
steroid-naive subjects provides improved asthma control
more promptly (i.e. within a few days after start of treat-
ment), compared with low doses of inhaled steroid. After a
few weeks of therapy, the group mean effect of the steroid
is larger than for montelukast [149]. However, there were
large variations in therapeutic response, not only to mon-
telukast but also to the steroid treatment in this particular
investigation. From studies in children, it has recently been
shown that montelukast decreases the number of viral-
induced exacerbations [150]. Neither inhaled [151] nor
oral steroids [152] have particularly significant prophylactic
effects in similar populations of children between the ages
of 2 and 5 years. There are also indications that LTB4 may
have a role in the bacterial inflammation of COPD exacer-
bations [153], again supporting the relevance of thoroughly
testing 5-LO inhibition of the disease.

A relatively recent study has compared the effects of
addition of a long-acting beta-agonist, salmeterol, or 
montelukast, to patients not controlled on inhaled fluti-
casone alone. The investigation included 1490 patients with
asthma treated with a constant dosage of 100 μg/day fluti-
casone. During 1 year, a double-blind placebo-controlled
comparison of daily addition of 10 mg montelukast or 
200 μg salmeterol was made [154]. For the primary end-
point, the number of asthma worsenings during the 
study year, there was no significant difference between the 
two treatments. This was achieved despite that salmeterol
was significantly better as a bronchodilator, and that 
montelukast, in contrast to salmeterol, displayed anti-
inflammatory effects. The study illustrates that the same
overall therapeutic response can be obtained with two
strategies that have completely different modes of action.
This type of study needs to be repeated with different 
outcomes but, mechanistically, it illustrates that several dif-
ferent targets may be useful in the treatment of asthma.
Perhaps a future strategy would be to combine drugs with
different modes of action to an even greater extent.

The current documentation of add-on effects of anti-
leukotrienes [155–157] in the treatment of subjects not
sufficiently controlled by glucocorticosteroids has mech-
anistic implications. The previous textbook knowledge was
that glucocorticosteroids inhibit leukotriene biosynthesis
by virtue of inhibition of the phospholipase step that is
required for liberation of arachidonic acid from its esterified
state in the cellular membranes. However, a number of
studies have established that this is not the case in humans
in vivo [158–161]. Leukotriene biosynthesis remains unaf-
fected by inhaled or oral glucocorticosteroids. There is even
in vitro evidence that certain enzymes in the leukotriene
cascade are up-regulated by glucocorticosteroids [162].
Irrespective of the relevance of that particular in vitro study,

the relative steroid resistance of the leukotriene pathway 
is the mechanistic explanation of why the addition of
antileukotrienes for patients not sufficiently controlled 
by steroids has been found to be effective. In practical
terms, leukotriene biosynthesis is one aspect of airway
inflammation that is steroid resistant. Again, this aspect
should be another impetus for evaluating the effects of
antileukotriene drugs in COPD.

In the treatment of subjects with more severe varities 
of asthma, it might also be of interest that addition 
of antileukotrienes allow for reduction of the dosage of
inhaled glucocorticosteroids with maintained therapeutic
response [163,164]. Such steroid tapering may be of par-
ticular interest in children with severe asthma for whom the
side-effects of glucocorticosteroids become an issue. In the
case of insufficient asthma control with inhaled glucocorti-
costeroid alone, there are observations suggesting that the
addition of montelukast may provide the same therapeutic
response as doubling of the dose of the current inhalation
steroid [165]. 

The side-effects that have been observed during treat-
ment with antileukotrienes have generally been modest,
such as headache and intestinal troubles. In most clinical
trials, these effects have not been different between active
treatment and placebo. The low incidence of side-effects
has been one reason that antileukotrienes can be adminis-
tered by the oral route. The problem with reversible eleva-
tions of liver enzymes during treatment with zileuton has
been discussed. The most serious suspicion of significant
side-effects with antileukotrienes was reported after a few
years’ use of this new class of drugs in the USA. There
seemed to be an aggregation of new cases with the severe
vasculitic disease Churg–Strauss syndrome (CSS) [166].
However, independent panels reviewing the cases con-
cluded that the reported cases not were directly related to
the specific class of drugs but a consequence of steroid
tapering in subjects with hidden CSS [167,168]. Similar
episodes of CSS exacerbations have been reported also after
withdrawal of oral prednisone in patients given inhalation
therapy with glucocorticosteroids. 

Approximately 25 years after the discovery of leukotrienes
and the elucidation of the structure of slow reacting sub-
stance of anaphylaxis (SRS-A) [169], antileukotrienes are
now established as a treatment for asthma and rhinitis.
However, the cumulated clinical experience with this class
of drugs is less than 10 years and in most countries of the
world limited to the CysLT1 receptor antagonists mon-
telukast and pranlukast. It is clearly documented that

Conclusions and perspective
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antileukotrienes have anti-inflammatory and bronchopro-
tective effects that alleviate symptoms in adults and children
with asthma and rhinitis. Antileukotrienes may be used as
monotherapy or added to inhaled glucocorticosteroids.
Published studies support the use of antileukotrienes at 
all levels of asthma therapy, from very mild cases to 
treatment of subjects with very severe asthma; in the mild
cases as monotherapy, in the more severe cases as com-
bination therapy with glucocorticosteroids. The first-line
therapy option dominates in the USA, whereas usage in
Europe is as an add-on to inhaled steroids or prophylaxis
against EIB.

One area for future research is to identify subjects with
leukotriene-dependent asthma. So far, this has largely been
unsuccessful, and no baseline variable including urinary
levels of LTE4 have been found to predict the therapeutic
response to montelukast or zileuton. A few relatively 
limited studies using CysLT1 antagonists [170] or 5-LO
inhibitors [171] have suggested relations between thera-
peutic response to these particular drugs and genetic poly-
morphisms in the LTC4-S and 5-LO, respectively. The
effects are not very large and currently not of such a magni-
tude that a certain genetic profile can predict the therapeu-
tic response to antileukotrienes. A recent study in subjects
with asthma failed to identify biochemical factors relating
to the capacity for leukotriene biosynthesis that could 
predict the airway responsiveness to inhaled leukotrienes
[31]. Studies in subjects with aspirin-intolerant asthma
[86,156] have been taken as evidence of a particularly
favourable response in this peculiar subgroup of subjects,
but it has been overlooked that these patients received
antileukotrienes not as single therapy but as add-on to both
inhaled and oral glucocorticosteroids. The remarkable ther-
apeutic responses in these two studies may rather support
that patients with more severe asthma improve further
when an antileukotriene is added to baseline treatment
with glucocorticosteroids. There are studies in aspirin-
tolerant subjects with severe asthma that also report strik-
ing therapeutic responses after addition of pranlukast [163]
or zafirlukast [155].

In conclusion, a particular challenge for clinical COPD
research is now to build on the experiences with anti-
leukotrienes in asthma and perform studies that can assess
whether antileukotrienes have value in the treatment of
COPD, or may contribute to the systemic and metabolic
components of COPD. The research must be unbiased and
not governed by today’s dogmas concerning mechanisms
and strategies. An additional and related challenge is to
characterize the role of other eicosanoids in COPD, where 
a number of proinflammatory (e.g. COX-2 derived PGE2)
and anti-inflammatory molecules (e.g. lipoxins and COX-
1-derived PGE2) deserve attention.
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CHAPTER 27

Cigarette smoking, emphysema and 
lung endothelium

Stephanie A. Nonas, Irina Petrache and Joe G. N. Garcia

Pulmonary emphysema, characterized by alveolar wall
destruction and permanent enlargement of the airways 
distal to terminal bronchioles, is the fourth leading cause of
death (along with chronic bronchitis) in the USA, with a
rising incidence and prevalence. Despite the clear observa-
tion that the vast majority of emphysema is associated with
chronic cigarette smoking, the complete pathogenesis of
emphysema remains unclear. Historically held concepts 
of the biochemical and molecular basis of emphysema 
have highlighted the obvious critical role of tobacco smoke
exposure as well as the importance of effector cells, such 
as inflammatory leukocytes, which target tissues such as 
the bronchial and alveolar epithelium (see Chapters 17 &
22). However, the increasing knowledge of complex cell 
biologic processes and cellular homeostasis has led to
paradigm-shifting hypotheses and the identification of 
previously unappreciated pathogenic mechanisms in COPD
development. In concert with this explosion of information
in the post-genome era, attention has shifted in recent
years to include the potential for the meaningful contribu-
tion of vascular components in the complex pathophysio-
logy associated with chronic airflow obstruction. 

The pulmonary circulation has a number of important
functions including a critical role in gas exchange.
Microvessels exchange solutes and water, and the mech-
anisms regulating the balance of fluid and solutes in
extravascular spaces of the lung are central to understand-
ing the pathophysiology of inflammatory pulmonary con-
ditions such as acute respiratory distress syndrome (ARDS)
and sepsis where increases in vascular permeability con-
tribute to profound pulmonary oedema and physiologic
derangements. Because of the enormous surface area of 

Endothelial cell barrier function in 
lung inflammation

the pulmonary vasculature, the pulmonary endothelium, 
a multidimensional tissue lining the entire vasculature,
serves a specialized function as a semi-permeable barrier
between the vascular space and the interstitium. The bar-
rier function of lung endothelial cells is actively regulated.
While the integrity of the endothelial cell monolayer is a
critical requirement for preservation of pulmonary func-
tion, disruption of the endothelial barrier is now recognized
as a cardinal feature of inflammation (Fig. 27.1). Endo-
thelial barrier properties are not uniform throughout the
pulmonary vasculature. There is greater macromolecule dif-
fusion in postcapillary venules compared with pulmon-
ary arterioles in whole lung models, and microvascular
endothelium exhibits 10-fold higher barrier properties than
macrovascular endothelium in vitro [1]. Although the pre-
cise mechanisms that regulate this variability in segmental
barrier function are unknown, barrier regulatory compon-
ents such as Ca2+ signalling pathways and differences in
content and regulation of barrier protective cyclic adeno-
sine monophosphate (cAMP) are likely involved [2].

The contribution of increased vascular permeability to
acute inflammatory processes is much better defined than
its role in chronic inflammatory disorders such as COPD,
although loss of barrier integrity may be an important 
component of the acute exacerbation of chronic bronchitis.
It remains well appreciated, however, that the pulmonary
vascular endothelial barrier also actively participates in re-
gulating cell trafficking across the vessel wall (see Fig. 27.1)
and thus is essential to the entire spectrum of COPD from
chronic bronchitis to emphysema. In its highly advant-
ageous spatial locale, the endothelium serves as an integral
member of both innate immunity and adaptive immunity
response with highly specialized and complex signalling
and regulatory pathways, which are selective for the type 
of inflammatory and immune effectors cells allowed 
entry into lung tissues. The narrow dimensions of the lung
capillary lumen (less than 10 μm diameter) implicate an
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intimate involvement of biophysical properties of both
leukocytes as well as the mechanically challenged lung
endothelium in regulating diapedesis [3,4]. In the context
of the chronic low-level inflammatory status of lungs 
from both cigarette smokers and patients with emphysema,
this leucocyte gatekeeper function of the endothelium
becomes relevant to the development of irreversible lung
disease.

In addition to serving as gatekeeper to circulating
inflammatory and immune effector cells, the pulmonary
vascular endothelium has an active role in maintaining
both systemic and local (paracrine) feedback systems, by
active processing of signalling mediators. In the lungs, 
alveolar septae (comprising endothelium, epithelium and a
thin interstitium) form the air–blood barrier through which
gas is exchanged. The endothelial and epithelial basement
membranes appear to be fused for a length expanding 
over half of the capillary perimeter, creating the alveolar–
capillary septum, an ideal site for gas transfer because of the
maximal surface area available for gas exchange and min-
imal diffusion distance. Endothelium-dependent growth of

Endothelial cell paracrine and cell
survival function in lung homeostasis

pulmonary vascular structures (vasculogenesis) occurs 
during early development and is crucial to the develop-
ment of lung structures, specifically functional alveoli, and
inhibition of vasculogenesis/angiogenesis decreases alveolar-
ization of the developing lung [5]. Because of the intimate
contact between septal components, mature endothelial
cells continue to interact with neighboring epithelial cells 
in maintaining alveolar structures. One key mediator of 
this cell–cell cross-talk involved in septal homeostasis is
vascular endothelial growth factor (VEGF), a potent mito-
gen and angiogenic factor involved in the development and
maintenance of vascular endothelial cells as well as vascu-
lar permeability and vasodilatation. Expressed in nearly all
tissues, VEGF acts as a potent survival factor for endothelial
cells, inhibiting apoptosis both in vitro and in vivo [6–11].
VEGF has two major receptor tyrosine kinases, VEGFR-1
(Flt1) and VEGFR-2 (KDR/Flk1), which are expressed on
vascular endothelial cells and hematopoietic cells, with
VEGFR-2 responsible for the majority of the mitogenic,
angiogenic and permeability enhancing properties of VEGF
[7]. VEGF is abundantly expressed in normal lung tissues,
where it is localized mainly to alveolar epithelial cells with
receptors present on adjacent endothelial cells [12–16].
During development, expression of VEGF by mesenchymal
and epithelial cells in branching airways guide endothelial
cell differentiation and angiogenesis, and inhibition of
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epithelium, facilitating gas
exchange while maintaining a
tight barrier. (b) In disease states,
endothelial perturbation leads 
to loss of barrier function 
with interstitial oedema and
tissue inflammation. PMN,
polymorphonuclear leucocyte.



VEGF in the lungs leads to pulmonary endothelial cell
death [17–19]. This key confluence of spatial localization,
cell–cell cross-talk and intercellular survival dependency
has led to the development of novel concepts in the patho-
genesis of emphysema and airspace enlargement.

Until recently, the pathogenic schemes of emphysema
development have not incorporated an active participation
of the pulmonary endothelium. The prevailing concept for
the alveolar destruction characteristic of anatomic emphy-
sema invoked a protease–antiprotease imbalance in which
an excess of proteases digest the parenchymal extracellular
matrix connective tissue, altering alveolar architecture
[20,21]. In this model, chronic exposure to cigarette smoke
leads to invasion of inflammatory cells into airspaces with
release of large quantities of proteases in excess of antipro-
teases, leading to tissue destruction and airspace enlarge-
ment. However, this current model of inflammation and
excessive proteolysis does not fully explain why alveolar
cells and wall structures are lost.

In the early 1950s, researchers studying other potential
contributors to the pathogenesis of emphysema first appre-
ciated a pruning of the arterial tree in pathologic specimens
from patients with emphysema [22,23]. Noting a lack of
vascularity in the lungs of patients with emphysema on
pathology and the presence of enlarged, almost avascular
alveoli, Liebow [23] postulated that alveolar thinning
might be the result of a reduction in blood supply and put
forth the first hypothesis of vascular atrophy as a model for
emphysema. Research into the possible vascular contribu-
tion to the pathogenesis of emphysema remained dormant
until recent findings that operate entirely outside of the
concept of inflammatory alveolar destruction led to a major
re-evaluation of the current conceptual framework of
emphysema development.

The prominent expression of VEGFR-2 on alveolar septal
endothelial cells suggested to insightful investigators that
airway epithelial cells may have a significant role in regu-
lating the maintenance of vascular structure and function,
as well as repair and remodelling of alveolar structures
through VEGF expression [15,16]. VEGF acts as a potent
survival factor for endothelial cells, inhibiting apoptosis
both in vitro and in vivo [6–11]. A seminal paper by the
Tuder and Voelkel laboratories contains the series of 

Endothelium in airspace enlargement:
role of endothelial growth factors

Endothelial cells in emphysema
development: a historical perspective

experiments that revisited the vascular atrophy model of
emphysema using entirely novel approaches [24]. These
scientists postulated that endothelial cell apoptosis, induced
by antagonizing the survival signalling of VEGF, may pro-
duce decreased vascularity, induce alveolar cell apoptosis
and result in the airspace enlargement characteristic of
emphysema. Chronic in vivo blockade of VEGF receptors
(with the pharmacologic specific VEGF receptor inhibitor
SU5416) in rats for just 3 weeks produced alveolar wall cell
death, airspace enlargement and pruning of the pulmonary
vascular tree – all in the notable absence of inflammation or
fibrosis (see Plate 27.1; colour plate section falls between
pp. 354 and 355). Furthermore, the alveolar septal destruc-
tion caused by VEGF receptor blockade was the result of in-
creased alveolar cell apoptosis and not of inhibited normal
cellular proliferation. In these studies, the development 
of apoptosis preceded airspace enlargement and its inhibi-
tion with a caspase inhibitor prevented both alveolar cell
apoptosis and the development of emphysematous airspace
enlargement (see Plate 27.1; colour plate section falls between
pp. 354 and 355). These landmark studies demonstrated
that emphysema could be caused by a non-inflammatory
insult and that chronic blockade of VEGF receptors causes
lung endothelial cell apoptosis and the development of
emphysema.

The remarkable findings of Tuder et al. have been
confirmed in other experimental animal models. Gerber 
et al. [25] found that treatment of mice with a soluble
VEGFR2 chimeric protein effectively neutralizes VEGF and
results in airspace enlargement, while Tang et al. [26] found
that lung-targeted ablation of VEGF in mice (using a 
Cre-Lox transfection strategy) resulted in decreased levels
of both VEGF and VEGFR2 and concomitant alveolar septal
destruction and loss of elastic recoil. Taken together, these
studies suggest that VEGF signalling is required for the
maintenance of alveolar structures, and that blockade of
this important factor leads to disruption and endothelial cell
death by apoptosis, and ultimately to parenchymal destruc-
tion and emphysema.

What relevance does this have for human emphysema?
Following up on these animal studies, several groups have
examined VEGF expression in patients with emphysema.
Postulating that decreased expression of VEGF and/or
VEGFR2 were involved in human emphysema, Kasahara 
et al. [27] compared lung tissue from patients with emphy-
sema with tissue from healthy smoking and non-smoking
controls, and found decreased expression of mRNA and
protein of both VEGF and VEGFR2 in emphysematous
lungs compared with either smoking or non-smoking con-
trols. They also found a marked increase in apoptosis of
both epithelial and endothelial alveolar septal cells in
emphysematous lungs compared with controls (Fig. 27.2).
Notably, as in the VEGF-blockade experimental rat 
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model, the increased apoptosis seen in emphysematous
lungs was not accompanied by a significant increase in
inflammation.

In a parallel study, investigators comparing VEGF levels,
spirometry and gas transfer in patients with pulmonary dis-
ease (emphysema, asthma, chronic bronchitis and healthy
controls) found decreased levels of VEGF in induced spu-
tum from patients with emphysema compared with con-
trols, in marked contrast to patients with asthma or chronic
bronchitis in whom VEGF levels were actually increased
[28,29]. Furthermore, the decrease in VEGF in patients
with emphysema correlated with the severity of airflow
obstruction (measured by forced expiratory volume in 
1 s, FEV1) and gas transfer defect (measured by DLCO). Fur-
ther studies comparing VEGF levels in the bronchoalveolar
lavage fluid (BALF) of patients with pulmonary disease 
and healthy controls noted a marked decrease in VEGF
expression both in patients with pulmonary disease and in
healthy smokers compared with healthy non-smokers [30].
In fact, while healthy non-smokers had robust expression
of VEGF, there was a nearly 10-fold decrease in VEGF
expression in smokers, even in the absence of known 
pulmonary disease, suggesting that the decrease in VEGF
precedes the development of emphysema in smokers (see
Fig. 27.2).

The presence of apoptotic alveolar septal cells in emphy-
sema is emerging as a key finding in experimental models
beyond the VEGFR blockade model, including in vitro
studies and traditional elastase-induced animal models of
emphysema [31,32]. In addition, follow-up human studies
have confirmed the presence of apoptosis of both epithelial

and endothelial cells in the alveolar septae of patients with
emphysema, correlating the degree of apoptosis with the
severity of disease [27,33–37]. Furthermore, studies com-
paring lung apoptosis rates among healthy controls, healthy
smokers and emphysematous patients have shown an
increase in lung cell apoptosis in chronic smokers preceding
the development of clinical emphysema, with a further
increase in apoptosis seen in smokers with overt emphy-
sema [27,37].

To further explore the role of apoptosis in the patho-
genesis of emphysema, Aoshiba et al. [38] performed a series
of in vivo and in vitro experiments using active caspase-3, a
direct apoptotic agent, and nodularin, a serine/threonine
kinase inhibitor that induces caspase-dependent apoptosis.
Although direct instillation of active caspase-3 had no
effect, both instillation of nodularin and transfection of
airspace epithelial cells with even a single dose of active 
caspase-3 caused alveolar cell apoptosis and airspace enlarge-
ment as early as 2 h after administration, with effects last-
ing up to 15 days, notably in the absence of inflammation 
or fibrosis. Using in situ elastin zymography, these invest-
igators found an increase in elastolytic activity in the BALF
of animals as early as 1 h after treatment that was localized
to apoptotic epithelial cells. Both transfection of active 
caspase-3 and instillation of nodularin led to the loss of
alveolar wall elastin as early as 6 h after treatment with a
concomitant increase in soluble elastin products in BALF.
These studies are the first to provide direct evidence that
alveolar cell apoptosis, in the absence of inflammation, can
trigger significant release of elastases sufficient to cause
elastin destruction and emphysematous changes. 
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Figure 27.2 Apoptosis and vascular endothelial growth factor (VEGF) levels in non-smoking controls, healthy smokers and
patients with emphysema. (a) Comparison of apoptotic cells (measured by terminal deoxynuclotidyltransferase-mediated UTP
end labelling, TUNEL) in the alveolar septae of non-smokers, smokers and patients with emphysema. There are significantly more
TUNEL+ cells in the emphysema lungs when compared with the lungs from non-smokers and healthy smokers. (b) Lung tissue
VEGF. VEGF protein expression is significantly reduced in emphysema compared with controls. (c) Bronchoalveolar lavage fluid
(BALF) VEGF in normal volunteers and healthy smokers. There is significantly less VEGF in the BALF from smokers compared
with controls, even in the absence of emphysema. All data are expressed as mean ± SEM. (Modified from Kasahara et al. [24] and
Koyama et al. [30].)



However, how do we integrate these new findings in a 
disease that is overwhelmingly associated with cigarette
smoking (Fig. 27.3)? Cigarette smoke contains more than
5000 chemical compounds and more than 1015 free radical
molecules per puff. In vivo, chronic cigarette smoke causes
dose-dependent increases in apoptosis of endothelial cells,
bronchial and alveolar epithelial cells, and alveolar macro-
phages [39,40]. In vitro, smoke extract activates caspase-3
and induces apoptosis in cultured human umbilical and
pulmonary endothelial cells as well as airway epithelial
cells [41–43]. Cigarette smoke triggers apoptosis in cells
through multiple pathways including direct oxidative
stress, survival factor signalling, mitochondrial and nuclear
DNA damage, and lymphocyte-dependent or TNF-receptor
signalling. Long known to have a role in apoptosis and
implicated in the development of emphysema, oxidative
stress has a key role in normal cell maintenance [44]. As
oxidants are known to not only cause cell damage and
death, but to modulate the type of death: apoptotic versus
necrotic, oxidative stress seems a likely participant in
cigarette smoke-induced apoptosis and the subsequent
development of emphysema. Already exposed to the 
highest oxygen environment of any organ in the body, 
the lungs of smokers are further exposed to cigarette 
smoke each puff of which exposes the lungs directly to, 

Cigarette smoke and the role of oxidative
stress in endothelial dysfunction and
emphysema development

in addition to oxidant molecules, many elements, in-
cluding nicotine, which indirectly induce oxidative stress
[44–48]. More recently, in vivo studies revealed evidence 
of oxidative stress, measured by markers of lipid pero-
xidation, including thiobarbituric acid-reactive substrates 
and 4-hydroxy-2-nonenal (4-HNE), in the lungs of smokers
with emphysema, with levels inversely correlating with 
the severity of disease measured by FEV1 [49,50]. In 
fact, markers of lipid peroxidation, DNA oxidation and 
protein oxidation have been shown to be increased in the
BALF and lung tissue of smokers even in the absence of
emphysema [50–54].

Using their original model, Tuder et al. postulated that
oxidative stress was required for endothelial cell apoptosis
and the development of emphysema with VEGFR blockade
and demonstrated that a superoxide dismutase mimetic
inhibited lung expression of markers of oxidative stress 
and blocked subsequent alveolar septal cell apoptosis and
emphysematous changes induced by VEGFR blockade [24].
Caspase inhibition – already known to block apoptosis and
emphysema in this model – also reduced lung expression 
of markers of oxidative stress, introducing the possibility
that apoptosis itself contributes to the oxidative stress 
seen in these patients, creating a positive feedback loop 
in which oxidative stress causes apoptosis which in turn
further increases the oxidative stress. The intricate link of
cigarette smoke-induced oxidative stress and endothelial
cell apoptosis is clearly emphasized in studies of mice 
in which enhanced susceptibility to oxidative stress by gen-
etic deletion of Nrf2, a transcription factor that regulates 
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Figure 27.3 Cigarette smoke, oxidative stress and apoptosis in the pathogenesis of COPD. Oxidative stress from cigarette smoke
leads to alveolar epithelial cell apoptosis and decreased vascular endothelial growth factor (VEGF) expression. This in turn induces
alveolar septal endothelial cell apoptosis with release of proteases, destruction of the extracellular matrix (ECM) and eventual loss
of the alveolar unit.



antioxidant enzymes, increases the risk of cigarette smoke-
induced apoptosis and emphysema [55].

Direct oxidative stress does not represent the sole link
between cigarette smoke and apoptosis. Cigarette smoke
also down-regulates expression of the VEGF receptor,
reduces VEGF expression by epithelial cells and endothelial
cells, and inhibits the VEGF-dependent survival of endo-
thelial cells in culture [56,57]. The induction of mitochon-
drial and DNA damage by cigarette smoke exposure also
induces apoptosis of epithelial and endothelial alveolar
cells. Finally, cigarette smoke evokes alveolar inflammation
with the release of cytokines such as tumour necrosis factor
α (TNF-α), interleukin 1B (IL-1B), IL-8, leukotriene B4

(LTB4) and transforming growth factor β (TGF-β), which
have been shown to contribute to elastolytic damage in 
pulmonary emphysema [58].

These developments in the understanding of the mechan-
isms of lung destruction in emphysema highlight the pres-
ence of positive feedback mechanisms engaging apoptosis,
oxidative stress and matrix proteolysis, which together
with inflammatory mediators overwhelm the defense or
maintenance mechanisms of endothelial alveolar cells [59].
Ongoing studies are identifying potentially critical media-
tors that link and amplify these destructive processes, and
may emerge as key targets of therapeutic interventions in
emphysema. A potentially central relay of endothelial cell
apoptosis linked to inflammatory mediator signalling (TNF-
α) and oxidative stress generation is ceramide, a signalling
sphingolipid and known mediator of apoptosis and tissue
injury in different organs which has been shown to mediate
VEGF receptor blockade-induced emphysema and oxidat-
ive stress in both mice and rats [60,61].

Despite a notable hiatus from being considered as an effec-
tor or target in the pathogenesis of chronic airflow obstruc-
tion, the pulmonary endothelium has now assumed a
potentially major role in the development of emphysema.
Current models of apoptosis-induced emphysema are
notable for lack of inflammation – a mainstay of the 
current protease–antiprotease theory of emphysema. These
findings do not necessarily directly refute the importance 
of the protease–antiprotease imbalance in emphysema, but
instead offer an alternative paradigm in which chronic
cigarette smoke causes oxidative stress and alveolar epithe-
lial cell apoptosis, which in turn disrupts the normal VEGF-
dependent maintenance of alveolar capillary endothelial
cell health. These recent studies do imply, however, that
alveolar apoptosis, in addition to inflammation, constitutes
a primary event leading to the release of elastolytic
enzymes and alveolar wall destruction. The endothelium-

Conclusions

dependent models of emphysema have provided us with 
a new conceptual framework in which to study the links
between inflammation, protease–antiprotease imbalance,
oxidative stress and alveolar septal cell destruction. The
finding of decreased VEGF levels in smokers, both with and
without emphysema, is particularly interesting as a variety
of stimuli (chronic hypoxia, TNF-α, IL-1β, neutrophil 
elastase) stimulate VEGF expression and secretion by
epithelial cells [16,30], resulting in an expected preserva-
tion or increase in VEGF expression in smokers. The fact
that decreased VEGF levels in healthy smokers precedes 
the development of apoptosis and airspace enlargement
suggests that a breakdown in the normal maintenance of
alveolar vascular structures may be a key step in the devel-
opment of COPD. Future research will explore the roles of
VEGF, apoptosis and oxidative stress in human emphysema
and likely identify novel endothelial cell targets for the 
prevention or treatment of this devastating disease.
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CHAPTER 28

Mesenchymal cells of the lung

Stephen I. Rennard and J. Graham Sharp

Mesenchymal cells are a diverse class of highly specialized
cells that produce and remodel extracellular matrix, modu-
late tissue development and epithelial differentiation, and
regulate inflammatory responses. Mesenchymal cells have
key roles both in normal tissue function and in the patho-
physiology of many diseases including chronic obstructive
pulmonary disease (COPD). Unfortunately, understanding
of mesenchymal cell classification and ontogeny is incom-
plete. This stems in part from the lack of unique biochem-
ical and histological markers for specific mesenchymal cells,
and in part from the structural and functional plasticity of
these cells. In addition, mesenchymal cells can be readily
cultured in vitro. This has resulted in a rich investigative lit-
erature. However, because the in vitro culture of mesenchy-
mal cells alters cellular phenotype, the in vivo significance of
in vitro studies is not always readily apparent. Nevertheless,
it is becoming clear that mesenchymal cells contribute to
the pathogenesis of COPD, are attractive targets for future
therapeutic interventions and may be vehicles to mediate
novel therapeutic strategies such as gene-based treatments.
This chapter provides an overview of mesenchymal cells,
particularly as they relate to COPD. For a more comprehen-
sive review of COPD pathophysiology, see Section 4. 

All complex multicellular organisms contain sheets of
epithelial cells [1]. These cells adhere to each other through
several types of junctions and rest on a specialized extracel-
lular matrix, the basement membrane. Epithelial cells often
demonstrate marked structural and functional polarity,
with marked differences between the apical and the basal
portions of cells. The simplest of multicellular organisms
consist of a single layer of epithelial cells. More complex
organisms generate multiple epithelial layers by differenti-
ation, indentation and folding of the epithelial surface. By

Origins of mesenchymal cells

this mechanism, the outer epithelial layer (ectoderm) and
an inner epithelial layer (endoderm) are generated. By 
further folding, intermediate layers of epithelial cells (meso-
derm) can also be generated. Mesenchymal cells arise by a
different mechanism. (See Hay [1] for a detailed discussion
of the origin of mesenchymal cells in embryology.)

In the formation of mesenchymal cells, epithelial cells
undergo a pronounced morphological and functional shift,
the epithelial–mesenchymal transition (EMT) [1,2]. In 
this process, cells detach from their neighbours, assume an
elongated shape, separate from and invade the subjacent
basement membrane and migrate through the connective
tissue beneath the epithelium. In complex organisms,
therefore, mesenchymal cells are present in the mesoderm.
However, ‘mesodermal’ and ‘mesenchymal’ are not syn-
onymous. Mesodermal structures, for example, can include
epithelia. Conversely, some mesodermal organisms, such
as the protochordate Amphioxus, lack mesenchyme.
Characteristically, these organisms remain small and are
structurally simple. Mesenchymal cells are key to the devel-
opment of structural complexity. Specifically, mesenchy-
mal cells migrate through the mesoderm, condense and
differentiate into the cartilage and bone required to form
the vertebral column. By an analogous process of migra-
tion, condensation and differentiation, mesenchymal cells
contribute to the formation of somites, the extremities 
and parenchymal organs. A large number of differentiated 
mesenchymal cell types result from these processes.

The molecular events that control the EMT process are
incompletely delineated. However, a key feature of epithe-
lial cells is the expression of the adhesion molecule E-
cadherin [3]. This molecule participates in the organization
of the adherens junctions that characterize epithelia. It also
binds and segregates free β-catenin [1]. If present, free 
β-catenin can bind to and activate the transcription factor
LEF-1 which activates genes causing epithelial cells to lose
epithelial features and acquire a mesenchymal phenotype.
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Interestingly, in epithelial cells transfected with a LEF-1
expressing adenoviral vector, which induces EMT, this process
is reversible with loss of the lymphocyte effector function-1
(LEF-1) activity, suggesting plasticity between epithelial and
mesenchymal cells [4]. A variety of other factors including
transforming growth factor β (TGF-β), Wnt, Hedgehog and
Notch can also modulate EMT, possibly via their interaction
with β-catenin and modulation of LEF-1 activity.

Mesenchymal cells express a number of characteristic
genes including vimentin, several forms of actin and pro-
duce fibronectin. However, none of these are specific for
mesenchymal cells. A consensus conference therefore, has
suggested a definition of a mesenchymal cell (in the context
of the EMT) that includes:
1 front–back end polarity;
2 elongate morphology;
3 filopodia; and
4 invasive motility (reviewed by Hay [1]).
As pointed out in the same review, a frequently used
definition of myofibroblasts, the presence of stress fibres, is
not appropriate because stress fibres are often an artefact
that results from in vitro adhesion of mesenchymal cells to
rigid substrates [1]. The difficulties with this definition is
confounded by artefacts generated by in vitro studies recap-
itulated in attempts to define subsets of mesenchymal 
cells, particularly fibroblasts and myofibroblasts, cells likely
to have important roles in COPD pathogenesis (see below).
The lack of definitive biochemical and histochemical 
markers has also confounded studies of mesenchymal cell
ontogeny.

All mesenchymal cells originate from primitive epithelia.
However, it is likely that there are specific populations of
mesenchymal cell stem precursors/stem cells that maintain
mesenchymal cell populations. In this context, a stem cell is
a cell that has the capability of dividing to maintain its own
population (i.e. self-renewal) and of forming at least one
type of differentiated cell. If a stem cell can give rise to 
several cell types it is pluripotent. If it can give rise to all 
cell types including whole organisms (i.e. it has all the 
capability of a fertilized egg) it is totipotent. For a variety of
reasons, mesenchymal stem cells (MSCs) have attracted
much recent interest [5].

MSCs have been isolated and defined based on in vitro
characteristics [5]. For example, when bone marrow cells
are isolated and plated on a rigid surface, a subpopulation of
cells will adhere and proliferate to form colonies of spindle-
shaped fibroblast-like cells. When subcultured under 
various specific conditions, these cells can differentiate 
into a number of lineages. The cells present in the original
marrow isolate that formed the original colonies have been
defined as MSCs. Unfortunately, no unique markers have
been established that specifically identify MSCs, although
they characteristically express the surface markers STRO-1,

SH2, SH3 and SH4 and lack the haematopoietic markers
CD45, CD34 and CD14. It is likely, moreover, that MSCs
are heterogeneous. In this context, a number of methods
have been developed to isolate and culture MSCs. These
have resulted in varied results together with a number of
sometimes confusing names [5–7]. It seems quite likely 
that the differences among studies are in part caused by 
isolation of subpopulations of cells from within the MSC
population [8].

MSCs have been reported to lack telomerase and to have
a considerable, but limited, potential for self-renewal.
However, subpopulations of cells from the MSC population
have been reported to undergo more extensive population
doublings [7]. Similarly, the addition of specific growth 
factors (e.g. fibroblast growth factor 2 (FGF2)) can result in
extended population doublings [9], consistent with the
selective expansion of a subpopulation of cells from within
the MSC population. 

MSCs have the potential to differentiate into a number 
of cell types. This includes a variety of mesenchymal cell
types: cartilage, bone, adipocytes, smooth muscle, cardiac
muscle [10], skeletal muscle [11] and stromal cells [5]. In
addition, MSCs have been reported to give rise to neural
cells [12] and epithelial cells [13]. On the other hand, 
isolated clones of MSCs have been reported to have limited
potential for differentiation. Thus, some clones can give rise
chondrocytes, bone cells and adipocytes, while other clones
can give rise to only two types or one type of cell, support-
ing the concept of heterogeneity in the MSC population [5].
These findings are also consistent with a model in which
MSC ‘differentiation’ is accompanied by a progressive restric-
tion in self-renewal and differentiation potential. However,
Song and Tuan [14] have reported that differentiated 
cells derived from MSCs can be induced to dedifferentiate, 
replicate and subsequently redifferentiate into other types
of cells. This ‘trans-differentiation’ suggests considerable
plasticity exists within mesenchymal cell populations.

In addition to bone marrow, cells with the functional
characteristics of MSCs have been isolated from many other
tissues [5]. However, neither the in vivo role of MSCs, 
nor even their location within tissues has been defined.
Nevertheless, it is clear that populations of cells are present
within many tissues that have considerable potential for
proliferation and differentiation. Interestingly, circulating
pools of stem/precursor cells are also present. A population
of circulating mononuclear cells that express collagen type I
and can form fibroblast-like cells, termed fibrocytes, has
been suggested to be a precursor for mesenchymal cells and
to participate in wound healing [15]. These cells have been
suggested to contribute to myofibroblast populations in the
airway in asthma [16], to the development of pulmonary
fibrosis [17] and may contribute to vascular remodelling in
pulmonary hypertension [18].

MESENCHYMAL CELLS OF THE LUNG 309



At the present time, the precursor–progeny relationship
among the various mesenchymal cell populations in the
lung remains undefined. Similarly, it is unclear what the
roles of the various potential precursor/stem cell popula-
tions are in vivo. However, as methods for tracking cell 
lineages advance, and as methods for identifying differenti-
ated cell populations improve, enhanced understanding of
mesenchymal cell lineages and of the molecular events that
control differentiation and proliferation of specific cell types
can be anticipated.

Chondrocytes

Chondrocytes are present in the bronchial cartilages where
they produce the collagenous and proteoglycan compon-
ents of cartilage [19]. Like other cartilage, it is likely that
airway cartilage responds to mechanical stimuli [20,21], a
feature that is characteristic of other mesenchymal cells
(see below). Abnormalities in bronchial cartilage are pre-
sent in airway disease. Degeneration of bronchial cartilage
occurs in COPD, particularly when chronic bronchitis is
present, and in asthma [22,23]. Perichondrial fibrosis and
neutrophilic inflammation are often associated with this
degeneration. Interestingly, evidence of chondrocyte activa-
tion is also often present, suggesting that chondrocytes 
may contribute to cartilage degeneration, perhaps by pro-
ducing MMPs. Functional alterations in airway cartilage
may contribute to abnormalities in the trachea and large
airways, such as collapse during cough or forced exhala-
tions and to the structural alterations present in ‘saber
sheath trachea’ [24].

Smooth muscle cells

In the lung, smooth muscle cells (SMC) are present in 
the airways, and in the arterial, venous and lymphatic 
vessels. SMC are elongated, surrounded by a basement
membrane and are connected to each other by gap junc-
tions. They characteristically contain desmin, smooth muscle
myosin and α-smooth muscle actin (α-SMA) [25]. Because
these markers may also be present in myofibroblasts, they
are not specific markers for SMCs. Smoothelin, however, is
a cytoskeletal protein that may be specific for SMCs [26].
Because SMCs can reversibly contract in response to a
number of stimuli, they are crucial in regulating the 
luminal diameter of the vessels they surround. 

SMCs from different sites vary in important ways; for
example, in their response to contractile and relaxant 
stimuli and in their response to growth factors. Qualitative
and quantitative alterations in SMCs have key roles in

Cell types

many lung diseases including asthma [27], pulmonary
hypertension [28,29] and lymphangioleiomyomatosis [30].
It is likely that alterations in airway and vascular smooth
muscle also contribute to the pathogenesis of COPD.
Recognition of the role of the TSC2 gene in lymphangi-
oleiomyomatosis [31] and of the bone morphogenic pro-
tein receptor 2 gene in primary pulmonary hypertension
[32] has not only aided understanding of these diseases, 
but promises to clarify the mechanisms that control SMC
biology in general.

Pericytes

Pericytes are smooth muscle like cells that partially 
surround the endothelial cells of small vessels. They are
present in the lung in postcapillary venules and in alveolar
capillaries. They are surrounded by a basement membrane
that fuses with that of the vascular endothelial cell.
Pericytes, which express α-SMA and are assumed to be
contractile, have been suggested to regulate alveolar 
capillary blood flow [25]. Mice deficient in platelet derived
growth factor-B (PDGF-B) fail to develop pericytes and
develop microaneurysms, suggesting a role for pericytes in
maintenance of microvascular structure [33]. MSCs from
bone marrow appear to be closely related to pericytes [34].

Fibroblasts and myofibroblasts

Fibroblasts and myofibroblasts are spindle-shaped inter-
stitial cells that are believed to be the major cells responsible
for the synthesis and organization of structural extracellu-
lar matrix macromolecules, including collagen and elastin
[25,35]. These two types of cells are themselves heteroge-
neous. For example, the dense collagen bundles present 
in tendon are believed to be synthesized and organized by
highly specialized fibroblasts [36,37]. Similarly, the loose
but highly organized extracellular matrix of organs such as
the lung is believed to be synthesized primarily by local
fibroblasts [38]. The observation that fibroblasts cultured
from different tissues are functionally distinct supports the
concept that fibroblasts in different tissues represent com-
mitted populations of distinct differentiated cells [39–42].
Even within a tissue, it is likely that myofibroblasts and
fibroblasts at different sites can be functionally different. 
In the gut, for example, two morphologically distinct types
of myofibroblasts are present [43,44]. These cells differ in
their responses to cytokines and in their ability to induce
responses in gut epithelial cells.

Myofibroblasts are distinguished from fibroblasts in hav-
ing more highly developed cytoskeletal structures together
with gap junctions [25,35]. This suggests coordinated 
contractile function for myofibroblasts, making them a cell
intermediate between a fibroblast and an SMC. The most
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commonly used feature to characterize myofibroblasts is
the presence of α-SMA. However, expression of α-SMA
is not a universal feature of myofibroblasts. A more char-
acteristic feature that can distinguish myofibroblasts from
fibroblasts is the presence of stress fibres. These are intra-
cellular bundles of actin together with other contractile
proteins. They insert into the cell membrane at the
fibronexus, a specialized structure that links the intracellu-
lar fibre bundle with cell surface integrins and through this
structure with extracellular matrix fibres. The fibronexus
can mediate both outside-in and inside-out signalling.
Thus, the fibronexus is believed to provide a means for the
cell to exert mechanical force on the components of the
surrounding matrix and to respond to external mechanical
stress. While fibroblasts may express stress fibres when 
cultured in vitro, this is believed to be an artefact of the 
culture conditions [1,35]. In vivo, fibroblasts are thought to
lack well-defined stress fibres. Myofibroblasts, in contrast,
contain stress fibres. Consistent with this, they respond to
mechanical loading and are thought to generate tension
within tissue.

The distinction between fibroblasts and myofibroblasts is
complicated by the fact that a large and rapidly expanding
group of mediators can induce α-SMA expression in 
fibroblasts. This has often been used as a demonstration 
of myofibroblast differentiation from fibroblasts. TGF-β,
for example, is a particularly effective inducer of this phe-
notype in fibroblasts [45]. Together with the acquisition of
α-SMA expression, TGF-β induces fibroblasts to produce
more collagen and fibronectin and to more vigorously con-
tract three-dimensional collagen gels. After removal of 
the TGF-β, however, the original functional phenotype 
is gradually restored [46]. Thus, is it unclear if TGF-β
induces a ‘differentiation’ of fibroblasts or causes a change
in functional status.

TGF-β induction of α-SMA and collagen type I expres-
sion in fibroblasts, but not of plasminogen activator-1
expression, is dependent on extracellular fibronectin con-
taining the ED-A splice variant [47]. This is also induced by
TGF-β, but indicates that the differentiation (or functional
regulation) of fibroblasts into myofibroblasts requires a set
of signals that include specific signals from the extracellular
matrix. In contrast, α-SMA expression by rat myofibrob-
lasts does not depend on CaRG elements [48], unlike
murine smooth muscle cells where these elements are
required [49]. Although species differences may account
for this difference, the results are also consistent with dis-
tinct regulatory pathways acting to control similar pheno-
types in different populations of mesenchymal cells and
therefore support the functional heterogeneity of these
cells.

Fibroblasts and myofibroblasts also have key roles in
embryologic development and in the regulation of other

cells within tissues. The development of many-branched
parenchymal organs, including the lung, liver, pancreas,
salivary gland and kidney, depends on interactions
between the epithelial cells and the subjacent mesenchy-
mal cells (epithelial–mesenchymal interactions) [50–54].
In addition, in the lung, a specialized population of lipid-
containing fibroblasts has been described that has been 
suggested to play a key part in alveolar wall formation [55].
The signals that provide specificity for the site and structure
of these organs during embryogenesis are, in large part, 
a function of the mesenchymal cells. Mesenchymal 
stromal cells also have a critical role in the maintenance 
of haematopoietic stem cells [56–58] and mesenchymal cell
derived niches are likely important in supporting other
stem/progenitor cells as well [59–63]. In the crypt of the
small intestine, for example, bone marrow derived sub-
epithelial fibroblasts have been shown to have a regulatory
role over epithelial stem cells [64,65]. Whether fibroblasts
or myofibroblasts provide similar regulatory functions in
the stem cell niches present in the lung remains to be
defined.

The ability of fibroblasts and myofibroblasts to provide
regulatory functions likely extends beyond the role in
development and in maintaining stem cell niches. These
cells are active producers of inflammatory mediators, as are
SMC [66]. It is likely, therefore, that mesenchymal cells
play an active part in driving inflammatory processes in the
lung and in modulating their resolution.

Alveolar myofibroblasts are specialized cells that differ
from many other myofibroblasts in lacking α-SMA [1,35].
Alveolar myofibroblasts are relatively numerous, with up
to 20 surrounding an alveolus. The nuclei are generally
located at the junction of three alveolar septa into which
the cell extends processes. Alveolar myofibroblasts are 
distinguished from pericytes by lack of a basement mem-
brane and lack of α-SMA expression. However, like other
myofibroblasts, they have gap junctions and stress fibres
and are believed to account for the contractility of excised
lung parenchyma. It has been suggested that the alveolar
myofibroblasts, by virtue of their contractile function, 
have an important role in normal lung physiology [25].
Specifically, the contraction of these cells can be modified
by a variety of factors including hypoxia [67], supporting a
role in ventilation–perfusion matching. A role for these
cells in the altered physiology of COPD, particularly altered
lung volumes, is appealing.

Myofibroblasts are also thought to have key roles in the
pathophysiology of several lung diseases. The cells that
accumulate in fibroblastic foci and adjacent areas of fibrosis
in idiopathic pulmonary fibrosis (IPF) are α-SMA positive
myofibroblasts [68,69]. Similar cells are present in Masson
bodies at sites of fibrosis in bronchiolitis obliterans [68] 
and are present in animal models of fibrosis induced by
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bleomycin [70]. Myofibroblasts are increased in the airway
wall in asthma [71], where the number of myofibroblasts is
related to the thickness of the basal lamina [72], consistent
with a role in airway wall remodelling. These disease-
related myofibroblasts could potentially be derived locally,
for example from TGF-β induced differentiation of resident
fibroblasts. Alternatively, cells with the features of circulat-
ing fibrocytes have been described in the airway wall in
asthma, suggesting a role for circulating precursors [16]. A
circulating source has been suggested for the myofibroblasts
present in the pulmonary parenchyma in lung fibrosis
[17,73]. Similarly, a circulating source has been suggested
to contribute to the remodelling that occurs in pulmonary
vascular disease [18]. These studies have used different spe-
cies and different experimental models and the phenotype
of the circulating mesenchymal cell precursors has shown
some differences. Whether these represent true heterogeneity
or reflects species differences remains to be determined.

A role for myofibroblasts in the peribronchial fibrosis 
that characterizes many patients with COPD is appealing
[74,75]. However, the precise origin and functional con-
tribution of these cells to COPD pathogenesis remains to 
be determined. Experimental evidence suggests alveolar
myofibroblasts, or rather their lack, can contribute to the
development of emphysema. Mice that are deficient for
PDGF-A fail to develop alveolar myofibroblasts and also
develop emphysema, likely because of failed development
of alveolar wall [76]. Whether a similar process contributes
to human emphysema is not defined.

A major unanswered question is to what degree the alter-
ations in mesenchymal cells present in COPD represent
changes in populations of differentiated cells or changes in
the functional state of cells in response to the cytokines and
mediators present in the local milieu. This is an important
issue, as the two different models should lead to different
therapeutic approaches. While the latter would suggest
pharmacotherapy to block specific mediator pathways, the
former would require treatments that would alter struc-
tural cell populations.

Fibroblasts from different tissues are functionally distinct.
These differences are preserved during extended in vitro
cultures, suggesting they represent a true differentiated
commitment rather than a response to a local mediator.
This supports the concept of distinct populations of mesen-
chymal cells. Similarly, cells cultured from the lungs of
patients with IPF show a persistently abnormal phenotype,
including altered growth characteristics, increased expres-
sion of α-SMA, increased production of TGF-β1, increased

Altered populations of cells versus
altered functional states

contractility and reduced production of prostaglandin E2

(PGE2) [77,78]. The persistence of similar abnormalities 
in culture is also observed in fibroblasts cultured from 
other fibrotic tissues [79–81] and in animal models of lung
fibrosis [82,83]. These observations support the concept
that the fibroblasts in fibrotic lung tissue represent a
unique, distinct, differentiated phenotype, different from
that of fibroblasts present in normal lung. 

Consistent with this concept, mesenchymal cells cultured
from the airways of asthmatics show persistent differences
from normal cells in culture including increased contraction
of collagen gels [84], increased production of the protease
matrix metalloprotease-2 (MMP-2) [85] and increased
cytokine responsiveness [86]. These observations, together
with the persistence of structural abnormalities in the air-
way, despite adequate anti-inflammatory therapy [87,88],
have suggested the possibility that a primary abnormality of
structural cells may be present in asthma [89].

Mesenchymal cells cultured from the lungs of COPD
patients have also been assessed. Holz et al. [90] have
reported reduced proliferation of fibroblasts derived from
emphysematous tissues. Noordhoek et al. [91], however,
found no difference in proliferation under ‘control’ condi-
tions, but found altered response to interleukin 1 (IL-1) and
TGF-β. Nobukuni et al. [92] also found reduced prolifera-
tion of emphysema fibroblasts and noted that they were
more inhibited than control fibroblasts by cigarette smoke.
It is unclear if differences in methodology or if heterogene-
ity in the patient populations studied contribute to these
experimental differences. Nevertheless, while the prop-
erties of mesenchymal cells cultured from the lungs in
emphysema remain to be fully delineated, a functional
alteration consistent with a change in the differentiated
population is possible.

The deficient proliferation observed in mesenchymal
cells cultured from emphysematous lung suggests deficient
repair function and contrasts markedly with the aug-
mented function discussed above for fibroblasts isolated
from fibrotic tissues. In this context, deficient repair could
lead to net loss of lung tissue and could be a mechanism for
the development of emphysema [93]. Interestingly, fibrob-
lasts from aged animals have a phenotype characterized by
deficient ‘repair’ type functions including migration [94],
cytoskeletal organization, integrin expression [95] and pro-
liferation [96,97]. This could provide a mechanism for the
development of senile emphysema.

Mesenchymal cells may also be targets for cigarette
smoke toxicity that leads to COPD. In this context, in vitro
cigarette smoke can inhibit lung fibroblast chemotaxis, 
proliferation [98], production of extracellular matrix 
and contraction of three-dimensional collagen gels [99].
Inhibition of these ‘repair’ functions could contribute to 
the development of emphysema. Inhibition of collagen gel
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contraction is mediated by smoke-induced inhibition of
fibronectin production and can be reversed by the addition
of exogenous fibronectin [99]. This effect, however, is
observed in cells cultured at low density. In high-density
cultures, smoke can cause activation of TGF-β and can aug-
ment gel contraction [100]. This variability with cell density
suggests that the in vivo effect of cigarette smoke on mesen-
chymal cell repair functions may vary with local conditions.

Mesenchymal cells are already major targets for therapeutic
intervention in lung disease. Inhibition of airway smooth
muscle contraction by anticholinergic drugs that block 
contraction and by β-adrenergic agonists that directly relax
smooth muscle are mainstays in the treatment of COPD and
asthma. Similarly, the vasodilator effects of prostacyclin
and its analogues and of endothelin antagonists on vascular
smooth muscle are key in treating pulmonary hyperten-
sion. A greatly expanded role for mesenchymal cells in the
treatment of lung diseases in general and COPD specifically
seems likely in the future for several reasons.

First, mesenchymal cells, particularly alveolar myofibro-
blasts, may be key in regulating ventilation–perfusion
matching [25]. The ability of these cells to modulate alveo-
lar volume offers an opportunity to alter the hyperinflation
that compromises function in COPD at rest and with exer-
cise [101].

Secondly, COPD is characterized by structural alterations
of the lung that result, likely in large part, from the activity
of mesenchymal cells [74,75]. It is reasonable therefore that
therapy directed at mesenchymal cells could prevent or,
possibly, reverse these changes.

Thirdly, several lines of evidence suggest that the lung,
like many tissues, can substantially repair following injury.
Retinoic acid, for example, has been demonstrated to facili-
tate regeneration of alveolar wall in rodent lungs following
the development of emphysema [102]. Collaborative inter-
actions among a variety of cell types, including mesen-
chymal cells, are required for alveolar wall formation, It is
likely therefore that mesenchymal cells could be targets of
treatments designed to restore lung structure.

Finally, it is possible that therapy designed to restore lung
function will require replacing a population of cells. In this
context, engraftment of circulating stem/precursor cells
may not only contribute to disease, but could also be thera-
peutic. Ortiz et al. [103], for example, were able to block the
development of bleomycin-induced fibrosis in a sensitive
animal by transplanting cells from a resistant strain. This
occurred even though a very small number of donor cells
were engrafted, consistent with a regulatory role for the
transplanted mesenchymal cells. 

Therapeutic implications

MSCs, and a number of similarly derived cells, which 
can be expanded in vitro, infused into living recipients and
subsequently differentiate into functional tissues are being
widely investigated for a variety of therapeutic applications
[5]. Interestingly, MSCs appear to have a low risk for induc-
ing graft-versus-host disease (GVHD) and may actually
suppress active GVHD [104,105]. These characteristics have
suggested that MSCs may be ideal carriers to introduce
novel genetic material for gene-based therapy.

Mesenchymal cells are a heterogeneous population of cells
that mediate a diverse set of functions in the lung. These
include lung development, responses to injury and regula-
tion of functions of the normal lung. As understanding of
the part that mesenchymal cells play in health and disease
advances, these cells are likely to become increasingly
important in the therapy of lung diseases including COPD.
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CHAPTER 29

Lung development

Cheng Chen, David Warburton and Wei Shi

The functional mammalian lung has a honeycomb-like
structure, containing extensively branched, perfectly
matched conduits for air and blood. This configuration
maximizes the gas exchange surface area, supports effective
gas ventilation and exchange between air and blood, and
facilitates maximally efficient packing within the chest 
cavity. In humans, the gas exchange membrane (approx-
imately 0.1 μm thick) consists of alveolar epithelial cells,
basement membrane and endothelial cells, and the total
surface area is approximately 70 m2. This complex structure
is developed sequentially by early epithelial tube branching
and by late septation of terminal air sacs. Perturbation of
this developmental process results in abnormal lung struc-
ture and hence deficiency of respiratory gas exchange func-
tion. Therefore fundamental knowledge about this basic
developmental process and the underlying molecular regu-
latory mechanisms that drive it is essential to understand
the pathogenesis of many respiratory diseases and, more
importantly, to design novel therapeutic strategies to 
prevent and treat related pulmonary diseases, such as 
bronchopulmonary dysplasia, and their chronic sequelae.

The origin of lung

The lung originates from the ventral surface of the primitive
foregut at 5 weeks’ gestation in humans. The lung anlage
emerges as the laryngo-tracheal groove, located in the 
ventral foregut endoderm, which invaginates into the 
surrounding splanchnic mesenchyme (Fig. 29.1). A pair of
primary buds then evaginate from the laryngo-tracheal
groove and the respiratory tree develops by branching 
morphogenesis, in which reiterated outgrowth, elongation
and subdivision of epithelial buds occurs in a bilaterally
asymmetrical pattern. Three lobes on the right side and two

Lung developmental process
lobes on the left side are formed in human lung. There are
23 generations of airway branching in humans. The first 16
generations branching is stereotypically reproducible and 
is completed by 16 weeks, while the remaining seven gen-
erations are random and are completed by approximately
24 weeks. Alveolization begins at around 20 weeks’ gesta-
tion in the human lung, and is completed postnatally at
approximately 7 years of age.

Lung organogenesis is under the control of many gene
products that act cooperatively to define precisely the loca-
tion of the laryngo-tracheal groove formation and specify
proximal–distal, dorsal–ventral and left–right axes of the
developing lung. The earliest endodermal signal essential
for gut morphogenesis are the GATA (zinc finger proteins
that recognize GATA DNA sequence) and hepatocyte
nuclear factor (HNF) transcription factors. GATA-6 is required
for activation of the lung developmental programme in 
the foregut endoderm. Hnf-3β is a survival factor for the
endoderm, and expression of Hnf-3β is induced by Sonic
Hedgehog (Shh) signalling. Also, Tbx4 can induce ectopic
bud formation in the oesophagus by activating the expres-
sion of Fgf10 [1]. In addition, left–right asymmetry is con-
trolled by several gene products, including nodal, Lefty-1,2
and Pitx-2. For example, single-lobed lungs are found 
bilaterally in Lefty-1 mice, and isomerism of lung is found 
in Pitx-2 null mutants. The exact molecular mechanisms
responsible for primary lung bud induction are as yet only
incompletely understood.

Histology and cytology of lung development

Histological stages of lung development
Histologically, lung development and maturation has been
divided into four stages: the pseudoglandular stage, the
canalicular stage, the terminal sac stage and the alveolar
stage (see Plate 29.1; colour plate section falls between 
pp. 354 and 355).
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Pseudoglandular stage (5–17 weeks’ human gestation,
E9.5–16.6 days in mouse embryo)
This is the earliest stage of lung development, in which the
embryonic lung undergoes branching morphogenesis,
developing epithelial tubular structures with lining cuboidal
epithelial cells that resemble an exocrine gland. This fluid
containing respiratory tree structure cannot support gas
exchange.

Canalicular stage (16–25 weeks’ human gestation,
E16.6–17.4 days in mouse embryo)
The cranial part of the lung develops relatively faster than
the caudal part, resulting in partial overlap between this

stage and the previous stage. During the canalicular stage,
the respiratory tree is further expanded in diameter and
length, accompanied by vascularization and angiogenesis
along the airway. A massive increase in the number of cap-
illaries occurs. The terminal bronchioles are then divided
into respiratory bronchioles and alveolar ducts, and the 
airway epithelial cells are differentiated into peripheral
squamous cells and proximal cuboidal cells.

Terminal sac stage (24 weeks’ to late fetal period in humans,
E17.4 to postnatal day 5 (P5) in mouse)
There is substantial thinning of the interstitium during 
the terminal sac stage. This results from apoptosis as well 
as ongoing differentiation of mesenchymal cells [2,3].
Additionally, at this stage, the alveolar epithelial cells are
more clearly differentiated into mature squamous type I
pneumocytes and secretory rounded type II pneumocytes.
The capillaries also grow rapidly in the mesenchyme 
surrounding the alveoli to form a complex network. The
lymphatic network in lung tissue becomes well developed
during this stage. Towards the end of this stage, the fetal
lung can support gas exchange to maintain the life of 
prematurely born neonates. Although human premature
infants can breathe with the lung that has developed
towards the end of terminal sac stage, the immature lung 
is nevertheless vulnerable to hyperoxic injury and baro-
trauma, resulting in the alveolar hypoplasia phenotypes
progressing toward bronchopulmonary dysplasia. Matura-
tion of surfactant synthesis and secretion is a key factor 
in determining whether the newborn lung can sustain gas
exchange without collapsing. Another key factor is the
rapid switch from chloride ion driven fluid secretion into
the airway to sodium driven uptake of fluid out of the air-
way. This latter is driven by the response of the adrenergic
system to cord cutting at birth. 

How lung development is controlled at this stage is still
incompletely known. The hydrostatic pressure inside the
lumen of the airway, which results from chloride ion and
hence liquid secretion from epithelium in the developing
lung [4–6], integrated with chemotactic signals from the
mesenchyme such as FGF10 have important roles in form-
ing terminal sacs. Mechanical factors also play an important
part. Diaphragm muscle in MyoD(–/–) mice is significantly
thinned and cannot support fetal breathing movements. As
a result, lung is hypoplastic, and the number of proliferat-
ing lung cells is decreased in MyoD(–/–) lungs at E18.5.
Therefore, mechanical forces generated by contractile
activity of the diaphragm muscle have an important role in
normal lung growth at this stage [7].

Alveolar stage (late fetal period to childhood in humans, 
P5–P30 in mouse)
Alveolization is the last step of lung development. The
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Figure 29.1 Diagrams showing key events in human lung
morphogenesis. (a) The primitive lung anlage emerging as 
the laryngo-tracheal groove from the ventral surface of the
primitive foregut at 5 weeks’ gestation in humans. (b) The
primitive trachea separating dorso-ventrally from the
primitive oesophagus as the two primary bronchial branches
arise from the lateral aspects of the laryngo-tracheal groove 
at 5 ± 6 weeks’ gestation in humans. (c) The embryonic 
larynx and trachea with the two primary bronchial branches
separated dorso-ventrally from the embryonic oesophagus at 
6 weeks’ gestation in humans. (d) The primitive lobar bronchi
branching from the primary bronchi at 7 weeks’ gestation in
humans. (e) A schematic rendering of the term fetal airway 
in humans. The stereotypically reproducible first 16 airway
generations are complete by 16 weeks’ gestation in humans.
Between 16 and 23 weeks, the branching pattern is random
and this is completed by approximately 24 weeks in humans.
Alveolization begins after about 28 ± 30 weeks in humans and
is complete by 7 years of age at the earliest.



majority of the gas exchange surface is formed during this
stage. Alveolarization can be positively and negatively
influenced by many exogenous factors including oxygen
concentration, stretch in fetal airway, dexamethasone and
retinoic acid.

Forming new septa within terminal sacs is the key step
for differentiation of the saccule into alveoli. This involves 
a complex interaction between myofibroblasts in the 
mesenchyme, adjacent airway epithelial cells and vascular
endothelial cells. Controlled multiplication and differenti-
ation as well as migration of the myofibroblast progenitors
cells within terminal sac walls are important for new septa
formation. Myofibroblasts, smooth muscle precursor cells
having the morphology of fibroblasts, migrate to the proper
position within nascent alveolar septa, and synthesize and
deposit elastin [8,9]. This is the first step of new secondary
septa development [9]. PDGF-A and its receptor PDGF-α
have important roles in forming new septa. Pdgf-A(–/–) or
Pdgf-α(–/–) show a phenotype comprising loss of alveolar
myofibroblasts and elastin, failure of alveolar septation, 
and this develops into emphysema resulting from alveolar
hypoplasia [8,10]. Besides PDGF-A, there are other key
proteins that mediate cell–cell interaction within terminal
sac walls. For example, Roundabout (ROBO) is a receptor
known to be involved in repellent signalling controlling
axonal extension in the developing neuronal system.
ROBO and its ligand SLIT are also involved in the regula-
tion of non-neuronal cell migration [11]. In E18, 1 day
before birth, Slit-2 is expressed in the saccular mesen-
chyme surrounding the airways. At the same time, Robo is
expressed on the apical aspects of the airway epithelium
adjacent to the ligand Slit-2, suggesting interactive roles in
pulmonary bronchiolar development [12]. A Robo knock-
out mouse has been shown to have loss of septation and
thickened mesenchyme [13].

Two additional processes are necessary in septum differ-
entiation to form a septum with final mature morphology
and function: the thinning out of the septal mesenchyme
and maturation of the capillary bed. Thinning of the mesen-
chymal tissue involves apoptosis of ‘unwanted’ cells in 
the postnatal lung. There is a substantial reduction in the
number of interstitial myofibroblasts resulting from increased
apoptosis during this phase of rapid alveolarization [14,15].
The immature lung contains at least two morphologically
distinct fibroblast populations: lipid-filled interstitial fibrob-
lasts (LFIF) and non-LIF (NLFIF). After alveolarization,
apoptosis occurs preferentially in only one of these fibrob-
last populations, the LFIF. Apoptosis was correlated with
down-regulation of insulin-like growth factor I receptor
(Igf-IR) mRNA and cell surface protein expression [16].
This thinning of the previously thickened immature inter-
stitium occurs simultaneously with the ongoing expansion
of the epithelial, blood vessel and airspace compartments in

the rapidly developing septa. A mature capillary bed is also
vital for the proper function of alveoli, but the mechanism
is still incompletely known. In developing lungs, vascular
endothelial growth factor (VEGF) isoforms and its receptors
have been identified as being important for endothelial sur-
vival and proliferation in the alveolar wall. Inhibition of
VEGF signalling results in abnormal lung vascular growth
and reduced alveolarization [17]. Finally, the new septum
differentiates into a functional respiratory membrane that
consists of type I alveolar epithelial cells, basement mem-
brane and capillary endothelial cells. The respiratory mem-
brane provides a short distance for gas diffusion and thus
facilitates optimal gas exchange. It is estimated that approx-
imtaely 50 million alveoli are present in neonatal human
lung. However, by age 7–8 years, when alveolarization is
substantially complete, the number of alveolar units in the
human lung has grown about six times to approximately
300 million alveoli.

Retinoid acid (RA) has been shown to increase the num-
ber of alveoli [18] and partially rescue a block in alveolar
formation induced by dexamethasone [19]. In adult rats, RA
has also been reported to reverse the anatomical features of
elastase-induced emphysema in which there is destruction
of septa [18]. In the RAR-γ gene deletion mouse, there is a
developmental defect in alveolar formation most consistent
with a defect in elastin deposition. The additional deletion of
one retinoid X receptor (RXR-α) allele results in a decrease
in alveolar surface area and alveolar number [20]. Retinoids
affect multiple cellular functions that are involved in alveolar
septal formation such as proliferation, migration and tem-
poral differentiation of cells [21]. RA is an active metabolite
of vitamin A. Vitamin A deficiency has long been known to
injure lung and impair function of rat type II pneumocytes
[20]. Taken together, the evidence suggests that RA may
have an important role in alveolar development.

Specific cell types in lung
More than 40 specific types of cells are differentiated during
embryonic lung development. The epithelial cell lineages
are arranged in a distinct proximal–distal spatial pattern in
the airways.

Cartilage lies outside the submucosa and decreases in
amount as the calibre of the bronchi decreases. Cartilage is
present in the bronchi, but is not present in the bronchioles.
Two major cell components of the proximal bronchial
epithelium are identified: pseudostratified ciliated columnar
cells and mucous (goblet) cells. Both of them may derive
from basal cells, but ciliated cells predominate in number.
Goblet cells release mucus granules into the bronchial
lumen to prevent drying of the walls and trap particulate
matter. Mucous cells begin to mature around 13 weeks’
gestation in humans, when the mature ciliated columnar
cells are already present. The most widey used molecular
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markers for mucous cells are mucins (MUC5B, -5A, -5C).
The beating of cilia results in a cephalad movement of the
mucus blanket, thereby cleaning and protecting the airway.
In the case of cystic fibrosis, cilia movement is disabled
because of the thick mucous layer that is caused by muta-
tion of CFTR gene, which encodes a transmembrane Na+ ion
transporter protein. This phenotype also makes the airway
surface vulnerable to microbial infection. In chronic airway
injury, repair or experimental exposure of the epithelium
to cytokines can result in goblet cell hyperplasia. Exposure
to interleukin 9 (IL-9) resulted in increased lysozyme and
mucus production by the epithelia [22]. IL-4, IL-13 and
allergens enhance the release of transforming growth factor
α (TGF-α), which is a ligand for the epidermal growth factor
receptor that also stimulates fibroblast proliferation and
goblet cell differentiation [23].

There are three different types of cells in bronchial sub-
mucosal glands: myoepithelial cells surround the gland,
while mucous cells (pale cytoplasm) and serous cells (baso-
philic cytoplasm) produce mucins. These secreted mucins
mix with lysozyme and immunoglobulin A (IgA) on the
airway surface.

Kulchitsky cells are also found on the airway surface 
next to bronchial glands. Their finger-like cytoplasmic
extensions usually reach the airway lumen. Their precise
function is unclear. It is believed that they are pulmonary
neuroendocrine cells (PNEC) that produce a variety of 
peptide hormones such as serotonin and calcitonin. PNEC
differentiate by 10 weeks’ gestation in humans. Kulchitsky
cells expressing the markers gastrin-related peptide (GRP),
calcitonin gene-related peptide (CGRP) and chromogranin
may be related to certain lung neoplasms (i.e. small cell 
carcinoma and carcinoid tumours). 

Clara cells are found in the distal bronchiolar airway
epithelium which normally lacks mucous cells. They pro-
duce a mucus-poor, watery proteinaceous secretion. They
assist with clearance and detoxification, as well as reduction
of surface tension in small airways. The most important 
cellular marker of Clara cell is Clara cell-specific protein
(CCSP). Cytochrome p450 reductase and uteroglobulin can
also be used as cellular markers for Clara cells. Clara cells
begin to mature during the 19th week in humans.

The majority of the alveolar surface is normally covered
by type I epithelial cells. These flat cells are believed to be
terminally differentiated cells, expressing several specific
molecular markers, such as T1α and aquaporin 5. T1α is a
differentiation marker gene of lung alveolar epithelial type I
cells. It is developmentally regulated and encodes an apical
membrane protein of unknown function. In the absence 
of T1α protein, type I cell differentiation is blocked. Homo-
zygous T1α null mice die at birth of respiratory failure, 
and their lungs cannot be inflated to normal volumes [24].
Aquaporin 5 is a water channel in type I epithelial cells. 

Type I epithelial cells only account for 40% of the total
airway epithelial cells, even though 95% of the surface area
of the alveolar wall is covered by this type of cells. The other
60% of the epithelial cells, named type II pneumocytes, are
rounded cells that cover only 3% of the alveolar surface.
Type II pneumocytes are plump or cubical and have a finely
stippled cytoplasm and surface microvilli. They manufac-
ture surfactant phospholipids and proteins that reduce 
the surface tension in the lung. This equalizes pressures,
stabilizes and maintains all the alveoli in an open position
despite variations in alveolar size. Type II cells are capable
of regeneration and replacement of type I cells after injury.
A commonly used cellular marker of type II cell is surfac-
tant protein C (SPC). 

Alveolar macrophages constitute a small percentage of
the cells in alveoli, but they represent a major cellular sen-
tinel of the host defence mechanism in the alveolar space.
They are part of the mononuclear phagocyte system and
are derived primarily from blood monocytes.

Stem and progenitor cells in the respiratory system
Respiratory stem and progenitor cells have important func-
tions in repairing damaged trachea, bronchi, bronchioles or
alveoli. However, the precise identification of lung stem or
progenitor cells remains uncertain. The large surface area
and highly branched and folded geography of the lung dic-
tates that there must be several kinds of stem or progenitor
cells in the respiratory system. In the trachea and bronchi,
certain basal cells and mucus-gland duct cells are believed
to be stem or progenitor cells. Clara-like cells and type II
pneumocytes are also thought to function as stem/progeni-
tor cells in bronchioles and alveoli, respectively. 

It has recently been reported that bone marrow derived
mesenchymal stem cells can differentiate into airway epi-
thelial cells in airway and type I pneumocytes in alveoli,
particularly following injury. In contrast, in vitro cell culture
indicates that Syrian hamster fetal lung epithelial M3E3/C3
cells can differentiate into Clara cells and type II pneumo-
cytes under different culture conditions. Whether CCSP-
expressing cells with pre-Clara cell phenotypes are stem
cells for the entire respiratory tract remains to be deter-
mined. In addition, the concept of a pluripotent stem cell
for the whole lung needs to be further investigated because
of the great differences between identified stem cell or pro-
genitor candidates in proximal bronchi and distal alveoli.
Recently, we have discovered that lung contains a popula-
tion of cells with stem or progenitor cell characteristics that
can be sorted by fluorescence-activated cell sorting (FACS)
from adult rat lung. This population is relatively resistant to
apoptosis and may possibly be responsible for repopulation
of the damaged alveolar surface. Another such population
of stem or progenitor cells sorted as ‘side cells’ on FACS 
has been identified to possibly repopulate several different
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tissues, including the bone marrow. Research on both 
systemically derived as well as resident lung stem or 
progenitor cells may hold the key to understanding lung
morphogenesis, lung regeneration and pathogenesis of
lung cancer. 

Normal embryonic lung development is controlled by
many coordinated factors, including:
1 Transcription factors that directly modulate gene expres-
sion in the cell nucleus.
2 Peptide growth factors and cytokines as well as their
related intracellular signalling components that mediate
cell–cell interaction.
3 Extracellular matrix that provides important environ-
mental cues for developing lung cells to differentiate.
The specific integrated regulatory mechanisms are still
largely unknown, but the interaction between epithelial
and mesenchymal compartments has long been known to
have a critical role during airway branching morphogenesis
and lung maturation. 

Transcription factors

Lung growth is initiated and developed through changes 
in specific gene expression. The activity and expression
level of the relevant transcription factors determines gene
expression profiles in the developing lung, and conse-
quently the morphogenetic process in a particular tem-
porospatial manner. Recent advances in mouse genetic
technology allow us to evaluate each factor by either over-
expressing or knocking out a specific gene [25]. Some of the
pulmonary phenotypes in mice that resulted from a loss 
or gain of gene function are listed in Table 29.1 [25–63].
Therefore, three groups of transcription factors, forkhead
box transcription factors, Nkx homoeodomain transcrip-
tion factors, and Gli, have important roles in ciliated epi-
thelial cell differentiation and airway branching. 

Forkhead box transcription factor family
Many members of the forkhead box family transcription
factors, such as HNF-3α, HNF-3β, HFH8 and HFH4, are
important regulatory factors involved in lung development.
These transcription factors share homology in the winged
helix DNA binding domain, and have important roles in
pulmonary cellular proliferation and differentiation. 

HNF-3α (Foxa1) and HNF-3β (Foxa2) share 93% homo-
logy in their amino acid sequences, and were first identi-
fied as essential factors in hepatocyte differentiation [64].
However, Hnf-3β is also expressed in developing lung, with

Molecular mechanisms of lung
development

higher levels in proximal airway lining epithelial cells 
and lower levels in the distal type II epithelial cells [65].
Overexpression of Hnf-3β under the control of the lung
epithelial specific SP-C promoter in vivo inhibits lung
branching morphogenesis and vasculogenesis [35]. Also,
HNF-3α and HNF-3β have important functions in regulat-
ing expression of CCSP as well as surfactant proteins in both
bronchiolar and type II epithelial cells [66–68]. Hnf-3β is
inducible by interferon, and regulates in turn the expres-
sion of the Nkx homoeodomain transcription factor Nkx2.1
(also termed Ttf-1 and CebpI), which in turn regulates tran-
scription of the surfactant protein genes in lung peripheral
epithelium [69,70].

HFH8 is another important member of this family of 
proteins that contribute to lung development. At E9.5, 
Hfh-8 expression is restricted to the splanchnic mesoderm
contacting the embryonic gut and presumptive lung bud,
suggesting that Hfh-8 may participate in the mesenchymal–
epithelial induction of lung and gut morphogenesis. Hfh-8
expression continues in lateral mesoderm-derived tissue
during development. By day E18.5, Hfh-8 expression is
restricted to the distal lung mesenchyme and the muscu-
lar layer of the bronchi [71]. One important regulated 
target of Hfh-8 is Pdgf receptor that is also expressed in 
mesenchyme [8,72,73]. The level of Hfh-8 expression is
important for normal lung development, as an alveolar
hemorrhage phenotype is observed in Hfh-8(+/–) mice,
while Hfh-8(–/–) mice died in utero. In addition, reduction of
Hfh-8 expression in Hfh-8(+/–) mutants is accompanied by
decreased expression of VEGF and its receptor 2 (Flk-1),
bone morphogenetic protein 4 (BMP-4), and the transcrip-
tion factors of the Brachyury T-Box family (Tbx2–Tbx5)
and lung Kruppel-like factor [74]. HFH-8 binding sites are
also found in the promoter region of genes, such as Bmp4,
Hgf and Hoxa5 which are very important in controlling lung
morphogenesis [75,76].

Hfh-4 (Foxj1) is the key factor controlling ciliated epithe-
lial cell differentiation. Hfh-4 is expressed in E15.5 airway
epithelium just before the appearance of ciliated epithelial
cells [77]. Defective ciliogenesis in airway epithelial cells
and randomized left–right asymmetry are observed in Hfh-
4(–/–) null mutant mice, mimicking Kartagener syndrome
in humans. This congenital syndrome can result in 
perinatal lethality, but in low penetrance gives rise to situs
inversus, sinusitis, bronchiectasis and sterlity, all resulting
from defects in ciliary beat [28,29]. Interestingly, in 
mesenchyme-free airway epithelial culture, inhibition of
endogenous BMP-4 signalling by adding exogenous BMP
antagonist Noggin results in increased expression of the
proximal lung markers CCSP and HFH-4 [78].

Foxp1, Foxp2 and Foxp3 are newly discovered members of
the forkhead box family of transcription factors that are
expressed at a high level in mouse lung and gut tissues. All
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Table 29.1 Pulmonary phenotypes of mice with a specific gene null mutation or with a transgenic (TG) overexpression 
in lungs.

Gene Pulmonary phenotype Reference

Transcription factors
Gli2(–/–) mice Perinatal lethal phenotypes with severe skeletal and neuronal defects, and 25

hypoplastic trachea and oesophagus are observed in Gli2 knockout fetuses. Also,
only one right lung lobe instead of the normal four lobes is formed in the knockout 
mice. Other Shh signalling pathway components, such as Patch and Gli1, less 
expressed in the knockout lungs

Gli2(–/–), Complete absence of lung, trachea and oesophagus is observed in this double 26,27
Gli3(–/–) mice knockout

Gli2(–/–), Oesophageal atresia with tracheoesophageal fistula and a severe lung phenotype 25
Gli3(+/–) mice occur in this mutant mouse. A single tracheoesophageal tube connects pharynx to 

the stomach. Hypoplastic embryonic lung fails to separate into left and right lobes

Hfh4(–/–) mice Loss of Hfh4 function results in retarded growth and perinatal lethality, as well as 28,29
randomized left–right asymmetry of internal organs (50% situs inversus). Defective 
ciliogenesis in airway epithelial cells and absence of left–right dynein expression 
in the embryonic lungs are observed in Hfh4 null mutant lung. Motile cilia 
(9 + 2 microtubules) are absent

Hoxa5(–/–) mice Homozygous Hoxa5 knockout mice die during perinatal stages with improper  30,31
tracheal and lung morphogenesis leading to tracheal occlusion and diminished 
surfactant expression. Reduction in lung branching morphogenesis and thickening 
of the alveolar walls, as well as disorganization of proximal and distal respiratory 
airways are observed in Hoxa5 null mutants. Reduced expression of surfactant 
protein, TTF-1, HNF-3β and c-Myc was detected in the knockout lungs

Pod1(–/–) mice Lung branching morphogenesis and alveolarization are dramatically reduced. 32
Airway epithelial cell differentiation is perturbed as shown by abnormal SP-C
and CCSP expression pattern

Smad3(–/–) mice Smad3(–/–) mice exhibit centrilobular emphysema-like pathology 33 

SP-C-driven Overexpression of Hfh4 in lung epithelial cells results in abnormal lung development 34
Hfh4 TG mice with altered epithelial cell differentiation and inhibited branching morphogenesis. 

Atypical cuboidal or columnar epithelial cells line the lung periphery of SP-C/Hfh-4
transgenic mice. These atypical cells express Ttf1 and Hnf3β, as well as ciliated cell 
marker β-tubulin IV, but not SP-B, SP-C and CCSP

SP-C-driven  Overexpression of Hnf3β (Foxa2) in lung epithelial cells arrests distal airway  35
Hnf3β TG mice epithelial cell differentiation in the early pseudoglandular stage. Branching 

morphogenesis and vasculogenesis were markedly disrupted in association 
with decreased E-cadherin and vascular endothelial growth factor expression

Ttf1(–/–) mice Null mutant mice of Ttf1 are perinatal lethal with abnormal lung branching 36–38
morphogenesis and missing thymus and pituitary gland. Failure in septum formation 
between trachea and the oesophagus in the knockout fetuses mimics the pathology 
of tracheo-oesophageal fistula. Furthermore, peripheral lung development is arrested
at early pseudoglandular stage with a large airway sac, in which distal airway 
epithelial cells fail to express surfactant proteins and CCSP

Growth factors and their signalling pathways
β-catenin When β-catenin was conditionally excised in epithelial cells of the developing 39
(conditional mouse lung prior to E14.5, the proximal lung tubules grew and differentiated 
knockout) appropriately. The mice died at birth because of respiratory failure. Lungs were  

composed primarily of proximal airways

(Continued . . . )



Table 29.1 (Continued . . . )

Gene Pulmonary phenotype Reference

Egfr(–/–) mice Egfr(–/–) mice show abnormal branching and poor alveolization of lung. 40–42
The severity of phenotypes depend on genetic background

Fgf10(–/–) mice Tracheal development is present, but main-stem bronchial formation and all 43,44
subsequent pulmonary branching morphogenesis, as well as vasculogenesis
are completely disrupted

Fgf9(–/–) mice Fgf9(–/–) mice die in the early postnatal period as a result of lung hypoplasia, 45
particularly in mesenchyme. Lung branching morphogenesis is also inhibited,   
but proximal and distal airway cell differentiation is normal

Fgfr2(IIIb)(–/–) mice Lung agenesis as in Fgf10 null mutant 44,46

Igfr(–/–) mice Severe growth deficiency and died at birth with respiratory failure 47

Pdgf-A(–/–) mice Pdgf-A(–/–) mice survive postnatally, but develop lung emphysema secondary to 8
the failure of alveolar septation

Pdgfr-α(–/–) mice Failure of alveolar septation in postnatal lungs results in development of emphysema 10

Doxycycline-inducible Continuous expression of Spry4 caused severe lung hypoplasia. Expression of 48
SP-C-driven mSpry4 Spry4 from E16.5 to 18.5 reduced lung growth and resulted in perinatal death from 
TG mice respiratory failure. Expression of Spry4 from E18.5 to postnatal day 21, caused mild 

emphysema

Shh(–/–) mice In Shh null mutant mice, embryo trachea and oesophagus do not separate properly 49–51
and the lungs form a rudimentary sac because of failure of branching and growth
after formation of the primary lung buds, but normal proximo-distal differentiation
of the airway epithelium occurred

TGF-β1(–/–) mice Develop normally but die within the first 2 months as a result of aggressive 52
pulmonary inflammation. When raised under strict condition, they do not develop 
lung inflammation

TGF-β2(–/–) mice Lung of E18.5 TGF-β2(–/–) mice shows dilated conducting airways and collapsed 53,54
terminal and respiratory bronchioles

TGF-β3(–/–) mice The hypoplastic lungs have thick mesenchyme between terminal airspaces. 55,56
The number of C-positive cells is decreased and certain extracellular matrix protein 
expression is also reduced in TGF-β3-null mutant lungs

Extracellular matrix and others
Elastin(–/–) mice Terminal airway development is arrested, resulting in fewer and dilated distal air sac 57

formation at birth

Fibrillin(–/–) mice Lung abnormalities are evident in the immediate postnatal period and manifest as a 58
developmental impairment of distal alveolar  septation. Emphysema-like phenotype
occurs in aged mice

Integrin β6(–/–) mice Spontaneous, progressive pulmonary emphysema is developed in the adult null 59
mutant mice, attributed to failure of activation of TGF-β1

LTBP4 Mice with homozygous disruption of LTBP4 gene develop severe pulmonary 60
emphysema with abnormal elastic fibre structure and reduced deposition of TGF-β
in the extracellular space

SP-D(–/–) mice Progressive development of pulmonary emphysema occurs from 3 weeks of age 61

TACE(–/–) mice Lungs fail to form normal saccular structure with deficient sepatation and thick 62
mesenchyme

TIMP3(–/–) mice Progressive airspace enlargement is observed at 2 weeks. Aged animals have 63
enhanced collagen degradation in the peribronchiolar space, and disorganization
of collagen fibris in the alveolar interstitium



three proteins are expressed in lung epithelium. Foxp1 and
Foxp4 are expressed in both proximal and distal airway
epithelium while Foxp2 is expressed primarily in distal
epithelium. Foxp1 protein expression is also observed in
the mesenchyme and vascular endothelial cells of the 
lung [3].

Nkx and Hox homoeodomain transcription factors 
One of the most important homeodomain transcription 
factors in lung development is NKX2.1, also called TTF-1
(thyroid-specific transcription factor) or CEBP-1. Nkx2.1
is expressed in foregut endoderm-derived epithelial cells
including developing lungs, thyroid and pituitary, as well as
in some restricted regions of fetal brain [79,80]. Nkx2.1(–/–)
mice suffer severe impairment in branching morphogenesis
of the lung and tracheo-oesophageal septum formation. The
distal airway branches are totally absent, while only the
two main bronchial stems are formed in Nkx2.1 knockout
mice, which indicates that lung development is arrested at a
very early stage [36,37]. In developing mouse lung, Nkx2.1
is expressed in the proximal and distal airway epithelia and,
at later stages of lung development, in the distal alveolar
epithelial cells [65]. Nkx2.1 expression is strictly controlled,
and increased expression of Nkx2.1 causes dose-dependent
morphological alterations in postnatal lung. Modest over-
expression of Nkx2.1 causes type II pneumocyte hyperplasia
and increased levels of SP-B. Higher expression level of
Nkx2.1 disrupts alveolar septation, causing emphysema
brought about by alveolar hypoplasia. The highest over-
expression of Nkx2.1 in transgenic mice causes severe 
pulmonary inflammation, fibrosis and respiratory failure,
associated with eosinophil infiltration as well as increased
expression of eotaxin and IL-6 [81]. Nkx2.1 is critical for
surfactant protein, T1α, and CCSP gene expression [79,82–
87]. Nkx2.1-deficient pulmonary epithelial cells fail to
express non-ciliated marker genes, including differentiated
SP-B, SP-C and CCSP. Bmp4 expression in these cells is 
also reduced. Phosphorylation of NKX2.1 is important.
Mice with point mutation of seven serine phosphorylation
sites of NKX2.1 died immediately following birth with mal-
formation of acinar tubules and pulmonary hypoplasia.
Meanwhile, expression of surfactant proteins, secretoglob-
ulin 1A, and VEGF was decreased [88]. Nkx2.1 expression
can be activated by HNF-3β [69] and GATA-6 [89] tran-
scription factors during lung morphogenesis. 

The expression of Hox transcription factors shows a prox-
imal to distal polarity in developing lung. Hoxa5, Hoxb2 and
Hoxb5 expression is restricted to distal lung mesenchyme.
Hoxb3 and Hoxb4 genes are expressed in the mesenchyme 
of both proximal airway and distal lung [30,90,91]. The
importance of these genes during lung development is 
well illustrated in gene targeting experiments in mice.

Hoxa5(–/–) null mutant mice display defects of tracheal 
formation and impaired lung branching morphogenesis,
with tracheal occlusions, diminished surfactant protein
expression and thickening of alveolar walls [30].

GLI family of zinc finger transcription factors 
GLI 1–3 are very important zinc finger transcription factors,
which are activated by the SHH pathway. All of them are
expressed in lung mesoderm rather than endoderm, par-
ticularly in the distal portion [92]. Null mutation of Gli2
plus Gli3 genes results in total absence of lung. Mice with
Gli3 single deficiency are viable, but the size of the lung 
is smaller and the shape of the lung is also altered [92]. In
Gli2(–/–) null mutant mice, the right and left lung are not
separated but exist as a single lobe with a reduced size, and
the primary branching in the right lung is defective. Also,
both the trachea and oesophagus are hypoplastic, although
they are separated from each other. However, proximal–
distal differentiation is normal [27]. Therefore, Gli2 has an
important role in the asymmetric patterning of the lung. 

Peptide growth factors that mediate 
cell–cell interaction

E11 mouse embryo lung can grow and branch spontan-
eously in serum-free medium in vitro. A variety of growth
factors added into the culture medium can influence lung
growth in the culture system [93,94]. Such experiments
indicate that the embryonic lung mesenchymal and epi-
thelial cells can communicate through autocrine or paracrine
factors. In this way, different signalling pathways are co-
ordinated to control lung growth at the right time and right
place. Many of those factors are peptide growth factors,
including FGF, EGF, TGF, IGF, PDGF and SHH. The expres-
sion and modification of these proteins and their down-
stream signalling components are strictly controlled during
normal lung development. Loss of these gene function 
perturb normal lung development and function in mice
(see Table 29.1).

FGF
FGF family members can be found in all vertebrate and
invertebrate animals. Their regulatory functions during 
respiratory organogenesis are very well conserved from
Drosophila [95,96] to mammals. Based on their protein
sequence homology, FGFs have been divided into several
subgroups. Similarly, their cognate transmembrane protein
tyrosine kinase receptors are classified into several different
types, contributing to the specificity of FGF ligand bind-
ing [97]. Heparin or heparan sulphate proteoglycan, an
extracellular matrix protein, has been reported to be 
essential for FGF ligand–receptor binding and activation
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[98–100]. FGFs have important roles in cell proliferation,
migration and differentiation during embryo development.
Inhibition of fibroblast growth factor receptor (FGFR) 
signalling at different stages of embryo development shows
that FGF signalling is required for branching morpho-
genesis early in lung development. Later inhibition of FGFR
signalling in E14.5 lung decreased lung tubule formation
before birth and caused severe emphysema at maturity. 
In E16.5, FGFR inhibition caused mild focal emphysema.
Inhibition of FGFR signalling after birth did not alter 
alveolarization [101]. 

One of the best-studied FGF family members during
embryonic lung development is FGF10. Despite the forma-
tion of larynx and trachea, the distal embryonic lung is
completely missing in Fgf10(–/–) null mice [43]. Fgf10 is
expressed in the mesenchyme of E11–12 mouse lungs,
adjacent to distal epithelial tubules. These sites of expres-
sion change dynamically in a pattern that is compatible
with the idea that FGF10 appears in the mesenchyme at
prospective sites of bud formation [102]. Culture experi-
ments have shown that FGF10 has a chemotactic effect on
nearby epithelium, so that the nearby epithelial tips prolif-
erate and migrate toward FGF10 expressing mesenchyme
or FGF10 beads [103,104]. FGF10 also controls the differ-
entiation of the epithelium by inducing SP-C expression
and by down-regulating the expression of Bmp4 [78].
Several other regulatory molecules such as SHH, BMP and
TGF-β may cross-talk with FGF10 to coordinate control of
embryonic lung morphogenesis. These interactions will be
further discussed below. 

FGF7 (KGF) is found in the developing lung mesen-
chyme during late stages [105]. In early cultured mouse
embryonic lung, addition of FGF7 promotes epithelium
growth, and formation of a cyst-like structure with ex-
tensive cell proliferation. FGF7 can also contribute to distal 
airway epithelial cell differentiation [106,107]. Erm and
Pea3 are ETS domain transcription factors known to be
downstream of FGF signalling. FGF7 can induce Erm/Pea3
expression more effectively than FGF10. Erm is transcribed
exclusively in the epithelium, while Pea3 is expressed in
both epithelium and mesenchyme. When examined at
E18.5, transgenic expression of a repressor form of Erm
specifically in the embryonic lung epithelium shows that
the distal epithelium of SP-C–Erm transgenic lungs is com-
posed predominantly of immature type II cells, while no
mature type I cells are observed. In contrast, the differenti-
ation of proximal epithelial cells, including ciliated cells and
Clara cells, appears to be unaffected [108,109]. FGF7 does
not seem to protect against hyperoxic inhibition of normal
postnatal alveoli formation and early pulmonary fibrosis,
but FGF7 consistently had a significant protective and/or
preventive effect against the development of pulmonary

hypertension during hyperoxia [110]. However, Fgf7(–/–)
mutant mice have apparently no gross abnormalities in the
lung [111], suggesting a redundant function of FGF7 with
other factors during lung development. 

Another FGF family member, FGF9, also regulates
branching morphogenesis. In E10.5 lung, Fgf9 is expressed
in the visceral pleura lining the outside of the lung bud 
as well as in the epithelium of the developing bronchi. 
At E12.5 and E14.5, Fgf9 expression persists in the meso-
thelium of the visceral pleura, but is no longer detected in 
airway epithelium [112]. Fgf9 null mice exhibit reduced
mesenchyme and decreased branching of the airways, but
show significant distal airspace formation and pneumocyte
differentiation. The reduction in the amount of mesen-
chyme in Fgf9(–/–) lungs limits expression of mesenchymal
Fgf10 [44]. Recombinant FGF9 protein inhibits the differ-
entiation response of the mesenchyme to N-SHH, but does
not affect proliferation [113].

The signalling cascade activated by FGF10 and FGF9
involves Raf, MAP ERK kinase (MEK), and extracellular-
regulated kinases (ERK) 1 and 2 as signal transducers. MEK
inhibition has been shown to reduce lung branching and
epithelial cell proliferation, but to increase mesenchymal
cell apoptosis in fetal lung explants [6]. FGF signalling is
regulated at several levels. One of the key negative regula-
tors is the sprouty family. There are four sprouty (Spry)
genes in mouse (mSpry1–4) and human (hSpry1–4). Murine
Spry2 is expressed in the distal tip of embryonic lung epi-
thelial branches, but is down-regulated between the sites 
of new bud formation. Murine Spry4 is predominantly
expressed in the distal mesenchyme of the embryonic lung
[114], and may play a part in branching morphogenesis.
Sprouties (SPRY1, -2, -4) act as suppressors of Ras-MAP
kinase signalling [115–117]. Overexpression of mSpry2 or
mSpry4 can inhibit lung branching morphogenesis through
reducing epithelial cell proliferation [48,118,119]. SPRED-
1 and SPRED-2 are two sprouty-related proteins, which
contain EVH-1 domains. Spreds are predominantly expressed
in mesenchymal cells. Expression of Spreds is especially
strong in the peripheral mesenchyme and epithelium 
of new bud formation. After birth, Spreds expression
decreases, while the expression of Sprouties expression is
still high. Both Sprouties and spreds have important roles 
in mesenchyme–epithelium interaction during lung devel-
opment [2].

TGF-β family growth factor
The transforming growth factor-β (TGF-β) superfamily
comprises a large number of structurally related polypep-
tide growth factors including TGF-β, bone morphogenetic
protein (BMP) and activin subfamilies. TGF-β ligands bind
to their cognate receptors on the cell surface, and activate
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downstream Smad proteins, which translocate into the
nucleus and modulate target gene expression [120,121].

TGF-β subfamily
TGF-β is well known for its inhibitory effects on embryonic
lung branching morphogenesis. There are distinct expres-
sion patterns for the three isoforms of TGF-β: TGF-β1–3. In
early mouse embryonic lung (E11.5), TGF-β1 is expressed
in the mesenchyme, particularly in the mesenchyme
underlying distal epithelial branching points, while TGF-β2
is localized in distal epithelium. TGF-β3 is mainly expressed
in proximal mesenchyme and mesothelium [122–126].
Each isoform of TGF-β plays a unique and non-redundant
role during embryonic development. Mice lacking TGF-β1
develop normally but die within the first 2 months of life 
as a result of aggressive pulmonary inflammation [52]. A
TGF-β2(–/–) null mutation results in embryonic lethality
around E14.5 in mice, and one of the abnormally devel-
oped organs is lung [53]. TGF-β3(–/–) null mutant mice dis-
play cleft palate, retarded lung development and neonatal
lethality [55,56]. Misexpression of TGF-β1, leading to
excessive TGF-β1 activation, always results in an adverse
phenotype, which depends on the developmental stages 
at which TGF-β1 is expressed. Overexpression of TGF-β1
in early mouse embryonic lung epithelium inhibits lung
branching morphogenesis in vitro [127], while misexpres-
sion of SP-C promoter controlled TGF-β1 in embryonic 
lung epithelium results in arrest of embryonic lung growth 
and epithelial cell differentiation, as well as inhibition 
of pulmonary vasculogenesis [128,129]. Clinically, the
presence of excess TGF-β1 activity in tracheal aspirates 
of human premature infants who develop more severe 
bronchopulmonary dysplasia (BPD) suggests a crucial role
for TGF-β1 in lung maturation [130,131]. On the other
hand, misexpression of TGF-β1 in adult rats results in 
a chronic, progressive interstitial pulmonary fibrosis with
increased proliferation and matrix secretion by the mesen-
chyme [132,133]. Misexpression of TGF-β1 in neonatal 
rat lung using recombinant adenoviral vectors results in
neonatal alveolar hypoplasia and interstitial fibrosis that
phenocopies BPD [134]. In addition, TGF-β1 may be one of
the most important factors involved in the pulmonary
inflammation response to exogenous factors, such as 
infection, bleomycin or endotoxin. Blockade of the 
TGF-β–Smad3 pathway in Smad3(–/–) null mutant mice
strongly attenuates bleomycin-induced pulmonary fibrosis
[133]. TGF-β activated kinase-1 binding protein-1 (TAB1)
was identified as a molecule that activates TGF-β activated
kinase-1 (TAK1). Tab1 mutant embryonic fibroblast cells
displayed drastically reduced TAK1 kinase activities and
decreased sensitivity to TGF-β stimulation. Tab1 mutant
mice died due to cardiovascular and lung dysmorpho-
genesis [135].

The activity of TGF-β signalling can be regulated precisely
at multiple levels. For example, β6 integrin, LTBPs and
thrombospondin are involved in regulating the release 
of TGF-β mature peptide, while betaglycan, endoglin or
decorin influence the affinity of TGF-β receptor binding.
Mutation of the above genes displays phenotypes related to
malfunction of TGF-β. For example, loss of function muta-
tion both in the human and mouse endoglin gene, whose
protein product binds to both TGF-β ligand and its type I
receptor (Alk1), causes hereditary haemorrhagic telangiec-
tasia [136–139]. 

BMP
Expression of Bmp3, 4, 5 and 7 are detected in embryonic
lung [140–142]. The expression of Bmp5 and Bmp7 has been
detected in the mesenchyme and endoderm of developing
embryonic lung, respectively, while Bmp4 is expressed in a
dynamic pattern that is restricted to the distal epithelial
cells at high levels and adjacent mesenchyme at low level
[140,141]. Misexpression of Bmp4 under the control of the
SP-C promoter in transgenic mice results in lungs that 
are smaller than normal with grossly dilated terminal sacs,
which do not support gas exchange at birth [140]. BMP 
signalling also regulates proximal–distal differentiation of
endoderm in mouse lung development. Inhibiting BMP 
signalling with BMP antagonist Xnoggin or overexpressed
negative BMP receptor results in a severe reduction in distal
epithelial cell types and a concurrent increase in proximal
cell types [76]. The effect of BMP4 on embryonic lung
development is still unclear. Addition of exogenous BMP4
into whole lung explant culture stimulates lung branching
morphogenesis, while addition of BMP4 into isolated lung
epithelial culture inhibits FGF10-induced epithelial growth
[104,122,143]. In addition, BMP signalling is also import-
ant in lung vascuologenesis and angiogenesis. Mutations of
BMP type II receptor (BMPRII) are associated with primary
pulmonary hypertension (PPH) [144].

Sonic hedgehog (Shh) pathway
Sonic hedgehog is a vertebrate homologue of hedgehog
(Hh) that patterns the segment, leg, wing, eye and brain in
Drosophila. Hh binds to patched (Ptc), a transmembrane
protein, and releases its inhibitory effect on downstream
smoothened (Smo), which is a G protein-coupled 7-span
transmembrane protein. This leads to the activation of cubi-
tus interruptus (Ci), a 155-kD transcription factor that is
usually cleaved to form a 75-kD transcription inhibitor in
the cytosol. Elements of the Drosophila Hh signalling path-
way and their general functions in the pathway are highly
conserved in vertebrates, albeit with increased levels of
complexity. Gli1, -2 and -3 are the three vertebrate Ci gene
orthologues [145]. 

The SHH signal transduction pathway has important
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roles in mesenchyme–epithelium interaction, which is very
important in morphogenesis. In developing mouse lung,
Shh is detected in the tracheal diverticulum, the oesophagus
and later in the trachea and lung endoderm. Shh is
expressed at low levels throughout the epithelium, while 
at higher level in the growing distal buds [146,147]. 
Null mutation of Shh produces profound hypoplasia of 
the lung and failure of trachea–oesophageal septation.
Mesenchymal expression of Ptc, Gli1 and Gli3 is down-
regulated. However, proximal–distal differentiation of
epithelial airway is preserved [50,51]. Also, Fgf10 expres-
sion is widespread in the epithelium in Shh null mutant
lung, instead of the precisely location-restricted expression
seen in wild-type controls. Lung-specific Shh overexpres-
sion results in severe alveolar hypoplasia and a significant
increase in interstitial tissue caused by an increased pro-
liferation of epithelium and mesenchyme [146]. Defective
hedgehog signalling may lead to oesophageal atresia and
tracheoesophageal fistula [148].

HIP1, a membrane-bound protein, directly binds all
mammalian Hedgehog (HH) proteins and attenuates HH
signalling [149]. Hip1 is transcriptionally activated in
response to Hh signalling, overlapping the expression
domains of Ptc1 [149,150]. Targeted disruption of Hip1
results in neonatal lethality with respiratory failure.
Although asymmetry in their growth was conserved, the
initial stereotyped branching from the two primary buds
was absent in Hip1(–/–) lungs. Hedgehog signalling is up-
regulated in Hip1 mutants. Fgf10 expression was slightly
down-regulated at the distal tips of the primary lung buds
in Hip1(–/–) lungs at E10.5, but completely absent from 
the mesenchyme where secondary branching normally 
initiates [150]. Attenuated PTC1 activity in a Hip1(–/–)
mutant lungs leads to an accelerated lethality. Hip1 and Ptc1
have redundant roles in lung branching control [150]. Both
of them can attenuate SHH signal in lung and pancreas
development [150,151].

Wnt–β-catenin pathway
Wnt signals are transduced through seven transmembrane-
type Wnt receptors encoded by Frizzled (Fzd) genes to activ-
ate the β-catenin–TCF pathway, the JNK pathway or the
Ca2+-releasing pathway. The Wnt–β-catenin pathway has 
a critical role in many developmental and tumorigenesis
processes. Following Wnt binding to the receptor, β-catenin
is dephosphorylated and translocates to the nucleus to 
activate downstream gene expression [152]. 

Interestingly, all members of Fzd gene family are ex-
pressed in embryonic and neonatal lung, albeit at differ-
ent levels. Fzd genes are differentially expressed in the
epithelium and mesenchyme. Expression of Fzd2, Fzd5,
Fzd6 and Fzd8 was observed predominantly in the epi-
thelium, while Fzd4 and Fzd10 were expressed in the 

mesenchyme. Expression of Fzd1 and Fzd7 was observed
both in the epithelium and mesenchyme, while Fzd3 and
Fzd9 were only marginally expressed. This spatial distribution
suggests differential roles for different Fzd receptor genes in
the Wnt signalling pathway during the development of the
lung [39]. 

In mouse lung development, between embryonic days
10.5 and 17.5 (E10.5–E17.5), β-catenin was localized in the
cytoplasm, and often also in the nucleus of the undiffer-
entiated primordial epithelium, differentiating alveolar
epithelium, and adjacent mesenchyme. Other Wnt–β-
catenin pathway members, Tcf1, Lef1, Tcf3, Tcf4, sFrp1, sFrp2
and sFrp4, are also expressed in the primordial epithelium,
alveolar epithelium and adjacent mesenchyme in specific
spatiotemporal patterns [153]. In human fetal lung, nuclear
β-catenin is present in pulmonary acinar buds [154]. Null
mutation of β-catenin in mice results in abnormal, cystic
structure formation in the lung and prenatal lethality.
Based on molecular marker detection, the lungs are 
composed primarily of proximal airways, suggesting that 
β-catenin is one of the essential components to specify
proximal–distal axis of the lung [39]. 

EGF family growth factors 
EGF, transforming growth factor-α (TGF-α) and amphi-
regulin are all epidermal growth factor receptor (EGFR) 
ligands. Loss or gain of function experiments in mice, rat or
other animal models proves that EGF ligands can positively
modulate early mouse embryonic lung branching morpho-
genesis and cytodifferentiation through EGFR [94,155,
156]. EGF is also expressed in mature alveolar epithelial
cells and regulates type II cell proliferation through an
autocrine mechanism both in vitro and in vivo [157].
However, respiratory epithelial cell overexpression of 
TGF-α under the control of the SP-C promoter of transgenic
mice induces postnatal lung fibrosis [158]. Overexpression
of TGF-α caused severe pulmonary vascular disease, which
was mediated through EGFR signalling in distal epithelial
cells. Reductions in VEGF may contribute to the pathogen-
esis of pulmonary vascular disease in TGF-α overexpressing
mice [159]. 

EGFR is a tyrosine kinase receptor that transfers EGF 
signals into the cell. Abnormal branching and poor alveol-
ization are observed in mice deficient in epidermal growth
factor receptor (Egfr(–/–)). Mechanical stretch stimulated
EGFR phosphorylation at least in part, induces differenti-
ation of fetal epithelial cells via EGFR activation of the 
ERK pathway. Blockade of the EGFR or ERK pathway by
specific inhibitors decreased stretch-inducible SP-C mRNA
expression, suggesting EGFR may be part of a mechanical
stimulus signal sensor during fetal lung development [160].
Aberrant expression of matrix metaloprotease proteins
(MMPs) is also detected in Egfr(–/–) null mutant mice,
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which suggests MMPs may be involved in EGFR-regulated
lung growth [40].

Tumour necrosis factor-α converting enzyme (TACE) is a
transmembrane metalloprotease-disintegrin that functions
as a membrane sheddase to release the ectodomain portions
of many transmembrane proteins, including the precursors
of TNF-α and several other cytokines, as well as the receptors
for TNF-α, and neuregulin (ErbB4) [161]. Neonatal TACE-
deficient mice had visible respiratory distress and their
lungs failed to form normal saccular structures resulting 
in a reduction of normal air exchange surface. In mouse
embryonic lung explant cultures, TGF-α and EGF can rescue
lung development in the presence of TACE deficiency [62].

PDGF
There are four types of PDGF peptides. PDGF-A and PDGF-
B can form homodimers (AA or BB) or heterodimers (AB).
Two types of PDGF receptors, α and β, are present in
embryonic mouse lung, and are differentially regulated in
fetal rat lung epithelial cells and fibroblasts [162]. PDGF-A
regulates both DNA synthesis and early branching in early
mouse embryonic lung epithelium in vitro [163]. Pdgf-A
homozygous null mutant mice die perinatally. The pul-
monary phenotypes include lack of lung alveolar smooth
muscle cells (SMC), reduced deposition of elastin fibres in
the lung parenchyma, and development of lung emphy-
sema because of complete failure of alveogenesis [8,10].
Abrogation of PDGF-B chain expression with antisense
oligodeoxynucleotides reduces the size of the epithelial
component of early embryonic mouse lung explants, but
does not reduce the number of branches [164]. PDGF-B
and its receptor are crucial for vascular growth and integrity
during the alveolar phase [9]. PDGF-C and PDGF-D also
dimerize and bind to PDGF α or β receptor [165,166].
PDGF-C mRNA expression shows a significant increase in
lung fibrosis induced by bleomycin [167]. 

IGF
The insulin-like growth factors (IGFs) and their receptors
are expressed in both rodent and human fetal lung
[168–172]. Null mutant mice for the cognate type 1 IGF
receptor (Igf1r) gene always die at birth with respiratory
failure and severe growth deficiency (45% of normal birth
weight). Dwarfism is further exacerbated (70% of size
reduction) in either Igf1 and Igf2 double null mutants or in
Igf1r and Igf2 double null mutants. There does not appear to
be a gross defect in primary branching morphogenesis per
se; the lungs merely appear hypoplastic [47]. IGF signalling
may have a role in facilitating other peptide growth factor
pathways during lung morphogenesis. IGF1R signalling
function is required for both the mitogenic and transform-
ing activities of the EGF receptor [173]. The lungs display
reduced airspace in Igf1-deficient embryos and neonates,

and the phenotype is exacerbated in additionally leukaemia
inhibitory factor (Lif ) null mutant mice, which showed
abnormal epithelial cells and decreased SP-B expression. In
addition, Nkx2.1 and SP-B expression is reduced in the lung
of these double null mutant neonates. Thus, LIF and IGF-I
have cooperative and distinct tissue functions during lung
development [174]. IGF1 is also a potent trophic factor for
fetal lung endothelial cells. In human fetal lung explants,
inactivation of IGF-IR results in a loss of endothelial cells,
attenuates time-dependent increase in budding of distal 
airway and increases mesenchymal cell apoptosis [175]. 

VEGF isoforms and cognate receptors
Lung development must form a fine alignment between the
alveolar surface and the surrounding pulmonary capillary
system for effective gas exchange. Vascular endothelial
growth factors (VEGF) are potent effectors of vascular
development in lung morphogenesis. VEGF signals through
the cognate receptors Flk-1 (fetal liver kinase-1, VEGFR2)
and Flt-1 (fetal liver tyrosinase-1, VEGFR1) [176]. VEGF is
diffusely distributed in pulmonary epithelial and mes-
enchymal cells, and is involved in controlling endothelial
proliferation and the maintenance of vascular structure
[177]. VEGF can be regulated by hypoxia-inducible tran-
scription factor-2α [178].

Vasculogenesis is initiated as soon as the lung evaginates
from the foregut epithelium [179]. Development of the
vascular system influences branching morphogenesis of the
airway as well as alveolarization. In transgenic mice, where
the Vegf transgene is misexpressed under the control of the
SP-C promoter, gross abnormalities in lung morphogenesis
are associated with a decrease in acinar tubules and 
mesenchyme [180]. VEGF has also been demonstrated to
have a role in maintaining alveolar structure [17]. Lungs
from newborn mice treated with antibodies to Flt-1 were
reduced in size and displayed significant immaturity with a
less complex alveolar pattern [181]. 

Extracellular matrix and lung development

The protein components of extracellular basement mem-
brane, laminins, entactin/nidogen, type IV collagen, perlecan,
SPARC and fibromodulin, are important in mediating
cell–cell and cell–extracellular matrix (ECM) interaction
during fetal lung morphogenesis. Basement membrane
components are differentially expressed, and have a
specific cell distribution during lung morphogenesis. ECM
components may not only provide the support for tissue
architecture, but may also have an active role in modula-
tion of cell proliferation and differentiation [182]. For
example, basement membrane components may serve as 
a barrier and reservoir of growth factors, which in turn 
regulate epithelial and mesenchymal cell proliferation.
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Absence or inhibition of the interaction of epithelial cells
with the basement membrane results in failure of normal
lung development [183,184].

Laminins (LNs) are glycoproteins involved in cell adhe-
sion, migration, proliferation and differentiation during tissue
development and remodelling. LNs are composed of three
chains, one central (α) and two laterals (β and γ) that are
linked by disulphide bonds to form a cross-shaped molecule
[185]. To date, five α, three β and three γ chain isoforms have
been identified, which suggests that their combination can
lead to approximately 30 variants of LN [186–195]. The α1
chain has been found principally localized in the basement
membrane at the epithelial–mesenchymal interface, with 
a predominant distribution in specific zones. The LN α1
chain has also been identified around some mesenchymal
cells. Molecular analysis dissecting the α1 chain isoform has
shown that a domain in the cross-region of the α1 chain is
involved in the regulation of lung epithelial cell prolifera-
tion [196]. The α4 chain, found in LN8 and LN9 variants,
has been reported to be highly expressed in lung and heart
tissues during mouse development [189–191,197]. The LN
α4 chain, localized principally around vessels in fetal lung,
may have a role in the organization of lung mesenchyme
[194,198]. The α5 chain, found in LN10 and LN11, has
been found to be abundantly expressed during fetal lung
morphogenesis [194,199,200]. Mouse embryos bearing
mutated LN α5 chain isoform display poor lobar septation
and bronchiolar branching, suggesting that the LN α5 chain
isoform might be the most indispensable LN variant for
lung branching morphogenesis. 

A constant expression of β1 and γ1 is observed during
fetal lung development [201]. These two chains also have 
a role in cell adhesion. The globular domains near the N-
terminal of B1 and γ1 chains participate in the regulation of
cell polarization [202,203]. Immunohistochemistry studies
have demonstrated that the LN β2 chain isoform is localized
in the basement membrane of prealveolar ducts, airways,
smooth muscle cells of airways, and arterial blood vessels,
as well as type II pneumocytes.

Nidogen (150 kDa) is a constituent of the basement
membranes. Nidogen binds to the γ1 and γ3 chains of 
LN, and forms a link between LN and collagen IV [193,
204,205]. Nidogen is actively synthesized by mesenchymal
cells during fetal lung development, which suggests that
nidogen has a key role in the organization of the basement
membrane during lung morphogenesis [206]. Blocking the
interaction of nidogen with LN affects the progression of
lung development [204,206,207]. Susceptibility of nidogen
to degradation by matrix metalloproteinases may con-
tribute to the remodelling and degradation of the basement
membrane [208]. 

Proteoglycans (PGs) contain a core protein with sulph-
ated carbohydrate side chains. They function as flexible

structures in the organization of the basement membrane
and may also have an important role as a reservoir for
growth factors, water and ions. Perlecan is a predominant
proteoglycan in the basement membrane. It is composed 
of an approximately 450-kDa core protein with three 
heparan sulphate chains. Perlecan is involved in the control
of smooth cell proliferation and differentiation because
increased cell proliferation of fetal lung smooth muscle cells
is accompanied by a highly increased synthesis of perlecan
[209]. Growth and branching of E13 mouse lung explants
can be disrupted by inhibiting PG sulphation. The migration
of epithelial cells towards invading lung mesenchyme as
well as towards beads soaked in FGF10 is inhibited and
branching morphogenesis in lung mesenchymal and
epithelial tissue recombinants is severely decreased when
PG sulphation is inhibited by chlorate.

Fibronectin also has an important role in lung develop-
ment. In branching morphogenesis, repetitive epithelial
cleft and bud formation creates the complex three-
dimensional branching structure characteristic of many
organs. Fibronectin is essential for cleft formation during
the initiation of epithelial branching in salivary gland.
Immunofluorescence comparisons of fibronectin localiza-
tion during early branching of lung and kidney also showed
an accumulation of fibronectin at sites of epithelial con-
striction and indentation [210], supporting a possible role
for fibronectin in branching morphogenesis of the lung
[211]. Direct tests for the role of fibronectin, by treatment
of developing lung rudiments with antifibronectin anti-
body or siRNA, inhibited branching morphogenesis, while
fibronectin supplementation promoted branching of lung
[210]. The EIIIA segment of fibronectin is one of the major
alternatively spliced segments and modulates the cell 
proliferative potential of fibronectin in vitro. The EIIIA-
containing fibronectin isoform localized in both the epithe-
lial cells and the mesenchyme. Its expression gradually
decreased from the pseudoglandular stage to the saccular
stage and then slightly increased from the saccular stage 
to the alveolar stage. This change in expression pattern 
of EIIIA-containing fibronectin seemed to be in accord 
with the change in the number of proliferating cell nuclear
antigen (PCNA)-positive cells in the distal pulmonary cells
throughout lung development [212].

Extracellular matrix is under dynamic control during
lung development. The matrix metalloproteinases (MMPs)
are a large family of ECM-degrading enzymes. They are
inhibited by the family of tissue inhibitors of metallo-
proteinases (TIMPs). Activity of MMPs may be required
during development and normal physiology in several ways:
1 to degrade ECM molecules and allow cell migration;
2 to alter the ECM microenvironment and result in altera-
tion in cellular behaviour;
3 to modulate the activity of biologically active molecules
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by direct cleavage, release from bound stores, or by modu-
lating of activity of their inhibitors [213].

In Timp3 null mutant mouse lung, airway branching 
is inhibited. Compared with wild type, in the Timp3 null
mouse the number of bronchioles is reduced and alveologen-
esis is attenuated [214]. The Timp3 null animals spontan-
eously develop progressive alveolar airspace enlargement
similar to that seen in human emphysema [215]. Early
postnatal exposure to dexamethasone (Dex) influences
MMP2 and MMP9, as well as their tissue inhibitors (TIMP1
and TIMP2) in the developing rat lung; the expression of
Timp2 is reduced and Mmp9 expression increases. These
changes may be responsible, in part, for some of the known
adverse maturational effects of steroids on lung structure 
in the newborn [216]. MT1-MMP, which acts as a potent
activator of MMP2, is a major downstream target of EGFR
signalling in lung. Egfr(–/–) mice had low expression of
MT1-Mmp. Extracts from lungs of Egfr(–/–) mice showed a
10-fold reduction in active MMP-2. At birth, the abnormal
lung alveolization phenotype of Mmp2(–/–) mice is similar
to that of Egfr(–/–) mice, albeit somewhat less severe [40].
The balance between the activity of MMPs and TIMPs is
important to normal lung development. 

Retinoic acid and lung morphogenesis 

Retinoids (all-trans, 9-cis, 13-cis) are fundamental for 
normal development and homoeostasis of a number of 
biological systems including the lung. There is a precisely
controlled RA synthesis and degradation system in mam-
mals [217]. Retinaldehyde dehydrogenase-2 (RALDH-2)
has a prominent role in generating RA during organogen-
esis [218–220]. RA signalling is mediated by its nuclear
receptors of the steroid hormone receptor superfamily:
RAR (α, β, γ) and retinoid RXR (α, β, γ), [217]. RAR/RXR
heterodimers have also been shown to transduce RA sig-
nalling in vivo [221]. Within the E13.5 lung, Rarβ isoform
transcripts are specifically localized to the proximal air-
way epithelium and immediately adjacent mesenchyme,
whereas Rarα1, Rarα2 and Rarγ2 isoforms are ubiquitously
expressed [222].

RA signalling is required for lung bud initiation. Acute
vitamin A deprivation in pregnant rats at the onset of lung
development results in blunt-end tracheae and lung agen-
esis in some embryos, which is similar to Fgf10(–/–) null
mutant mice [223,224]. Disruption of RA signalling in
Rarα/β2 knockout mice leads to agenesis of the left lung and
hypoplasia of the right lung [225]. Interestingly, lung
branching morphogenesis is characterized by a dramatic
down-regulation of RA signalling in the lung. Treating
embryonic lung explants with high concentrations of RA
(10−6–10−5 mol) results in dramatic disruption of distal 
budding and formation of proximal-like immature airways

[226,227]. Continued RA activation by overexpression 
of constitutively activated Rarα chimeric receptors also
resulted in lung immaturity, and lungs did not expand to
form saccules or morphologically identifiable type I cells.
High levels of SP-C, Nkx2.1 and Gata6, but not SP-A or SP-B,
in the epithelium at birth suggested that in these lungs 
differentiation was arrested at an early stage. Down-
regulation of RA signalling, however, is required to allow
completion of later steps of this differentiation programme
that ultimately forms mature type I and II cells [228]. RA
inhibits expression and alters distribution of Fgf10 and
Bmp4, which are required for distal lung formation
[226,227]. Pan-RAR antagonism alters the expression of
Tgf-β3, Hnf-3β and Cftr in proximal tubules and alters
expression of Bmp4, Fgf10 and Shh within the distal buds
[222].

It is also noteworthy that during early stages of lung
branching (days 11–12.5), Raldh-2 expression is con-
centrated in trachea (mesenchyme) and proximal lung
(mesothelium) at sites of low branching activity. The Raldh-
2 pattern is not overlapping with that of Fgf10, supporting
the idea that RA signalling restricts Fgf10 expression and
helps to define the proximal–distal axis of the develop-
ing lung. However, during later postnatal stages of lung
development, RA has been shown to increase the number
of alveoli and therefore partially rescue dexamethasone-
induced suppression of alveolarization. In adult rats, RA
has also been reported to reverse the anatomical features of
elastase-induced emphysema in which there is destruction
of septal structures [18,19,229]. In the Rarγ gene deletion
mouse, there is a developmental defect in alveolar forma-
tion, consistent with a defect in elastin deposition [21]. 
This combined evidence suggests that RA may have an
important but rather complex role in alveolar development
during late lung development. 

Chronic obstructive pulmonary disease (COPD) is defined
as airflow obstruction that does not change appreciably
over a period of several months. It is a syndrome comprised
of chronic bronchitis, small airways disease (bronchiolitis)
and emphysema, which vary in proportion between
affected individuals [230]. There is some structural remod-
elling inappropriate to maintaining normal lung function,
and chronic inflammation characterized by infiltration of
airways, pulmonary vessels and lung parenchyma by CD8+

T-cytotoxic lymphocytes. Small airways mucous meta-
plasia, increased small airways smooth muscle mass, airway
wall fibrosis, and emphysema are specific features of struc-
tural remodelling in COPD [231]. 

COPD results from a complex interaction between
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genetic and environmental factors. The normal interactions
between mesenchymal and epithelial cells that maintains
proper structure and function of the airways and gas
exchange surface, as described herein, are dramatically 
perturbed. The structural damage of lung in COPD cannot
be repaired or regenerated properly, suggesting that stem 
or progenitor cell reparative functions are overwhelmed
and some important signal transduction pathways that 
control lung development have been perturbed, leading 
to abnormal airway remodelling in COPD. It is likely that
developmental processes have a role in abnormal tissue
remodelling in COPD. For example, Shh is up-regulated 
in epithelial cells at sites of fibrotic disease and the Shh
receptor Patched was detected in infiltrating mononuclear
cells and alveolar macrophages, as well as normal resting
peripheral blood T lymphocytes [232]. On the other hand,
RA, which has an important role in lung morphogenesis
and alveolarization, can induce the complete regeneration
of alveoli that have been destroyed by various noxious
treatments in some experimental systems [229]. Therefore,
continued elucidation of the molecular mechanisms of lung
development may identify novel rationally based thera-
peutic targets in the quest to prevent and even cure COPD.
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CHAPTER 30

Animal models

Piero A. Martorana, Monica Lucattelli, Barbara Bartalesi 
and Giuseppe Lungarella

The main purpose of studying animal models of human 
disease is to gain insight into the underlying mechanisms 
of the disease. The recognition that chronic obstructive 
pulmonary disease (COPD) is a global health problem with
no effective treatment has resulted in recent years in an
explosion of new animal models of emphysema, a major
component of COPD. Bronchial pathological changes were
also described in some of these models. A very compre-
hensive review of these models has recently been published
[1].

This chapter reviews some selected animal models devel-
oped in recent years that, in the eyes of the authors, may
provide new insight into the pathogenesis of emphysema
and COPD.

Strains of mice that spontaneously develop emphysema
have been reported. Here we present only those strains of
mice where the genetic mutation has been described and/or
the mechanism leading to the lung changes investigated.
Strains with developmental lung changes (i.e. a defect in
alveolar formation) are not presented. 

Tight-skin mouse

This mutant is commercially available on a C57Bl/6J 
background. The tight-skin (Tsk) gene on chromosome 2 
is associated with a tandem duplication of the fibrillin-1 
gene, which results in a larger-than-normal protein [2]. A
potential effect of the incorporation of Tsk fibrillin-1 into
microfibrils is increased proteolytic susceptibility.

In these mice, massive emphysema develops early, at
approximately 2–4 weeks of age, and progresses thereafter
[3]. Biochemical analysis reveals a decrease in lung elastin

Genetic models

content that coincides in time with parenchymal destruc-
tion [4]. In fact, these mice also have abnormally high 
levels of elastase and cathepsin G in their neutrophils, 
coupled with low serum α1-antitrypsin (AAT) levels and
serum elastase inhibitory capacity (EIC) [5].

This is, to our knowledge, the only strain of mice with
spontaneous emphysema in which the development of 
the lung disease is followed by the development of right-
ventricular hypertrophy. This begins between 8 and 16
months of age and progresses thereafter [6].

Pallid mouse

This is commercially available on a C57Bl/6J background.
The pallid (pa) gene is situated on chromosome 2 and
encodes a novel syntaxin-13-interacting protein [7].

The serum of pallid mice has lower AAT levels (–55%)
and EIC values (–71%) than those of other strains and
spontaneous emphysema develops late in life between 8
and 12 months of age [8]. This is the first animal model in
which emphysema has been shown to develop as a result of
the following sequence of events [5,9]:
• deficient activity of serum antielastase screen;
• increased lung elastase burden; and
• decreased lung elastin content.
These results give an experimental basis for the protease–
antiprotease theory of emphysema and indicate the pallid
mouse as the mouse counterpart of the human ΑΑΤ-
deficient MZ phenotype.

Klotho mouse

This is a mutant that resulted as a consequence of a trans-
genic experiment. Insertion-mutation of several copies 
of the transgene in the 5′-flanking region of the klotho
gene yielded a null mutation in the klotho mouse. The
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klotho gene encodes a membrane protein homologous to 
β-glucosidase enzymes. 

In klotho(−/−) mice, emphysema starts to develop at 
4 weeks of age with a gradual progression with increasing
age. The heterozygous (+/−) mutant develops emphysema
late in life at approximately 120 weeks of age. The klotho
gene may be important for maintaining pulmonary
integrity [10].

Some cytokines that are known to orchestrate the inflam-
matory response in asthma and in other inflammatory 
diseases may also have a major role in the pathogenesis 
of COPD. Transgenic and gene deletion technology has
been used to explore the temporal role of cytokines in 
the development of COPD animal models. Models with
developmental defects are not presented.

γ-Interferon

When γ-interferon (IFN-γ) is targeted in a transgenic 
fashion to the adult murine lung using the reverse tetracy-
cline transactivator system and a promoter active in Clara 
cells, the response is emphysema and a macrophage- and
neutrophil-rich inflammation.

Significant protease and antiprotease alterations are also
found, such as:
1 induction and activation of matrix metalloproteinases
(MMPs) MMP-12, MMP-9 and cathepsins B, H, D, S; and
2 selective inhibition of secretory leucocyte protease
inhibitor (SLPI) [11].

Additionally, it has been found that IFN-γ in vivo is a
potent stimulator of alveolar epithelial cell apoptosis. This
response is associated with both the death receptor and the
mitochondrial apoptotic pathways. Treatment with Z-VAD
abrogates the apoptotic response and causes an impressive
decrease in IFN-γ-induced emphysema. IFN-γ also stimu-
lates the expression of pulmonary cathepsins and treatment
with leupeptin or E-64 abrogates IFN-γ-induced apoptosis
and emphysema. Cathepsin S (14150) and cathepsin B (CA
074) inhibitors have similar effects. Interestingly, Z-VAD
and leupeptin also decrease IFN-γ-induced inflammation
and the induction of MMPs and cathepsins. These studies
demonstrate that a cathepsin-dependent alveolar apoptotic
response is a critical event in the pathogenesis of IFN-γ-
induced emphysema. They also highlight a potential positive
feedback loop in which IFN-γ-induced apoptosis contributes
to local inflammation and tissue protease degradation. These
findings integrate existing hypotheses of the pathogenesis
of emphysema (see also Models of apoptosis) [12].

Models of cytokine expression

Interleukin 13

Overexpression of interleukin 13 (IL-13) in the airway
epithelium of adult mice results in emphysema, goblet cell
metaplasia and inflammation. MMP-2, -9, -12, -13 and -14
and cathepsin B, S, L, H and K are also induced. Inhibi-
tion of MMPs substantially prevents the development of
emphysema and reduces the influx of inflammatory cells by
more than 90%. Inhibitors of thiol proteinases also reduce
emphysema and inflammation. Neither class of proteinase
inhibitors blocked goblet cell metaplasia.

Thus, IL-13 is a potent stimulator of MMP- and cathepsin-
based proteolytic pathways in the lung and may cause
emphysema via an MMP- and cathepsin-dependent mech-
anism [13].

Tumour necrosis factor-α

Overexpression of tumour necrosis factor-α (TNF-α) in
alveolar type II cells of mice under the control of the human
surfactant protein C promoter results in bronchiolitis, chronic
inflammation and emphysema. Limited fibrosis can be seen
only in the subpleural, peribronchial and perivascular
regions. Physiological assessment shows an increase in lung
volumes and a decrease in elastic recoil. Gelatinase activity
is increased in bronchoalveolar lavage (BAL) fluids [14].

Mice with knocked-out TNF-α or IL-1β receptors have
significantly less emphysema than wild type mice, following
an intratracheal instillation of porcine pancreatic elastase. It
was suggested that elastase-induced emphysema might be
driven in large measure through ongoing TNF-α and IL-1β-
induced inflammation, and possibly through TNF-α and
IL-1β-mediated inhibition of elastin and collagen repair
(see also Models of cigarette smoke exposure) [15].

Transforming growth factor-β

In an elegant study it has been recently demonstrated that
mice lacking the β6 subunit of the integrin ανβ6 (which
occurs only in epithelial cells such as those the line the
lungs) are protected against pulmonary fibrosis but develop
pulmonary emphysema with age.

The mechanism is based on the knowledge that integrin
ανβ6 binds and activates latent transforming growth factor-
β (TGF-β). In mice lacking the subunit β6, this binding and
activation does not take place and results in increased
expression of the extracellular macrophage MMP-12 in the
lungs and the development with time of spontaneous
emphysema. MMP-12 is clearly necessary for disease onset,
because mice lacking both MMP-12 and the integrin 
subunit β6 do not develop emphysema. Also, when β6-
deficient mice are genetically manipulated to produce 
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permanently active TGF-β, emphysema does not develop
[16]. These results broaden the spectrum of factors
involved in emphysema to those that activate latent TGF-β
in the lung and, by inference, to TGF-β-triggered signalling
molecules.

Recent clinical studies have shown elevated levels of 
apoptosis in alveolar walls of emphysematous lungs.
Accordingly, animal models have been developed in an
attempt to investigate if apoptosis may have a role in the
mechanism of emphysema. The following is a review of
some of these models.

Vascular endothelial growth factor 
receptor blockade

In rats, chronic inhibition of vascular endothelial growth
factor (VEGF) R2, which is responsible for endothelial cell
growth, migration and differentiation, by the VEGF recep-
tor blocker and angiogenesis inhibitor SU5416 results in
emphysema. The emphysema is characterized by alveolar
septal cell death, as assessed by TUNEL, activated caspase-3
immunostaining and DNA oligonucleosomal laddering. There
is no lung infiltration by inflammatory cells or fibrosis.
Treatment with the caspase inhibitor Z-Asp-CH2 prevents
SU5416-induced septal cell apoptosis and emphysema
development [17]. 

Also, when compared with control animals, rats treated
with the VEGF receptor blocker show expression of 
markers of oxidative stress, all of which are prevented by
the superoxide dismutase mimetic M40419. The preserva-
tion of lung structure in SU5416+M40419-treated lungs 
is associated with increased septal cell proliferation, and
enhanced phosphorylation of the prosurvival and anti-
apoptotic Akt, when compared with SU5416-treated lungs.
Consistently with a positive feedback interaction between
oxidative stress and apoptosis, it was found that apoptosis
predominates in areas of oxidative stress, and that apoptosis
blockade by a broad-spectrum caspase inhibitor markedly
reduces the expression of markers of oxidative stress
induced by the SU5416 treatment [18]. 

Active caspase-3

A single intratracheal instillation of active caspase-3 and
Chariot, a new protein transfection reagent, causes alveolar
cell apoptosis and significant emphysema. Elastica and van
Gieson-stained lung tissue sections demonstrate loss of
elastin layers within the alveolar walls. There is no alveolar

Models of apoptosis

or airway inflammation or fibrosis. In mice killed at differ-
ent time points, emphysema is evident as early as 2 h after
treatment and is maintained for at least 15 days. However,
the increase in mean linear intercept (Lm) is reduced by
60% from 6 h to 15 days, suggesting that the lesion may be
partially reversible. In mice instilled with the combination
active caspase-3 and Chariot plus the caspase inhibitor
DEVD-CHO, the lungs have a normal appearance. 

Airspace enlargement, alveolar wall destruction and loss
of elastin layers are also noted in lungs of mice instilled with
nodularin, a serine/threonine kinase inhibitor that induces
caspase-dependent apoptosis [19].

Calorie restriction

In adult mice, calorie restriction (two-thirds reduction for 
2 weeks) diminishes alveolar number by 55%, alveolar 
volume increases 1.9-fold and alveolar surface area de-
creases by 25%; however, lung volume is not affected. Within
72 h of calorie restriction, alveolar wall cell apoptosis is
increased and lung DNA diminished (–20%). Refeeding
fully reverses these changes. Thus, according to this study,
adult mice have endogenous programmes to destroy 
(apoptosis) and regenerate alveoli [20].

It may be important to determine if calorie restriction-
related alveolar loss and progressive alveolar loss of COPD
are mediated by the same signalling pathways. Also, the
observation that alveolar cell apoptosis is a major factor in
the pathogenesis of emphysema in many different animal
models will probably result in the focusing of future
research on the molecular and cellular requirements of the
alveolar wall for its maintenance throughout a lifetime.

Cigarette smoke is the greatest risk factor of COPD.
However, only approximately 15–20% of cigarette smokers
develop COPD. The fact that these susceptible individuals
are generally clustered into families hints that there may be
certain genes that predispose people to smoking-induced
COPD. In recent years there has been a great effort to
develop animal models of cigarette smoke-induced lung
lesions with the goal of detecting the mechanism(s) that
may be responsible for the greater sensitivity of responders.
Both acute and chronic animal models of cigarette smoke
exposure have been used. These models are here presented
separately.

Acute smoke exposure

Obviously, in the acute animal models the end-points 
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are not the physiological, biochemical or morphological
changes classical of COPD but rather represent changes 
that reflect the occurrence either of an acute inflammatory
process or of an acute oxidative stress. This model is also
used to assess the efficacy of compounds on markers of
inflammation or oxidation.

Role of an oxidative stress
Acute exposure of C57Bl/6J mice to cigarette smoke causes
a significant decrease in total antioxidant capacity (Trolox
equivalent antioxidant capacity, TEAC) and significant
changes in oxidized glutathione, ascorbic acid, protein 
thiols and 8-epi-PGF-2α in bronchoalveolar lavage fluids
(BALF).

Because the major mouse trypsin inhibitor is not sens-
itive to oxidation, and the mouse SLPI does not inhibit
trypsin while human recombinant (hr) SLPI is sensitive 
to oxidants and inhibits trypsin, this model has been 
used to investigate the oxidative inactivation of hrSLPI.
Intratracheal hrSLPI significantly increases BALF anti-
tryptic activity in vivo in the mouse. Acute cigarette smoke
exposure induces a 50% drop in the antitryptic activity of
hrSLPI. Pretreatment with N-acetylcysteine prevents this
fall of activity as well as the decrease of the BALF antioxid-
ant capacity and the elevation of 8-epi-PGF-2α [21]. Thus,
this is a model for investigating the effects of cigarette
smoke oxidative stress on human protease inhibitors with
antitrypsin activity in vivo.

In the same model of acute oxidative stress, mice of 
the inbred strains DBA/2 and C57Bl/6J respond to acute
cigarette smoke exposure with a decrease of the TEAC of
their BALF, while mice of the strain ICR increase their
BALF TEAC. These results may have predictive value on
the outcome of chronic exposure to cigarette smoke in
these strains of mice [22].

Role of proteases in the acute inflammatory
process
In C57Bl/6J mice, acute exposure to cigarette smoke 
causes a dose–response increase in BALF in neutrophils,
desmosine (DES, a marker of elastin breakdown) and
hydroxyproline (HP, a marker of collagen breakdown) 
but not of alveolar macrophages. Pretreatment with an
antibody against neutrophils reduces after smoke exposure
BALF neutrophils to undetectable levels, prevents increases
in BALF DES and HP and does not affect alveolar
macrophages. Intraperitoneal injection of human AAT
before cigarette smoke exposure increases serum level of
AAT threefold and completely abolishes smoke-induced
connective tissue breakdown by-products as well as the
increase in neutrophils without affecting alveolar macro-
phages in BALF. These results indicate that in this model,
cigarette smoke acutely induces connective tissue break-

down, an effect probably brought about by neutrophil-
derived proteases. Exogenous AAT is protective and inhibits
both matrix degradation and neutrophil influx [23].

In a subsequent study, macrophage metalloelastase
knockout mice (MME(–/–)), as well as MME(+/+) mice,
were acutely exposed to cigarette smoke. In MME(+/+)
mice, the acute smoke exposure results in an elevation 
in neutrophils, DES and HP in BALF but no elevation in
MME-deficient mice. Both neutrophil influx and increased
level of DES and HP are restored by administering alveolar
macrophages from MME(+/+) mice to MME(–/–) mice and
then exposing them to cigarette smoke. 

These studies show that acute smoke-induced connective
tissue breakdown, the precursor to emphysema, requires
both neutrophils and macrophage metalloelastase (MME or
MMP-12) [24]. Thus, these studies together underline the
importance of both classes of proteases (serine elastases and
MMPs) in the pathogenesis of lung matrix degradation.

Role of TNF-α in the acute inflammatory process
Mice with knocked out p55/p75 TNF-α receptors (TNF-α
RKO) and control mice were exposed acutely to cigarette
smoke. Two hours after smoke exposure, increases in 
gene expression of TNF-α, neutrophil chemoattractant
macrophage inflammatory protein-2 and macrophage
chemoattractant protein-1 are seen in control mice. By 6 h,
TNF-α, macrophage inflammatory protein-2 and macrophage
chemoattractant protein-1 gene expression levels are back
to control values. In TNF-α RKO mice, no changes in gene
expression of these mediators are seen at any time. At 24 h,
control mice show increases in BALF neutrophils, DES and
HP, whereas no elevation in these parameters are seen in
TNF-α RKO mice. 

In a separate experiment, mice of the strain 129, which
produce low levels of TNF-α, show no inflammatory
response to smoke either at 24 h or 7 days. These results
indicate that TNF-α is central to acute cigarette smoke-
induced tissue breakdown [25].

In another study, both mice lacking MMP-12 (MMP-
12(–/–)) and wild type mice (MMP-12(+/+)) demonstrate
rapid increases in whole-lung nuclear factor-κB activation
and gene expression of proinflammatory cytokines after
acute cigarette smoke exposure. This indicates that lack of
MMP-12 does not produce a global failure to up-regulate
inflammatory mediators. However, only MMP-12(+/+)
mice demonstrate an increase in whole-lung TNF-α pro-
tein. Similarly, levels of whole-lung E-selectin, a marker of
endothelial activation, are increased only in MMP-12(+/+)
mice. These findings suggest that MMP-12 mediates
cigarette smoke-induced inflammation acutely by releasing
TNF-α, from macrophages, with subsequent endothelial
activation, neutrophil influx and proteolytic matrix break-
down caused by neutrophil-derived proteases.
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TNF-α release may be a general mechanism whereby
metalloproteases drive cigarette smoke-induced inflamma-
tion [26].

Taken together these data support the idea that in
humans TNF-α promoter polymorphism may be of im-
portance in determining the individual responders who 
develop cigarette smoke-induced COPD (see also Models of
cytokine expression).

Pharmacological studies
The effects of compounds on markers of inflammation can
be investigated in acute models of cigarette smoke expos-
ure. These studies may also serve as a relatively quick test
for the activity of these compounds in the lung prior to their
investigation in a time-consuming chronic model.

The serine elastase inhibitor ZD0892 (AstraZeneca, 
Lund, Sweden), an agent that selectively inhibits human
neutrophil elastase and has an additional anti-inflammatory
activity, was investigated in two acute models: the guinea
pig and the mouse. 

In the guinea pig model, animals given ZD0892 orally at
doses of 10 and 30 mg/kg prior to smoke exposure, lowers
the smoke-induced increases in total cell number and 
neutrophil number, as well as the increases in DES and 
HP content in BALF compared with untreated animals [27].

In the mouse model, ZD0892 administered orally at 
a dose of 30 mg/kg before cigarette smoke exposure, re-
duces the smoke-induced gene expression of macrophage
inflammatory protein-2 and macrophage chemoattractant
protein-1 in lung tissue but not of TNF-α. However,
ZD0892 completely prevents the smoke-induced increase
in plasma TNF-α [27].

Thus, compounds with antielastase and anti-inflammatory
activities are effective in models of acute exposure to
cigarette smoke.

Chronic smoke exposure

These models have been used to investigate the sensitivity
of various strains of inbred mice to the effects of chronic
smoke exposure, the role played by proteases in causing the
lesions, the potentiating effects of viral infections and the
potential therapeutic effects of compounds. 

Mouse strain sensitivity
As a follow-up to the study of the model of acute smoke
exposure, mice of the strains ICR, DBA/2 and C57Bl/6J have 
been chronically exposed to cigarette smoke for 7 months.

Mice of the strain ICR are not sensitive to oxidants and
have normal levels of serum AAT, DBA/2 mice also have
normal levels of serum AAT but are sensitive to oxidants
while C57Bl/6J mice are both sensitive to oxidant and have
a moderate deficit (–25%) of serum AAT. After the chronic

exposure to cigarette smoke, ICR mice have normal levels
of lung elastin content and no emphysema. On the other
hand, both DBA/2 and C57Bl/6J mice show a significant
drop in lung elastin content as well as emphysema assessed
by three different methods. Histologically, emphysema was
patchy and of the panlobular type (Fig. 30.1a,b).

In a separate experiment, pallid mice with a severe serum
AAT deficiency and that develop spontaneous emphysema
were exposed to cigarette smoke for 4 months. This resulted
in an acceleration of the development of spontaneous
emphysema assessed by morphometrical and biochemical
(lung elastin content) methods [22]. In a recent study it was
found that the lack of sensitivity of the ICR mice to the
effects of chronic smoke exposure, is probably due to the
activation of the nuclear factor erythroid-derived 2, like 2
(Nrf2) in this strain. Nrf2 is a redox-sensitive basic leucine
zipper protein transcription factor that is involved in the
regulation of many detoxification and antioxidant genes.
The disruption of the Nrf2 gene in the ICR mice led to
extensive emphysema in these mice following chronic
cigarette smoke exposure [28].

Recently, a study was carried out in an attempt to dif-
ferentiate the pattern of emphysema induced by chronic
cigarette smoke exposure in C57Bl/6J and pallid mice.
After 6 months of smoking, pallid mice, but not C57Bl/J
mice, show a T-cell inflammation in the alveolar wall and
an increase in lung compliance. Also, in pallid mice the
emphysematous lesion is more diffuse than in C57 mice,
affecting all airspaces [29].

These studies together indicate that the response to
cigarette smoke exposure in mice is strain-dependent and
suggest further investigations of the genetic differences in
the susceptibility to cigarette smoke-induced lesions that
may have implications for human disease.

Role of MMPs in chronic cigarette smoke exposure
In this study, macrophage elastase deficient mice
(MME(–/–)) were subjected to cigarette smoke exposure
for 6 months. In contrast to their littermates (MME(+/+)),
these mice do not show an increased number of macro-
phages in their lungs and do not develop emphysema in
response to cigarette smoke. 

Smoke-exposed MME(–/–) mice that received monthly
intratracheal instillations of macrophage chemoattractant
protein-1 show accumulation of macrophages but not
emphysema [30].

In another study, it was found that the development of
emphysema in smoke-exposed guinea pigs correlates with
alveolar macrophage numbers and alveolar macrophage-
derived proteolytic activity but not with neutrophil num-
bers [31]. Furthermore, depletion of alveolar macrophages
prevents smoke-induced emphysema, whereas depletion
of neutrophils is not protective [32].
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Thus, these studies taken together indicate that macro-
phage elastases have an important role in the pathogenesis
of chronic cigarette smoke-induced emphysema.

Role of neutrophil elastase in chronic cigarette
smoke exposure
Mice lacking neutrophil elastase are approximately 60%
protected against cigarette smoke-induced emphysema [33].

In another investigation, groups of mice were exposed
daily to cigarette smoke for up to 6 months. One group of
mice received human AAT every 48 h. In mice receiving
AAT there was an approximately twofold increase in serum
AAT levels and elastase inhibitory capacity. Treated mice,
contrary to untreated ones, did not show elevations in BALF
neutrophil numbers and matrix breakdown products meas-
ured from 2 to 30 days of smoke exposure. After 6 months
exposure to cigarette smoke the AAT-treated mice show a
63% protection against emphysema and full protection
against the smoke-mediated increase in plasma TNF-α.

There is thus direct as well as indirect evidence that 
neutrophil elastase also has a role in chronic cigarette
smoke-induced emphysema. The latter study also suggests
an anti-inflammatory activity for AAT [34].

Potentiating effects of viral infections
This study was designed to test the hypothesis that cigarette
smoke-induced inflammation and emphysema are ampli-
fied by the presence of latent adenoviral infection. The
results confirm that in guinea pigs, chronic cigarette-smoke
exposure causes lesions similar to human centrilobular
emphysema. They also show that latent adenoviral infec-
tion combined with cigarette-smoke exposure causes a
greater increase in lung volume, air-space volume and lung
weight, and a further decrease in surface : volume ratio
compared with smoke exposure alone.

Analysis of inflammatory response in parenchymal and
airway tissue shows that smoking causes an increase of
polymorphonuclear leucocytes, macrophages and CD4 cells
and that latent adenoviral infection independently increases
polymorphonuclear leukocytes (PMN), macrophages and
CD8 cells.

Thus, latent adenoviral infection amplifies the emphyse-
matous lung destruction and increases the inflammatory
response produced by cigarette-smoke exposure. In this
study, the increase in CD4 is associated with cigarette
smoke and the increase in CD8 cells with latent adenoviral
infection [35].

346 CHAPTER 30

(a) (b)

Figure 30.1 (a) Well-fixed normal lung of a C57B1/6J control mouse exposed to room air for 7 months. (b) Lung of a C57B1/6J
mouse exposed to the smoke of three cigarettes/day for 7 months showing emphysematous changes. The emphysema is patchy
and of the panlobular type. HE, original magnification × 32.



Pharmacological studies
The compound ZD0892 was investigated in a model of
chronic cigarette smoke exposure in guinea pigs. Long-term
(6 months) cigarette smoke exposure results in emphy-
sema, in an increase in neutrophils, DES and HP in BALF,
and in an increase in TNF-α in plasma. ZD0892 treatment
abolishes the BALF changes, reduces the plasma increase in
TNF-α by 30% and emphysema by 45%. Thus, the positive
results obtained with ZD0892 in the model of acute smoke
exposure have a predictive value for the effects of ZD0892
in the model of chronic smoke exposure [27].

In a recent study groups of C57BI/6J mice were dosed
daily with the phosphodiesterase 4 inhibitor roflumilast at
two dose levels (1 and 5 mg/kg p.o.) and were exposed to
cigarette smoke for 7 months. In control animals chronic
smoke exposure caused a 1.8-fold increase in lung macro-
phage density, emphysema, an increase of the mean linear
intercept (+21%), a decrease of the internal surface area 
(−13%), and a drop (−13%) in lung desmosine content.
The low dose of roflumilast did not have any effect, whereas
the high dose prevented the increase in lung macrophage
density by 70% and fully prevented the other changes [36].
This study supports the role of an inflammatory process 
in the development of cigarette smoke-induced matrix
destruction and emphysema.

In another study the 3-hydroxy-3-methyl-glutaryl-
coenzyme-A reductase inhibitor simvastatin was given daily
at the dose of 5 mg/kg p.o. to Sprague–Dawley rats and 
the animals were exposed to cigarette smoke for 4 months.
Simvastatin inhibited lung parenchymal destruction and
development of pulmonary hypertension, and also inhibited
peribronchial and perivascular infiltration of inflammatory
cells and induction of matrix metalloproteinase-9 activity
in lung tissue [37]. The amelioration by simvastatin of the
structural derangements caused by cigarette smoking was
attributed to an anti-inflammatory effect of this compound.

In conclusion, the investigation of novel pharmacological
approaches in the amelioration of emphysema in animal
models has provided new leads for the treatment of this 
disease. Additionally, the study of the pathogenesis of em-
physema and/or COPD in animal models of this disease 
has been very intense in recent years and novel hypotheses
have been put forward. The theories and hypotheses that
have been confirmed in animal models are summarized in
Table 30.1.
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CHAPTER 31

Proteinases and COPD

Anita L. Sullivan and Robert A. Stockley

Proteinases are believed to have an important role in the
pathogenesis of COPD. The proteinase–antiproteinase
hypothesis states that the lung damage of COPD arises
when the action of proteinases is no longer controlled by
antiproteinases. This may occur when there is a genetic
abnormality of antiproteinases, as in α1-antitrypsin (α1-AT)
deficiency, or a functional loss of antiproteinases through
proteolytic or oxidative damage. Alternatively, the same
imbalance can arise because of excessive recruitment or
activation of proteinases. 

Proteinases are classified as serine or cysteine pro-
teinases, depending on the amino acid at their active site,
and a third major group, the matrix metalloproteinases
(MMPs), which require a metal ion in their structure 
for their extracellular matrix protein-degrading activity.
Proteinases are able to degrade structural lung proteins 
giving them their capacity as elastases, collagenases or
gelatinases (Fig. 31.1 a–c; for c also see Plate 31.1; colour
plate section falls between pp. 354 and 355). In addition,
many proteinases have roles in post-translational processing
of other enzymes, cytokines and receptors. Over the years,
a large body of work has accumulated showing important
roles for proteinases and antiproteinases from all three of
the major groups in the pathogenesis of COPD. However, it
is difficult to assess the relative importance of each from the
results of studies of individual proteinases, as they are often
conflicting. This chapter provides an overview following
discussion of the likely contributions from enzymes of each
biochemical group.

These comprise neutrophil elastase (NE), cathepsin G (CG)
and proteinase-3 (PR3), which are stored with myeloper-
oxidase (MPO) in the azurophil granules of neutrophils 
[1]. They are made early during neutrophil development 

Serine proteinases

in the bone marrow, with gene expression ceasing at 
the metamyelocyte stage [2] and are produced as pre-
proenzymes, activated by a lysosomal cysteine proteinase,
dipeptidyl peptidase I (cathepsin C) [3]. Although these
enzymes are often considered to be neutrophilic in origin,
they are also produced by a subgroup of circulating mono-
cytes. Furthermore, these monocytes are also migratory
and release the enzymes on activation [4]. The potential
importance of these enzymes is underlined by their ability
to induce the pathological changes seen in COPD and the
increased risk of emphysema in patients deficient in their
main inhibitor, α1-AT [5]. A list of the serine proteinase
inhibitors relevant to the lungs is given in Table 31.1.

NE was the first of these enzymes to be shown to produce
emphysema in animal models and hence has been the sub-
ject of most study. It is believed that the main physiological
function of NE is bacterial killing, which takes place after
ingestion of opsonized bacteria into a phagosome. Granules
are released into a lysosome, which fuses with the phago-
some, and the combination of proteinases and oxidants
results in bacterial killing [6]. Deficiency of azurophil gran-
ule serine proteinases, Chédiak–Higashi syndrome, leads to
immunodeficiency [7]. The major role of NE in health is
thus probably within the neutrophil. 

NE has the capacity to be intensely destructive. It is
believed to be a key effector of lung damage in both em-
physema and chronic bronchitis [8]. This concept is sup-
ported by a number of animal studies, in which instillation
of NE and other elastases have reproduced the morpho-
logical changes of emphysema and bronchitis (Table 31.2).
The development of emphysema is specific to elastase 
activity [9], and the severity of the ensuing emphysema 
relates to the elastinolytic potency of the enzyme used [10].
Lung damage by NE can be prevented by specific elas-
tase inhibitors [11,12]. NE can degrade matrix proteins 
such as elastin, fibronectin [13] and collagen [14], and
weakens immunity by attacking immunoglobulins [15]
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Figure 31.1 (a) Elastin and its degradation. Tropoelastin molecules associate on a framework of fibrillin molecules (i), and are
cross-linked between lysine residues. Four lysine residues form a desmosine cross-link (ii). Elastases hydrolyse bonds between
amino acids according to their active site specificity (iii), producing characteristic elastin-derived peptides and desmosine cross-
links which are specific markers of elastin degradation (iv). (b) The α-helical procollagen strands (i) associate into a triple helix 
to form a tropocollagen molecule (ii). These molecules then associate into collagen fibres (iii), with cross-links between the
telopeptides of each tropocollagen molecule and the hydroxyproline and hydroxylysine residues in the helical area. The fibre is
coated with proteoglycans and glycopeptides, which may help to stabilize it or to protect it from collagenolytic attack. Serine and
cysteine proteinases can destabilize the fibre by degrading intra- or intertropocollagen bonds, and some can also cleave within the
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and components of the complement system [16,17]. It may
also slow wound healing, possibly by its effect on trans-
forming growth factor β [18] or epithelins [19].

In order to reach the lungs, neutrophils must be acti-
vated, adhere to endothelium and then migrate through 
to the airways. Neutrophils may degranulate, releasing
enzymes, or may cause tissue damage by close contact with
cells and matrix. During neutrophil activation, azurophil
granule proteinases are expressed on the neutrophil mem-
brane [20]. In vitro studies have shown that approximately
2% of the azurophil granule proteinases are released 

into the media on activation of the neutrophil by pro-
inflammatory stimuli, the rest remaining associated with
the cell by a charge-dependent mechanism [21,22]. While
NE bound to the neutrophil membrane exhibits partial
resistance to the effects of native inhibitors such as α1-AT
[20], free NE can be readily inhibited by both serum- and
tissue-based inhibitors [23], thereby preventing tissue
damage at a distance from the cell.

Although the majority of serine proteinase activity
remains associated with the neutrophil even after activa-
tion, free NE activity can be detected in secretions from
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helical region. ‘True’ collagenases (matrix metalloproteinases [MMPs]-1, -8 and -13) cleave the tropocollagen molecule at 
three-quarters of the length of the helix, producing characteristic one-quarter and three-quarter length fragments (iv). Collagen
fragments spontaneously denature into gelatin at body temperature (v), which can then be further degraded into oligopeptides
and amino acids, predominantly hydroxyproline, which thus acts as a marker for collagen breakdown (vi). (c) Section of normal
human lung × 100, stained with Elastic van Gieson, which highlights elastic fibres as black (see Plate 31.1; colour plate section falls
between pp. 354 and 355). Collagen stains crimson red with this stain (see Plate 31.1; colour plate section falls between pp. 354
and 355). Distinct elastin laminae can be seen within the walls of a bronchiole (B) and its accompanying nutrient artery (A).
Collagen is best seen surrounding blood vessels in this photomicrograph (see Plate 31.1; colour plate section falls between pp. 354
and 355). Note the predominance of elastin staining in alveolar tissue. Sections kindly prepared by Dr Simon Trotter, Department
of Histopathology, Birmingham Heartlands Hospital, UK.

Table 31.1 Serine proteinase inhibitors in the lungs. Individual references not given for reasons of space.

Molecular
Inhibitor Source weight (kDa) Target proteinase Inhibition

α1-AT Serum 54 NE, CG, PR3, mast cell chymase Irreversible
α1-ACT Serum 68 CG, mast cell chymase Reversible
α1-M Serum 725 All classes of proteinase Irreversible
SLPI Mucosa 11.7 NE, CG, mast cell chymase and tryptase Reversible
Elafin Mucosa 9.9 NE, PR3 Reversible
M-NEI Neutrophils, monocytes 42 NE, CG, PR3, mast cell chymase Irreversible

α1-AT, α1-antitrypsin; α1-ACT, α1-antichymotrypsin; α2-M, α2-macroglobulin; CG, cathepsin G; M-NEI, monocyte–neutrophil
elastase inhibitor; NE, neutrophil elastase; PR3, proteinase 3; SLPI, secretory leucoproteinase inhibitor.

Table 31.2 Animal experiments using elastases.

Author/year Animal Enzyme Result

Gross et al. 1964 [158] Rat Papain (plant elastase) Demonstrated induction of emphysema using papain
Marco et al. 1971 [159] Dog Neutrophil lysates Demonstrated that neutrophil lysates could induce emphysema
Blackwood et al. 1973 [10] Rat Various elastases Severity of emphysema depends on elastinolytic potency of 

inducing enzyme
Snider et al. 1974 [9] Hamster Various elastases Ability to induce emphysema depends on elastinolytic activity
Janoff et al. 1977 [160] Dog Purified NE NE can induce emphysema
Senior et al. 1977 [161] Hamster Purified NE NE can induce emphysema
Lucey et al. 1985 [68] Hamster Purified NE NE can also induce secretory cell metaplasia
Kao et al. 1988 [69] Hamster Fraction of neutrophil PR3 is as potent as NE in inducing emphysema

lysate containing PR3

NE, neutrophil elastase; PR3, proteinase 3.



patients with COPD [24]. This may be the result solely 
of neutrophil degranulation, but there are several other
possibilities. First, when neutrophils die by apoptosis, they
are cleared by macrophages [25], which can also scavenge
free NE [26], whereas necrotic neutrophils release their
contents into the extracellular space [27]. Secondly, the
process of phagocytosis may involve release of significant
amounts of both NE and PR3 into the media [28]. This
might occur when neutrophils attempt to ingest large
extracellular structures (‘frustrated phagocytosis’), or as 
a by-product of normal phagocytosis (‘sloppy eating’),
demonstrated in studies comparing activation by lipopoly-
saccharide (LPS) alone with ingestion of opsonized yeast
cells, which showed that free NE activity was only detected
in the media with the latter [29]. Thirdly, studies of
macrophages isolated from the lungs of patients with COPD
showed that their in vitro elastinolytic effect depended
largely on serine proteinases within the first 24 h of culture,
but MMPs over the next 48 h, suggesting that the early 
serine proteinase activity was attributable to endocytosed
enzymes rather than constitutively secreted enzymes [30].
Earlier studies showed that alveolar macrophages could
release active NE that was endocytosed up to 5 days previ-
ously [31]. Finally, monocytes can express and secrete 
serine proteinases, although they lose this capacity on dif-
ferentiation to macrophages [32]. 

The majority of NE-related parenchymal tissue destruc-
tion may occur in association with the passage of neu-
trophils from the circulation to the airway. This suggests
that NE inhibitors might mediate their protective effect at
least in part by reducing neutrophil migration, but studies
examining this concept have produced conflicting results.
Using the multiple blind well assay system, chemotaxis 
in response to formyl-methionyl-leucyl-phenylalanine
(fMLP) was inhibited by α1-AT [33], specific antibody
against CG and physiological concentrations of mutant
forms of α1-AT and α1-antichymotrypsin [34]. Synthetic
inhibitors of CG were shown to reduce the leading front
response in the under agarose assay. Interestingly, the same
study suggested that a mutant form of α1-AT with greater
antichymotrypsin activity was effective in reducing migra-
tion, implying that CG has a greater role in this activity than
NE [34]. Serine proteinase inhibitors have been shown to
prevent degradation of basement membrane components
by cell-free NE [23]. However, examination of neutrophil
migration across fibrinogen or Matrigel barriers has 
shown conflicting results using NE and MMP-9 inhibitors
[23,35,36]. In rats, inhibition of NE could prevent neu-
trophil migration in vivo, but migration across endothelial
monolayers in vitro was not prevented [37]. Studies using a
combination of endothelial cells and basement membrane
have consistently shown that proteinase inhibitors do not
prevent neutrophil migration [38,39]. Furthermore, in vitro

neutrophil migration across endothelium was not impaired
in mice deficient in NE or MMP-9 [40]. The variability in
the results of these studies demonstrate the difficulties 
of assessing the importance of proteinases in neutrophil
migration, either by using antiproteinases, which may not
be able to inhibit cell-associated enzymes in contact with
matrix structures, or by eliminating only one proteinase
from neutrophils that retain two other potent serine 
proteinases.

In support of this concept, neutrophils from mice whose
genes for NE and CG had been ‘knocked out’ showed nor-
mal migration in vitro, and these mice exhibited normal
neutrophil infiltration into tissue in response to fungal
infection and lipopolysaccharide, although pathogen clear-
ance was severely impaired [41]. In humans, patients 
with Papillon–Lefèvre syndrome have deficient dipeptidyl
peptidase I [42], causing a functional deficiency of NE and
CG through impaired processing of the pre-proenzyme, and
neutrophil migration is also impaired in vitro [43]. The main
phenotype, however, is severe periodontitis, with no sys-
temic immunodeficiency – which may imply physiological
redundancy, or that another enzyme activates these pro-
teinases after secretion in vivo. On the other hand, neu-
trophils from patients with Chédiak–Higashi syndrome, in
which all three neutrophil serine proteinases are deficient,
do not migrate towards chemoattractants [44].

Animal studies using proteinase inhibitors often show
reduced neutrophil influx to the lungs. For example, 
studies in guinea pigs demonstrated an acute response to
cigarette smoke, consisting of airway neutrophilia and
increased connective tissue breakdown products in bronch-
oalveolar lavage fluid (BALF), which could be inhibited 
by pre-treatment with a synthetic NE inhibitor [45]. In 
rats, instillation of NE to the airways induced neutrophil
influx, which was inhibited by intratracheal but not intra-
venous administration of a synthetic NE inhibitor. On the
other hand, intratracheal instillation of sputum from cystic
fibrosis patients (in whom there is intense neutrophilic
inflammation) induced a massive neutrophil influx, which
could be prevented by the same inhibitor only when it was
administered intravenously rather than intratracheally
[46]. This suggests that the effect was related to inhibition
of proteinases in the circulation (prior to neutrophil migra-
tion) rather than the airway. These studies support the 
concept that the type of stimulus for neutrophil migration
influences the role of proteinases in neutrophil migration,
and that the proteinase-dependent process may occur
while the neutrophil is still within the circulation.

The mechanisms of neutrophil migration are not well
understood. Even if serine proteinases are required, their
function is not necessarily degradation of extracellular
matrix substrates to allow cell passage, as they may process
other important proteins such as adhesion factors [37], 
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or stimulate intracellular signalling [47]. However, tissue
degradation might occur as a side-effect of neutrophil pas-
sage without being necessary for migration. The failure of
serine proteinase inhibitors to prevent this process might
relate to the phenomenon of quantum proteolysis, in
which the concentration of NE falls exponentially with 
the distance from the site of enzyme release [48]. Thus,
although the concentration of free NE in the lung is lower
than the concentration of its inhibitors, there would be 
an imbalance between proteinase and inhibitor close to the

site of release of the enzyme, which enables breakdown 
of elastin to occur. This concept was proved in a series of
experiments with serum from patients with normal or
deficient α1-AT (Figure 31.2) [49]. A similar local imbalance,
closer in proximity to the neutrophil, could occur without
release of free enzyme, as native inhibitors are functionally
less effective against membrane-bound proteinases [20]. 
In vivo therefore, neutrophil activation and migration may
be sufficient to cause some tissue destruction despite the
presence of inhibitors, and the true contribution of serine
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Figure 31.2 Quantum proteolytic events associated with PMNs bathed in serum from donors with various AAT phenotypes.
PMNs were allowed to migrate for 30 min at 37°C on opsonized fluoresceinated fibronectin while bathed in serum from
phenotypes with (a) Pi M, (b) Pi MZ, (c) Pi SZ and (d) Pi Z. Cells were fixed and then examined by incident-light fluorescence
microscopy. Note the discrete, rounded, dark areas associated with migrating cells, which are very localized areas of degraded
fibronectin (short arrows in (a) identify selected areas of quantum proteolysis). Note also the coalescent areas of degradation that
are related to release of two or more azurophil granules. PMNs remaining on the surface are fluorescent because of ingested
fibronectin fragments (broad arrows). The quantum proteolytic events are visually similar in size in a–c. Note also that cell-
associated proteolytic events are strikingly larger in cells bathed in Pi Z serum (long arrow in d) when compared with those 
bathed in serum from the other donors. Scale bar: 10 μm. (From Campbell et al. [49] with permission.)



proteinases to this process may not be determined until
development of animal models in which all three enzymes
are absent only in the postnatal period.

The mechanism by which neutrophil serine proteinases
cause lung damage may be modified by their interaction
with proteinase inhibitors, the presence of the neutrophil
itself, epithelial cells and the extracellular matrix. For
example, NE, once bound to elastin, is poorly inhibited 
by α1-AT, while the activity of secretory leucoproteinase
inhibitor (SLPI) is unaffected [50]. NE bound to α2-
macroglobulin is prevented from degrading elastin, but can
still degrade small substrates [51]. Studies using intra-
tracheal interleukin 8 (IL-8; a neutrophil chemoattractant)
in guinea pigs showed that goblet cell degranulation could
be prevented by IL-8 blockade or specific inhibitors of NE.
Further in vitro studies incubating explanted tracheal tissue
with neutrophils showed that inhibition of neutrophil
adhesion factors also prevented degranulation. The authors
speculated that adhesion of neutrophils to goblet cells
altered the neutrophil membrane, facilitating release of
membrane-bound NE into the intercellular space and 
triggering goblet cell degranulation [52].

There seems little doubt that NE is the critical proteinase
in the mucus hypersecretory phenotype of COPD. Animal
models have demonstrated induction of secretory cell
metaplasia in direct response to NE (see Table 31.2) and
prevention of secretory cell metaplasia with inhibitors of
NE [52], while inhibition of other classes of proteinase is
not effective [53,54]. The mechanism for these changes is
not fully understood, however, and may involve an effect
on the epidermal growth factor receptor [55], with NE 
acting as part of a signalling cascade. 

Serine proteinases also have many deleterious effects on
respiratory epithelium. In chronic bronchitis, secretions
contain a toxic component that influences ciliary beating,
which is abrogated by inhibitors of NE [56]. Purified NE 
in vitro reduces ciliary function and damages respiratory
epithelial cells [57]. Serine proteinases trigger a state of
oxidative stress in respiratory epithelial cells [58], which
may contribute to the effect of NE on mucin secretion [59].
NE can also induce the detachment of bronchial epithelial
cells from extracellular matrix [60] and apoptosis of epithe-
lial cells [61], while both NE and PR3 induce detachment
and apoptosis of endothelial cells [62,63]. This may be
important in the pathogenesis of COPD. Serine proteinases,
especially NE, are therefore likely to have many effects on
the airway epithelium in COPD as well as the connective
tissue matrix. Most of this concept, however, has been
hypothetical but recent work has shown more clearly that
the purulence of sputum relates to the activity of NE in
secretions [64], which is in direct contact with the epithe-
lium and results from neutrophil migration. This is par-
ticularly important during exacerbations when neutrophil

influx and elastase activity increase [64]. The frequency of
these episodes relates to the progressive decline in lung
function, suggesting a causal relationship [65,66].

The central role of NE in human emphysema has been
called into question by animal models showing that NE
knockout mice are only partially protected against the
development of emphysema [67]. However, these models
may be limited by the persisting presence of CG and PR3 in
azurophil granules – the former can cause secretory cell
metaplasia [68] and the latter can cause both emphysema
and secretory cell metaplasia [69]. Nevertheless, indirect
data from human studies support the concept that neu-
trophils and neutrophil enzymes are important in emphy-
sema. Studies have shown that smokers have increased
numbers of neutrophils in lung tissue [70], sputum [71,72]
and BALF [73], and that neutrophils isolated from patients
with emphysema exhibit increased elastinolytic and
chemotactic activity compared with those from controls
[74], and express more adhesion factors [75]. Even at an
early stage with subclinical emphysema on high-resolution
CT scan, there is an increase in NE and other neutrophil
proteins in BALF [76,77]. Studies on patients with estab-
lished emphysema indicate that NE activity in BALF corre-
lates with the severity of emphysema in smokers [78] and
falls when they stop smoking [79], and cessation of smok-
ing is the only intervention shown to affect progression of
COPD to date. On the other hand, although the neutrophil
count in lung interstitium correlated with the severity 
of emphysema in one study [80], it showed an inverse 
relationship in other studies [81–83]. However, before any
conclusions can be drawn from these studies, it should be
remembered that the neutrophil is a migratory cell and 
its residence in the interstitium is short. It is likely that 
any interstitial damage leading to emphysema relates to the
cells that have passed as much as the ones seen while
migrating through the tissues.

NE may also have an indirect role as it has the ability to
amplify the inflammatory process in the lungs. Leukotriene
(LT) B4 released from lung macrophages is important as a
chemoattractant bringing neutrophils to the lungs in COPD
[84,85], and release of LTB4 by macrophages is stimulated
by free NE [86]. In addition, NE may stimulate bronchial
epithelial cells to release IL-8. Finally, neutrophils them-
selves release LTB4 and IL-8, leading to further cell recruit-
ment. In this way, NE released by neutrophils contributes
to positive feedback recruiting more neutrophils and ampli-
fying inflammation. This amplification will be greater in
patients deficient in α1-AT, who have greater concentrations
of LTB4 and elastase, and more neutrophilic inflammation
in their lung secretions than have non-deficient COPD
patients [87]. 

The overall evidence from in vitro work, animal models
and human studies suggests that NE is important in 
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pathogenesis of COPD and is therefore a potential target 
for therapeutic intervention. Caution will be needed, how-
ever, in suppressing a critical antibacterial defence [88].
Although serine proteinases may have an important role in
migration of neutrophils from blood to lung, either they are
not essential for this activity, or it is not possible to achieve
sufficiently high inhibitor concentrations to inactivate the
proteinases in the immediate vicinity of the neutrophil.
Reassuringly, studies using LPS as the stimulus for lung
damage showed that neutrophil influx was not inhibited by
α1-AT [89], suggesting that the therapeutic use of serine
proteinase inhibitors should not affect lung immunity
adversely, while limiting the severity of elastase-induced
damage.

Animal models have indicated that both synthetic [11]
and natural [12,90–92] NE inhibitors are useful when given
at the time of administration of the insult causing emphy-
sema. The only animal study examining the effect of NE
inhibition on progression of established cigarette smoke-
associated disease showed that inflammation and connec-
tive tissue breakdown can be reduced by a synthetic NE
inhibitor from the time of onset of treatment [45]. More
recently, the same group has shown that α1-AT augmenta-
tion has the same effect and prevents the development of
emphysema, although this may not be a direct antiprote-
olytic effect [93]. The relevance of these studies to human
disease remains to be determined. Certainly, some animal
models have suggested that neutrophil influx is greatest at
the onset of lung disease, while macrophage accumulation
may be more important later on [94,95]. In human dis-
ease, the use of α1-AT has been confined to patients with
deficiency, with some anti-inflammatory effect [96], and 
indirect studies suggest a reduction in progressive decline 
in lung function [97,98]. Whether this antiproteinase
benefit is of relevance to patients with usual COPD remains
unknown.

Other serine proteinases

A subset of mast cells synthesizes cathepsin G together with
chymase, while the most important serine proteinase in
mast cells as a whole is tryptase. Mast cells may also pro-
duce NE and PR3 [99]. There is some evidence that mast
cells may be important during exacerbations of COPD [100]
and, if so, their proteinases may have a role in tissue damage
[101]. Clearly, further studies with these cells are indicated. 

These include cathepsins B, H, K, L and S, inhibited by the
cystatins A, C and S and α2-macroglobulin. This group of
proteinases has received less attention, but they have sim-

Cysteine proteinases

ilar properties to the serine proteinases and there are imbal-
ances between cysteine proteinases and cystatins in COPD.

Cathepsin B secretion by epithelial cells has been demon-
strated in vitro [102], but it is not known if this is the major
source in vivo. This elastinolytic and collagenolytic enzyme
is found in sputum from patients with COPD, the amount
increases during exacerbations [103] and can be reduced by
oral corticosteroids [104]. In patients with bronchiectasis,
cathepsin B activity is reduced by antibiotics [104], suggest-
ing it is a feature of inflammation caused by bacteria in this
condition. Cathepsin B activity is higher in BALF from
smokers than non-smokers [105], although smokers with
emphysema had similar cathepsin B levels in BALF to
smokers without emphysema [106]. Although cathepsin 
B is produced by macrophages, not neutrophils [107], 
its activity in BALF from patients with bronchiectasis 
correlates with neutrophil but not macrophage counts.
Cathepsin B levels also correlate positively with MPO and
NE activities, and negatively with cystatin C in these
patients [108]. These interrelationships suggest that neu-
trophilic inflammation and cathepsin B activity are intim-
ately related. It is known that NE generates cathepsin B
activity in sputum by activating the pro-enzyme [109].
Cystatin C, which inhibits cathepsin B, is present in mucoid
sputum, but in purulent sputum (when NE and cathepsin B
activities are detectable), it is only found in a form similar to
that produced by NE cleavage in vitro [109]. In this form, it
inhibits cathepsin B poorly [110]. It therefore seems that
NE can play a major part in the activation of cathepsin B,
and this may be further amplified because cathepsin B can
also inactivate SLPI, the local NE inhibitor (Fig. 31.3) [111].
This amplification and synergy may be of major importance
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Figure 31.3 Neutrophil elastase (NE) and cathepsin B have
synergistic effects. NE can activate pro-cathepsin B while
inactivating its inhibitor, cystatin C. Cathepsin B can inactivate
an inhibitor of NE, secretory leucoproteinase inhibitor (SLPI),
and both NE and cathepsin B degrade connective tissue matrix
proteins.



because both NE [68] and cathepsin B [112] can reproduce
many of the pathological features of COPD in vivo.

Cathepsin K is expressed and synthesized by bronchial
and alveolar epithelial cells [113]. It has collagenolytic,
gelatinolytic and elastinolytic activity, but its role in the
pathogenesis of lung disease is unclear.

Cathepsin L, another elastinolytic proteinase [114], has
been studied in COPD, and found in higher concentrations
in BALF from smokers with emphysema compared with
both non-smokers and smokers without emphysema.
Cathepsin L levels did not correlate with NE–α1-AT com-
plex. In the same study, levels of cystatin C (its natural
inhibitor) were found to be elevated in smokers with
emphysema [106]. It is unknown whether cathepsin L can
directly cause the pathological features of COPD, but it has
been shown to degrade α1-AT in vitro [115].

There are few animal models of COPD examining 
cysteine proteinases and their inhibitors. A study of IL-13-
induced emphysema [53] demonstrated an increase in the
expression and secretion of cathepsins B, H, K, L and S in
the lung. Cysteine proteinase inhibitors E-64 and leupeptin
were able to reduce the severity of emphysema by approxim-
ately 65% and inflammatory cell infiltrate by approxim-
ately 60% when administered alone, and similar results
were obtained with a broad-spectrum MMP inhibitor, but
even combined administration of both cysteine proteinase
and MMP inhibitors did not confer total protection.
Interestingly, IL-13 also induced a decrease in pulmonary
expression of α1-AT of approximately 80%, which may
induce a critical NE–α1-AT imbalance. 

There has been a major expansion of knowledge of the
potential role of MMPs in COPD in recent years. They have

Matrix metalloproteinases

important cell signalling functions, as well as the ability to
break down extracellular matrix during the remodelling
process. They are secreted as pro-enzymes and usually 
activated by another MMP, often as part of a proteinase 
cascade. They have the ability to form complexes with
inhibitors, dimerize in homologous or heterologous fashion,
and remain associated with the cell membrane, sometimes
in complexed form. This makes interpretation of activity
levels of MMPs in biological fluids difficult. Neutrophils and
macrophages each secrete large quantities of MMPs and
their inhibitors, the tissue inhibitors of metalloproteinases
(TIMPs), although other cells also produce both MMPs and
TIMPs in variable amounts. 

The potential role of MMPs in COPD is far-reaching, because
they not only degrade matrix proteins, but also degrade
antiproteinases such as α1-AT and α1-antichymotrypsin,
activate other enzymes such as those in the clotting 
cascade, modify cytokines and degrade a number of other
miscellaneous proteins such as adhesion factors and sub-
stance P. Upwards of 24 mammalian MMPs have now been
described, generally grouped as collagenases, gelatinases,
etc., according to their primary extracellular matrix (ECM)
substrate, but it should be noted that many of these
enzymes can degrade all constituents of ECM. Studies 
in COPD have generally concentrated on those listed in
Table 31.3. The main serum inhibitor is α2-macroglobulin,
while all four of the mammalian secreted TIMPs described
to date inhibit all of the relevant MMPs (for detailed
reviews see [116,117]).

Examination of BALF in patients with emphysema 
compared with healthy smokers confirmed the presence 
of metalloelastase activity [118], and studies on isolated
macrophages have demonstrated that their elastinolytic
activity, while less potent than that of neutrophils, is better
preserved in the presence of proteinase inhibitors [119].
The absolute number of macrophages in the lungs of COPD
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Table 31.3 Matrix metalloproteinases (MMPs). (Adapted from Sternlicht and Werb [117], additional references not given for
reasons of space.)

MMP Other names Source Substrates include

MMP-1 Interstitial collagenase, Macrophages, fibroblasts Collagens I–III, VII, VIII, X, XI, gelatin
human collagenase-1 and other stromal cells

MMP-2 Gelatinase A (72 kDa) Macrophage, stromal cells Collagens I, III–V, VII, X, XI, elastin, gelatin
MMP-3 Stromelysin-1 Macrophages, stromal cells Collagens III–V, VII, IX–XI, elastin, gelatin
MMP-7 Matrilysin Monocytes Collagens I, IV, elastin, gelatin
MMP-8 Neutrophil collagenase, collagenase-2 Neutrophils Collagens I–III
MMP-9 Gelatinase B (92 kDa) Neutrophils, eosinophils, Collagens IV, V, XI, XIV, elastin, gelatin

macrophages, stromal cells
MMP-12 Macrophage metalloelastase Macrophages Collagens I, IV, elastin, gelatin
MMP-13 Collagenase 3 Macrophages, stromal cells Collagens I–IV, IX, X, XIV
MMP-14 Membrane type (MT) 1-MMP Macrophages Collagens I–III, gelatin



patients is always greater than the number of neutrophils,
and macrophages are resident cells that have the capacity to
continue producing and secreting MMPs throughout their
lifetime. For these reasons, it is suspected that they may
play a major part in connective tissue degradation in
emphysema. Their contribution was demonstrated in his-
tological studies of elastase-induced emphysema in dogs,
where alveolar macrophages were seen at the sites of alve-
olar gaps, although it was unclear whether they had caused
the tissue damage, or were part of the repair process [120].

Various studies have produced conflicting results as to
the correlation between the numbers of macrophages or
neutrophils and the elastinolytic activity in the lung, but it
is likely that these cells and the enzymes that they produce
also act cooperatively. A number of macrophage enzymes
can degrade inhibitors of NE including α1-AT [121–123]
and monocyte–neutrophil elastase inhibitor (M-NEI)
[124], and NE degrades TIMPs [125], thereby facilitating
MMP activity. Furthermore, NE can activate several of the
MMPs [126–128], and MMP-9 is thought to degrade some
neutrophil chemoattractants, at least in mice [54], which
would potentially decrease PMN recruitment and hence
lung NE load. Thus, it is clear that a complex interaction
also exists between NE, its inhibitors and the MMPs and
TIMPs in a similar way to that for the cysteine proteinases
and cystatins. This interaction is evident in animal models
of emphysema, which only show partial protection with
inhibition of serine, cysteine or MMPs [45,53]. The excep-
tions to this include the MMP-12 knockout mouse, and the
studies by Ofulue et al. discussed below. 

Macrophage metalloelastase (MMP-12) is the main 
elastinolytic enzyme of macrophages. A mouse model of
cigarette smoke-induced emphysema has demonstrated 
a critical role for MMP-12 in pathogenesis. Line 129 mice
deficient for MMP-12 did not develop emphysema in
response to cigarette smoke, and inflammation in the 
lungs was reduced. The only elastinolytic activity found in
whole lung homogenates in wild type mice was derived
from MMP-12, and this was absent in the knockout mice.
Macrophages from the knockout mice were able to migrate
to the lungs in response to instillation of MCP-1, but failed
to cause emphysema, while in wild type mice, administra-
tion of MCP-1 increased the severity of emphysema [129].
This study suggested that MMP-12 might be the critical pro-
teinase causing lung destruction in emphysema.

Further support for this concept came from studies
examining the time course of smoking-induced emphy-
sema in Sprague–Dawley rats over 6 months. While both
neutrophil and macrophage numbers increased in response

Animal studies

to cigarette smoke, the elevation in neutrophil count and
neutrophil elastinolytic activity (defined as that inhibited
by a specific NE inhibitor) was greatest in the first month.
Connective tissue breakdown and the development of
emphysema occurred later, correlating with macrophage
count and macrophage elastinolytic activity (defined as that
inhibited by ethylenediaminetetraacetic acid [EDTA], i.e.
MMP activity), which steadily increased throughout the
duration of the study [94]. A second series of studies in 
the same model examined the effect of depleting either
neutrophils or circulating monocytes and macrophages.
Monocyte–macrophage depletion was protective against
emphysema although the smoke-induced neutrophil influx
and associated neutrophil elastinolytic activity was not
reduced. Neutrophil depletion was not protective against
emphysema, although neutrophil elastinolytic activity 
was markedly reduced [130]. These studies suggest that
macrophages are required for the development of emphy-
sema, while neutrophils play no part. It should be noted,
however, that neutrophil versus macrophage elastinolytic
activity does not, strictly speaking, equate to serine pro-
teinase versus MMP activity. Neutrophils produce MMP-9,
and macrophages can at least take up and release NE, while
immature macrophages may not yet have lost their serine
proteinase producing capacity, a situation more likely to
arise when large numbers of monocytes migrate into the
lungs in response to an acute insult. 

The role of macrophages and neutrophils was also exam-
ined in animal studies using coal and silica to induce lung
damage. In C57Bl/6 mice, intratracheal instillation of coal
or silica induced early neutrophil influx and an increase in
elastase activity and elastin breakdown products at 24 h.
Elevation of α1-AT levels also occurred, although some of
the α1-AT was oxidized or degraded. Macrophage numbers
did not rise until 7 days after exposure and, after coal but
not silica, the macrophage numbers correlated with colla-
gen breakdown products. Depletion of neutrophils reduced
the quantity of elastin breakdown products in BALF at 24 h
but not 7 days. The studies showed that mineral dust
induces lung damage, which is only driven by neutrophil-
derived proteinases in the early stages, and also showed
that high levels of α1-AT do not prevent lung tissue break-
down mediated by neutrophil serine proteinases, support-
ing the concept of quantum proteolysis [95].

Because this was not an animal model of emphysema,
the nature of the challenge and other features of the neu-
trophilic influx may have influenced the results. The same
investigators therefore studied cigarette smoke-induced
disease in C57Bl/6 mice, to investigate the mechanisms of
damage arising in the first 48 h after smoke inhalation.
BALF at 6 and 24 h showed an acute influx of neutrophils
with evidence of both elastin and collagen degradation, all
related to smoke exposure in a dose-dependent fashion 
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and resolving by 48 h. Macrophage numbers were not 
affected. Both neutrophil depletion and administration of
α1-AT reduced neutrophilia and release of desmosine and 
hydroxyproline. Cigarette smoke increased both serine and
metalloelastase activity in BALF, but only the former was
reduced by α1-AT. In a model using LPS instead of cigarette
smoke, exogenous α1-AT inhibited elastin breakdown
without reducing neutrophil influx, suggesting that it was
the direct antiproteolytic effect that was protective [89]. 
In these studies, progression after 48 h was not assessed,
which may explain why the results conflict with the longer-
term studies of Ofulue et al. [94,130].

Similar studies in guinea pigs also demonstrated acute
responses to cigarette smoke, with neutrophilia and
increased desmosine and hydroxyproline in BALF, which
could be inhibited by pre-treatment with a synthetic NE
inhibitor [45]. In the same study, guinea pigs were exposed
to cigarette smoke over 6 months, causing airspace enlarge-
ment, elevation of desmosine, hydroxyproline and neu-
trophil count in BALF, and elevation of tumour necrosis
factor α (TNF-α) in plasma. Inhibition of NE reduced
plasma TNF-α by 30%, reduced neutrophils, desmosine
and hydroxyproline in BALF to control levels, and reduced
the severity of emphysema by 45%. This degree of protec-
tion is consistent with that found with the NE knockout
mouse [67], and suggests that neutrophils and NE have a
role in the development of at least some of the emphysema.
However, when the NE inhibitor was given after 4 months
instead of from the start of the 6 months smoking period,
there was no protection against emphysema and TNF-α
levels remained elevated, although neutrophils, desmosine
and hydroxyproline in BALF were normalized, suggesting
that the early changes are critical.

The interaction between TNF-α and neutrophil pro-
teinases was further explored in animal models. A TNF-α
receptor knockout mouse was protected against acute 
neutrophil infiltrate, connective tissue breakdown and 
up-regulation of neutrophil chemoattractants induced by
cigarette smoke. Furthermore, mice from a strain producing
lower than usual levels of TNF-α (line 129) were similarly
protected [131]. (Because these mice were used to gener-
ate the original MMP-12 knockout mouse, this may help to
explain why the disease in these mice was predom-inantly
macrophage-dependent [129].) Partial protection against
elastase-induced emphysema has been shown in mice
deficient in the TNF-α receptor or the IL-1β receptor [132]
and more detailed studies of the role of TNF-α showed that
this cytokine orchestrates up to 70% of the tissue destruction
in cigarette smoke-induced emphysema, probably via neutro-
phil influx [133]. Taken together, these studies suggest 
that inhibitors of NE may also have an anti-inflammatory
effect, possibly by modulating cytokine expression rather
than directly preventing neutrophil migration. 

Using MMP-12 knockout mice bred back into strain
C57Bl/6, the relationship between neutrophils and macro-
phage proteinases was re-examined. Cigarette smoke
induced a neutrophilic infiltrate and the release of 
desmosine and hydroxyproline in the wild type mice only.
Macrophage numbers increased in both, albeit less in the
MMP-12 knockout mice. The wild type response to smoke
could be reconstituted in the knockout mice by intratra-
cheal instillation of macrophages obtained by lavage in wild
type mice. Use of a MMP inhibitor prevented the smoke-
induced increase in neutrophils and the release of desmo-
sine and hydroxyproline, while macrophage numbers were
unaffected. These studies suggest that MMP-12 is required
to elicit the neutrophil response to cigarette smoke. It was
noted that α1-AT increased after smoke, and inhibition 
of MMPs reduced this effect, suggesting that MMPs do not
contribute to NE activity by degradation of α1-AT in this
model [134]. Subsequently the relationship of MMP-12 to
TNF-α was examined. Stimulation with cigarette smoke
elicited production of TNF-α by alveolar macrophages iso-
lated from wild type mice, but this response was not seen in
macrophages from MMP-12 knockout mice, despite nor-
mal levels of expression of TNF-α mRNA. It was determined
that MMP-12 processes TNF-α after secretion, and without
this, expression of endothelial adhesion factors fails, so that
neutrophil recruitment does not occur [135].

Gelatinase B (MMP-9) makes up approximately 50% of
the elastinolytic activity of macrophages, the rest being
attributable to MMP-12 [32]. It is synthesized in neutro-
phils during maturation [136], stored in the specific and
gelatinase granules [137] and released with a proportion
bound to neutrophil gelatinase-associated lipocalin (NGAL)
[138]. In order to examine the role of MMP-9 in COPD,
mice deficient for MMP-9 were exposed to intratracheal
LPS. The knockout and wild type mice exhibited the same
levels of myeloperoxidase activity (used as a surrogate for
neutrophil infiltration) and histological tissue damage, with
no difference in the basement membrane breakdown prod-
ucts and total protein in BALF (a surrogate measurement 
of neutrophil migration) [139]. Other investigators how-
ever used a cigarette smoke-induced emphysema model in
guinea pigs to examine the effect of a broad-spectrum MMP
inhibitor. MMP inhibition reduced the severity of emphy-
sema, inflammatory cell infiltrate and MMP-9 activity in
BALF, when measured at 2 or 4 months [140]. An MMP
inhibitor was also able to reduce the severity of porcine
pancreatic elastase-induced emphysema in hamsters [141],
showing that MMPs are involved in the pathological pro-
cess induced by a serine proteinase.

The complex animal model of emphysema using mice
transgenic for human IL-13 was extended to study the role
of MMPs [54]. When expression of IL-13 was induced, 
the animals exhibited infiltration of the lung by macro-
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phages, eosinophils, lymphocytes and neutrophils, and air-
space enlargement developed. Combining this model with 
deletion of the genes for MMP-12 and MMP-9 enabled 
assessment of the contribution of these MMPs to the 
pathogenesis of IL-13-induced lung disease in mice. IL-13-
mediated secretory cell metaplasia was not inhibited with
either cysteine proteinase inhibitors or a broad-spectrum
MMP inhibitor, and MMP-9 and MMP-12 knockout mice
were not protected either. Furthermore, MMP-9 knockout
mice actually exhibited greater neutrophil infiltration, 
possibly related to the ability of MMP-9 to degrade mouse
neutrophil chemoattractants. Airspace enlargement was
significantly reduced, but not to control levels, suggesting
that the residual tissue damage may be mediated by neu-
trophil serine proteinases.

Animal models have also been developed to investigate
the role of collagenases. Application of the results from
these models to human disease should be cautious because
there is wide variation in the amount of collagen found in
lungs of different species of animals [142]. In a transgenic
mouse expressing human MMP-1, enlarged airspaces were
seen consistent with emphysema [143]. A developmental
abnormality could not be excluded, because the expression
of MMP-1 is constitutional. For this reason, further studies
were performed [144] which demonstrated that lung his-
tology was normal until expression of the gene was seen.
This occurred at variable points after birth in different
strains of mice (emphasizing the difficulties of extrapolating
results in mouse experiments to humans) and was more
severe in homozygous than heterozygous mice. A loss 
of type III collagen was found, together with deposition 
of type I collagen, implying increased collagenolysis and
increased but disordered collagen deposition, which is 
consistent with findings in human emphysema [145].

These extensive animal studies suggest a number of con-
clusions. First, it is difficult to harmonize the conflicting
results obtained from different species of animals and even
different strains of the same species. The marked disparity
between the results of the studies on rats [130] and those
on mice and guinea pigs [45,134,140] may indicate an
important difference in the pathology of COPD in different
species and strains, or simply methodological issues of
inhibitors versus cell depletion. Secondly, neutrophil influx
appears to be an early event in both single insult and con-
tinued insult models, and lavage neutrophils and neu-
trophil elastinolytic activity relate well to lung damage at
this stage. In most models, an acute neutrophil response
appears to be the precursor to progressive lung damage.
Thirdly, macrophages appear to be necessary, either to 
initiate the acute neutrophilic response, or to convert 
acute neutrophil-mediated tissue damage into established
progressive emphysema. Fourthly, because these studies
generally examine limited exposure to a single type of

insult, they do not enable us to predict the relative import-
ance of individual proteinases once the insult has been
withdrawn, as in ex-smokers, or after repeated and varied
insults, as in patients having exacerbations of COPD.
Fifthly, proteinases have a number of pathological func-
tions beyond destruction of extracellular matrix proteins,
and there is a wide functional overlap between proteinases
from different biochemical groups and cell populations
(Fig. 31.4). Complex interactions between neutrophils,
macrophages and their respective proteinase armamentaria
may make interpretation of single measurements unreli-
able or even irrelevant.

A number of clinical studies have identified MMPs in
patients with COPD, although not consistently. Studies by
Segura-Valdez et al. [146] showed increased tissue staining
for collagenases (MMP-1, MMP-8) and gelatinases (MMP-
2, MMP-9) in patients compared with controls. Ohnishi et
al. [147] found no tissue staining for MMP-1, MMP-8 or
MMP-9 protein in emphysematous lung, although mRNA
for MMP-1, MMP-2 and MMP-9 was present. MMP-2 and
MMP-14 protein were present, and both collagenolytic and
gelatinolytic activities were increased in tissue homogen-
ates from patients compared with controls. In this study,
neither MMP-12 nor NE-related activity was elevated in
patients compared with controls. Another study found
MMP-1 mRNA and protein in lung tissue in patients with
COPD [146]. 

Besides these immunohistochemical techniques, cells
isolated from patients have been studied. Several studies
have shown that macrophages harvested by BAL from
COPD patients showed greater expression of MMP-1 and
MMP-9 compared with controls [30,149,150]. The study by
Finlay et al. [150] also showed greater proteinase activity of
MMP-1 and MMP-9 associated with these macrophages,
and MMP-9 localized on gel electrophoresis at the same
place as neutrophil-derived MMP-9 (i.e. complexed with
NGAL), suggesting that macrophages from patients with
COPD might have internalized either free NGAL or NGAL–
MMP-9 complexes, released by neutrophils. Additional NE
activity was also detected from macrophages from patients.
An alternative explanation to that of internalization is that
some of the macrophages in the patients were immature
and retained the ability of monocytes to secrete neutrophil
enzymes. Interestingly, expression of MMP-2 and MMP-12
was the same in patients and controls, and macrophages did
not appear to secrete these enzymes. Collagenase activity
was the same in active versus ex-smokers, suggesting that it
was a consequence of the emphysematous process rather
than an initiating factor [150]. In a study of induced 

Human studies
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sputum from patients with COPD and healthy smokers,
MMP activity was measured according to gelatinase or 
true collagenase function. Both gelatinase (MMP-9) and
collagenase (MMP-8) activity were elevated in COPD 
compared with controls, and the activity of these two
enzymes correlated with each other and with the number
of neutrophils, suggesting neutrophilic origin. This was
confirmed by immunohistochemistry of sputum cells,
showing MMP-8 only in neutrophils, and MMP-9 in 
both neutrophils and macrophages [151]. In another study,
sputum levels of MMP-9 and TIMP-1 were increased in
patients with COPD and asthma and correlated with the
numbers of neutrophils in sputum [152], while there 
was no difference in the amount of MMP-9 expressed or
secreted by circulating neutrophils from patients or healthy
controls [153]. Interestingly, these in vitro studies showed
release of both the pro-enzyme and the activated form by
neutrophils, and the activated form was probably the result
of activation of pro-MMP-9 by NE. Thus, it can be predicted
that inhibitors of NE may also inhibit MMP-9 activity [36].
In a further study [77], BALF from smokers with emphy-
sema was compared with BALF from healthy smokers.
MMP-9 and MMP-8 levels were elevated in emphysema,
and MMP-9 was again complexed to NGAL, suggesting
neutrophil derivation. NGAL was also elevated in emphy-
sema, although neutrophil numbers were not appreciably
increased. Alveolar macrophages were isolated and cul-
tured, but in this study only produced latent MMP-9 with
no difference in MMP-9 level between the subjects with

and without emphysema. Finally, induced sputum from
patients with COPD has been shown to contain increased
MMP-22 activity compared to that from controls [154].
Overall these data indicate that COPD is associated with
activation of the MMP class, but this activity appears related
to neutrophils rather than macrophages, suggesting that this
class of proteinases may be activated as a consequence of
neutrophilic inflammation. The contribution of MMPs to the
pathology of COPD is likely to be substantial given their broad
spectrum of activity. This is supported by genetic studies which
have shown that polymorphisms of the MMP-1, MMP-9,
MMP-12 and TIMP-2 genes are more common in patients
with emphysema [155–157], suggesting their products in
some way have a role. However, the effects of these poly-
morphisms on gene function have yet to be determined.

There is strong evidence linking serine proteinases and
matrix metalloproteinases with the pathogenesis of COPD,
despite wide discrepancies between studies of individual
proteinases. The observation that NE can activate MMPs
[36,125] may indicate that NE is an early step in a pro-
teinase cascade that leads to proteinase–antiproteinase
imbalance and degradation of lung tissue. Although the
absence of α1-AT in humans predisposes to severe early-
onset emphysema, implying a major role for NE in the patho-
genesis of emphysema, this could still be a modulatory 
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Figure 31.4 This figure
demonstrates the overlapping
proteinase complement of the
cells present in the lung in COPD.
Neutrophils produce directly
collagenolytic enzymes (matrix
metalloproteinase-8 [MMP-8],
neutrophil elastase [NE]) and
enzymes which can degrade 
both gelatin and elastin (MMP-9,
NE, cathepsin G [CG], proteinase
3 [PR3]). Macrophages produce 
a large number of proteinases
which share collagenolytic and
gelatinolytic activities, and in
some cases, elastinolytic activity
also (MMP-2, MMP-9 and 
MMP-12). In addition, other cells
such as alveolar and bronchial
epithelial cells, endothelial cells
and fibroblasts between them can
produce almost all of the enzymes
released by macrophages. Few
enzymes are confined to one cell
type or one substrate only.



role rather than as the chief agent of matrix destruction. 
It seems likely that macrophage-derived MMPs are also
critical mediators of lung damage but it is far from clear
whether this is related to their ability to break down lung
tissue per se, or their other abilities including disordered
repair, modulation of cytokine function and degradation of
inhibitors of other proteinases. 

The therapeutic approach to the role of proteinase
inhibitors in COPD should be a pragmatic one. It may be
that the critical proteinase in the pathogenic process is not
the one causing the tissue destruction, but rather one that
activates the destructive enzymes, inactivates endogen-
ous inhibitors or enables recruitment and activation of
inflammatory cells. Further complexities that arise when
considering the interactions between proteinases and their
inhibitors in the lungs include oxidants, which impair the
function of inhibitors of NE and activate the inflammatory
cascade, and infections. In patients with COPD related to
smoking therefore, the proteinase cascade may be differ-
ent to that arising in patients whose COPD is related 
to chronic asthma, and different again to that associated 
with bronchiectasis, where bacterial products can also 
stimulate neutrophil influx to the lungs, and stimulate a
different profile of macrophage cytokine secretion. Equally,
smoking-related COPD may have a different proteinase–
antiproteinase profile in active smokers versus ex-smokers.
Finally, the biochemical and cytokine profile may differ in
individuals with advanced disease compared with those
with early disease, and in those with pure emphysema ver-
sus the bronchiolitis or chronic bronchitis phenotypes. The
fact that different rates of progression and different disease
phenotypes exist may reflect the polymorphisms of various
MMPs and cytokine receptors that have been linked with
rate of progression, and this in turn may alter the clinical
effect of proteinases and response to proteinase inhibitors.
For these reasons, we should continue to try to elucidate
the pathogenetic mechanisms related to proteinases, in
order to identify patient groups in whom inhibitors can 
be tested with the best chance of eliciting a clinically
significant therapeutic response and thereby clarifying the
central processes.

Thanks for Dr Anita Pye for her assistance in preparing the
figures.
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CHAPTER 32

Oxidants

William MacNee

The toxicity of oxygen in the lungs has been recognized for
over 100 years; however, the mechanism of this toxicity
was not determined until the importance of oxygen rad-
icals, unstable compounds with an unpaired electron and
other non-radical reactive pro-oxidants capable of initiating
oxidation, were identified (referred to as reactive oxygen
species, ROS). It is now recognized that ROS are not only
relevant to oxygen toxicity, but that oxidant reactions
occur in a broad spectrum of conditions involving tissue
inflammation and injury [1,2]. Every compound, including
oxygen, that can accept electrons is an oxidant and a sub-
stance that donates electrons is a reductant. A chemical
reaction in which a substance gains electrons is defined as a
reduction, whereas oxidation is a process in which loss of
electrons occurs [2]. Thus, when a reductant donates elec-
trons, it causes another substance to be reduced and, when
an oxidant accepts electrons, it causes another substance to
be oxidized. Physiologically relevant ROS include super-
oxide radicals and non-radical pro-oxidants (Table 32.1).
To minimize oxidative damage the lungs are equipped 
with multiple enzymatic and non-enzymatic antioxidant
systems (see below). 

Reactive oxygen species are found diffusely throughout
the lungs and are by-products of normal metabolism. The
mitochondria are the largest producers of ROS as a result 
of the leak of electrons from the electron transfer chain
onto oxygen to form superoxide anions [2]. It is estimated
that 23% of oxygen produced in cells forms superoxide 
in this way. Other sources of superoxide include cytosolic
xanthine oxidase [3], mitochondrial respiration, membrane
nicotinamide adenine dinucleotide phosphate (NADPH)
oxidases and the endoplasmic reticulum [4].

Hydrogen peroxide is formed from the dismutation of
superoxide, but also by glycolate oxidase in peroxisomes. In
the presence of metals, hydrogen peroxide in the Fenton
reaction forms the hydroxyl radical. Hydroxy radicals are
also produced in the metal-mediated Haber–Weiss reaction

in which ferric ions are reduced by superoxide radicals to
ferrous ions (Fig. 32.1) [5]. 

Reactive nitrogen species (RNS) are primarily derived
from nitric oxide, which is produced by the action of the
three nitric oxide synthases (NOSs) on arginine (Fig. 32.2):
1 constituative NOS, which is found in respiratory epithe-
lium, blood vessels and nerve endings;
2 inducible NOS, which is found in respiratory epithelium
and activated macrophages [6]; and
3 neuronal NOS, which is found in the nerve plexus of the
trachea [7].

Antioxidants are the primary defence against ROS/RNS.
Antioxidants can be broadly divided into enzymatic or 
non-enzymatic antioxidants. The antioxidant enzymes
include the families of superoxide dismutase (SODs), cata-
lase, glutathione peroxidase, glutathione S-transferase and
thiorodoxin (Fig. 32.3) [8,9].
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Table 32.1 Radical and non-radical oxygen metabolites.

Name Symbol

Oxygen radicals
Oxygen (bi-radical) O2

Superoxide O2
−

Hydroxyl OH
Peroxyl ROO
Alkoxyl RO
Nitric oxide NO

Non-radical oxygen derivatives
Hydrogen peroxide H2O2

Organic peroxide ROOH
Hypochlorous acid HOCL
Ozone O3

Aldehydes HCOR
Singlet oxygen 1O2

Peroxynitrite ONOOH



The non-enzymatic antioxidants include low molecular
weight compounds such as glutathione (GSH), ascorbate,
urate, α-tocopherol and bilirubin. Other high molecular
weight molecules that might be considered to be antioxid-
ants include proteins that have oxidizable thiol groups 
such as albumin, or proteins that bind free metals such as
transferrin. The concentrations of these antioxidants vary
depending on both the anatomical and the subcellular loca-
tion. For example, GSH is 100-fold more concentrated in
airway epithelial lining fluid, compared with plasma, and as
such is considered to be a very important antioxidant in the
lungs; whereas albumin and transferin are found in high
concentrations in serum, but in much lower concentrations
in airway epithelial lining fluid [1,10].

In the lungs, as in all organs, there is a delicate balance
between ROS/RNS and antioxidants. If this balance is in
disequilibrium, either because of an excess amount of
ROS/RNS and/or depletion of antioxidants, then oxidative
stress is said to occur. 

Oxidative stress
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Measuring oxidative stress

Oxidative stress can be assessed by direct measurement 
of the oxidant burden (e.g. hydrogen peroxide in exhaled
breath condensate) or the response to oxidative stress, 
such as activation of the heme-oxygenase system, assessed
by measurements of CO in exhaled breath. Another way 
to measure oxidative stress is to measure the effects of 
oxidative stress on target molecules in the lungs, such as 
the nitration of tyrosine producing nitrotyrosine or the 
peroxidation of cell membrane lipids which results in pro-
ducts of lipid peroxidation.

Oxidants in cigarette smoke

Cigarette smoke is the main aetiological factor in the 
pathogenesis of COPD. It is a complex mixture of over 5000
different chemical compounds, including free radicals and
other oxidants that are present in high concentrations
[11,12]. Both the gas and the tar phase of cigarette smoke
contain large amounts of ROS [11]. Each puff of cigarette
smoke contains approximately 1015 radical molecules, prim-
arily of the alkyl and peroxyl types. Nitric oxide is another
oxidant present in the gas phase of cigarette smoke in con-
centrations of 500–1000 ppm (550–100 mg/L) [12]. The gas
phase of cigarette smoke also contains organic carbon and
oxygen centred radicals, which can react with unsaturated
compounds to form carbon centred organic radicals [12].

In the tar phase of cigarette smoke, there are more stable
radicals such as the semi-quinone radical, which can reduce
oxygen to produce superoxide anion (O2

−) and the hydroxyl
radical (·OH). The tar phase also contains ROS that are not
radicals such as hydrogen peroxide (H2O2) [12]. The tar
from cigarette smoke contains over 5000 different organic
compounds from which the water-soluble components, such
as aldehydes, catechol and hydroquin-one are extracted
out into the epithelial lining fluid [12]. Cigarette smoke
condensate, which may form in the epithelial lining fluid,
continues to produce ROS for a considerable time. 

Cell-derived oxidants

A characteristic feature of COPD is an abnormal inflammat-
ory response in the lungs to inhaled particles or gases [13].
Recent studies, which have characterized the inflammatory
response in lung tissue, bronchial biopsies and sputum,
have clearly shown increased numbers of leucocytes in the
airway and distal airspace walls in patients who develop
COPD, compared with smokers with a similar smoking his-
tory but who have not developed the disease [14–16].

The increased oxidative burden produced by inhaling
cigarette smoke is therefore further enhanced by the release
of ROS from inflammatory leucocytes, both neutrophils
and macrophages, which migrate in increased numbers

into the lungs of cigarette smokers, particularly in those
who develop COPD [17]. In addition, the lungs of smokers
who have airway obstruction have more neutrophils than
smokers without airway obstruction, with the potential for
a further increase in the oxidant burden [18].

Alveolar macrophages from the lungs of smokers are
more activated than those from non-smokers [19,20] and
release increased amounts of ROS such as O2

− and H2O2,
[21–24]. In vitro smoke exposure of alveolar macrophages
has been shown to increase the oxidative metabolism of
alveolar macrophages [25]. Subpopulations of alveolar
macrophages with a higher density are more prevalent in
the lungs of smokers and are thought to be the source of the
increased O2

− production in smokers [26].
The xanthine/xanthine oxidase (X/XO) system can 

generate O2
− and H2O2 and XO activity is increased in cell

free bronchoalveolar lavage fluid from COPD patients,
compared with normal subjects, associated with increased
O2

− and uric acid production [27]. 
Iron is a critical element in many oxidative reactions

[28]. Free iron in the ferrous form catalyses the Fenton
reaction and the superoxide-driven Haber–Weiss reaction,
which generate the extremely reactive hydroxyl radical
(see Fig. 32.1). The lung lining fluid of smokers contains
more iron than non-smokers [29,30] and alveolar macro-
phages from smokers, particularly those who develop
chronic bronchitis, both contain [30] and release more 
iron than those of non-smokers [31,32]. The presence of
increased amounts of free iron in the airspaces will there-
fore enhance the generation of oxidants in the lungs of
smokers [33]. Airway epithelial cells are another source of
ROS. Type II alveolar epithelial cells can release both H2O2

and O2
− in similar amounts to alveolar macrophages [34]

and the release of ROS from these cells is able, in the pres-
ence of myeloperoxidase, to inactivate α1-antitrypsin in vitro
[35] thereby reducing the protective antiprotease screen.

Tumour necrosis factor α (TNF-α) and lipopolysaccharide
(LPS), which are relevant mediators in the inflammatory
response in COPD, can stimulate airway epithelial cells to
produce increased amounts of ROS and RNS [34]. ROS and
RNS can also be generated intracellularly from several sources
as described above. Depending on the relative amounts of
O2

− and NO, which are almost invariably produced simultan-
eously at sites of inflammation, these can react together 
to produce the powerful oxidant peroxynitrite (ONOO−).
Because this reaction occurs at a nearly diffusion-limited
rate, it is thought that NO can out-compete SOD for reac-
tion with O2

− and thus ONOO− will be generated [1]:

O2
− + NO → ONOO−.

Peroxynitrite is directly toxic to cells or may decompose to
produce the hydroxyl radical:

ONOO− + H+ → OH· + NO2.
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The reaction of free radicals with polyunsaturated fatty
acid side-chains in membranes or lipoproteins results in
lipid peroxidation. This reaction is self-perpetuating, con-
tinuing as a chain reaction [36]. Lipid peroxides also have a
role in the signalling events and in the molecular mech-
anisms involved in inflammation (see below).

Evidence for oxidative stress in COPD

Direct measurements of oxidative stress are difficult as free
radicals and ROS are highly reactive and thus short lived.
Numerous studies have measured a range of surrogate
markers of oxidative stress in smokers and in patients with
COPD. These surrogate markers measure oxidants directly
(Table 32.2) [37–40], measure the stress responses to an
increased oxidant burden or measure the effects of radicals
on biomolecules such as lipids, protein or nucleic acids.
Measurements of these markers of oxidative stress have
been made in blood, exhaled breath or breath condensate
and in induced or spontaneously produced sputum. Markers
of oxidative stress have also been measured in broncho-
alveolar lavage fluid and in lung tissue in patients with COPD.

A valid biomarker of oxidative stress in COPD should be:
1 implicated in the disease;
2 stable;
3 representative of the balance between oxidative damage
generation and clearance;
4 determined by an assay that is specific, sensitive, repro-
ducible and robust;
5 free of confounding factors from dietary intake; and
6 present at a detectable level [37–40].

Measurements of oxidative stress in breath,
breath condensate and sputum

Exhaled breath condensate is collected by cooling or freez-
ing exhaled air. The content of breath condensate reflects
the composition of the airway and airspace epithelial lining
fluid, although large molecules may not aerosolize as well
as small molecules. Measurement of biomarkers in breath
condensate reflects molecules derived from the oral cavity
and oral pharynx, tracheal bronchial tree and alveoli.
However, their proportional contribution is not fully estab-
lished. It is assumed that turbulent airflow aerosolizes 
airway and airspace lining fluid.

Hydrogen peroxide, measured in exhaled breath con-
densate, is a direct measurement of this oxidant in the
airspaces. Smokers and patients with COPD have higher
levels of exhaled H2O2 than non-smokers [41,42], and 
levels are even higher during exacerbations of COPD [43].
The source of the increased H2O2 is not fully determined
but may derive in part from increased release of O2

− from
alveolar macrophages in smokers [44]. However, there is
one study that did not show that smoking increased the 
levels of exhaled H2O2 [41], although in this study the 
levels of exhaled H2O2 correlated with the degree of air-
flow obstruction as measured by forced expiratory volume
in 1 s (FEV1).

Exhaled nitric oxide (NO) has been considered to be both 
a marker of airway inflammation and indirectly as a mea-
sure of oxidative stress. Increased levels of NO have been
reported in exhaled breath in some studies of patients 
with COPD [45,46], but not in others [47]. However, the
reported levels are not as high in COPD as in asthmatics
[48]. Smoking increases NO levels in breath [49], and the
reaction of NO with O2

− and with thiol groups limits the 
usefulness of this marker in COPD, except perhaps to help
to differentiate from asthma [50].

Neutrophils and macrophages are known to migrate in
increased numbers into the lungs of cigarette smokers,
compared with non-smokers [51]. Moreover, the lungs of
smokers with airway obstruction have more neutrophils
than smokers without airway obstruction [52]. Neutro-
phils from cigarette smokers have been shown to have 
an increased myeloperoxidase content [53] and the levels
of myeloperoxidase correlate negatively with the FEV1 in
patients with COPD [43,54], suggesting a role for neutrophil
myeloperoxidase-mediated oxidative stress in the patho-
genesis of airways obstruction in COPD.

An increased oxidative burden in smokers is also shown
by increased release of ROS such as O2

− and H2O2 from
smoker’s macrophages [55] and peripheral blood neu-
trophils [56] compared with non-smokers.

Thus, direct measurements of the oxidant burden in the
airspaces indicate an enhanced oxidant burden in cigarette
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Table 32.2 Measurements of oxidative stress.

Direct measurements of the oxidative burden
Hydrogen peroxide in breath condensate
BAL/peripheral blood leucocyte ROS production
Nitric oxide in exhaled breath

Responses to oxidative stress
CO in breath (haemoxygenase)
Antioxidants, antioxidant enzymes in blood, sputum, BAL

and lung tissue

Effects of oxidative stress on target molecules
Nitrotyrosine (peroxinitrite)
Oxidized proteins (orthotyrosine, nitrotyrosine,

chlorotyrosine)
Lipid peroxidation products (isoprostanes, 4-

hydroxynonenol, hydrocarbons) in breath condensate,
sputum, BAL, blood, lung tissue

BAL, bronchoalveolar lavage; CO, carbon monoxide; ROS,
reactive oxygen species.



smokers in most studies, with even greater oxidant burden
in those who have COPD. 

Markers of the responses to oxidative stress have also
been measured in COPD patients. Carbon monoxide (CO)
is produced endogenously as a result of oxidant-mediated
induction of the stress protein heme-oxygenase 1 (HO-1) 
in a variety of cell types [57]. HO-1 converts heme and
hemin to biliverdin with the formation of CO (Fig. 32.4).
Biliverdin itself is rapidly converted to bilirubin which 
acts as an antioxidant. Cigarette smoking causes an acute
increase in exhaled CO making this measurement less 
useful in smokers. However, high levels of exhaled CO
have been found in ex-smoker COPD patients [57,58]. It 
is presumed that the high levels of exhaled CO in COPD
patients are caused by inflammatory cytokines or ROS
inducing HO-1 expression and therefore the high levels of
CO may reflect both oxidative stress and inflammation. 

A further response to oxidative stress in the lungs is a
change in antioxidants. Glutathiane (GSH) is a important
antioxidant in lung lining fluids. Reduced GSH is elevated
in bronchoalveolar lavage fluid (BALF) in chronic smokers
[59–61]. However, the twofold increase in BALF GSH in
chronic smokers may be insufficient to deal with the excess-
ive oxidant burden during smoking, when acute depletion
of GSH may occur [62]. The depletion of GSH in epithelial
lining fluid following cigarette smoking is likely to result
from direct interaction of GSH with oxidants and elec-
trophilic compounds in cigarette smoke to form oxidized
GSH or GSH conjugates [63,64]. The increase in GSH in
chronic cigarette smokers is likely a response to oxidative
stress by up-regulating γ-glutamylcysteine synthetase, the
main synthesizing enzyme for GSH [63,64]. 

Changes in other antioxidants and antioxidant enzymes
in response to cigarette smoke have been variable. Reduced
levels of vitamin E have been found in the BALF of smokers
compared with non-smokers [65], whereas increased activ-
ity of antioxidant enzymes (SOD and catalase) have been
reported in alveolar macrophages from young smokers
[66]. Others have found that the increased superoxide 

generation by alveolar macrophages in elderly smokers
compared with non-smokers is associated with decreased
antioxidant enzyme activities [67]. There is therefore no
consistent change in antioxidant defences in the epithelial
lining fluid in smokers and no information in COPD
patients.

The effects of oxidative stress on target molecules in the
lungs have been assessed. Ethane, pentane and hydro-
carbons are released during lipid peroxidation in biological
tissues. Ethane derives from the peroxidation of N-6
polyunsaturated acids. Ethane levels in exhaled breath are
elevated in COPD patients and correlate with the degree of
airflow limitation [68]. Isoprostanes are lipid peroxidation
products formed from the peroxidation of arachadonic 
acid independent of the cyclo-oxygenase enzyme pathway
[69,70]. Their presence is therefore an indication not only
of oxidative stress, but also that oxidative stress has affected
important target molecules to produce a lipid peroxidation
product. These compounds may also have an important
role in pulmonary pathophysiology [71]. Isoprostanes
cause constriction of the pulmonary vasculature and air-
way smooth muscle cells [72] and have been shown to
induce various second messenger systems that result in
vaso- and bronchoconstriction [73,74]. Isoprostanes have
also been shown to activate inflammatory cells such as 
neutrophils and to enhance their adhesion [75].

8-Isoprostane levels in exhaled breath condensate are
elevated in patients with stable COPD [76,77] and cor-
relate with the degree of airway inflammation as mea-
sured by sputum neutrophil numbers [78]. The levels of 
8-isoprostane are increased further in exacerbations of 
COPD [79].

Lipid peroxidation products have been found in
increased amounts in lung tissue from cigarette smokers
and the levels relate to the length of smoking [80]. BALF
from cigarette smokers also contains increased products of
lipid peroxidation, such as malondehaldyde [21]. 

4-hydroxy-2-nonenal (4-HNE) is a highly reactive alde-
hyde lipid peroxidation product which has been shown to
enter cells and activate mitogen-activated protein (MAP)
kinase signalling pathways [81]. It also acts as a chemoat-
tractant for neutrophils [81]. Increased levels of 4-HNE-
modified proteins have been found in airway, alveolar
epithelial cells, endothelial cells and in neutrophils in 
subjects with airway obstruction compared with subjects
without airway obstruction but who have had similar
smoking histories. This suggests not only the presence 
of this lipid peroxidation product but that this product
modifies proteins in lung cells to a greater extent in patients
with COPD. In addition, the levels of 4-HNE-adducts in
alveolar and airway epithelium have been shown to be
inversely related to the FEV1, suggesting a role for 4-HNE in
the pathogenesis of COPD (Fig. 32.5) [82].
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Systemic oxidative stress in COPD

COPD is now considered not only to produce local effects 
in lungs but also to have systemic manifestations [83,84].
Examples of these systemic effects are the skeletal muscle
dysfunction and weight loss that occurs in some patients
and are a predictor of reduced survival [85].

There is evidence of an increased systemic oxidative bur-
den in COPD, as shown by the greater ability of circulating
neutrophils from patients with COPD to release ROS [56].
The lipid peroxidation products thiobarbituric acid reactive
substances have been found in plasma in greater amounts
in healthy smokers and in patients with acute exacerba-
tions of COPD, compared with healthy non-smokers [83].
Other products of lipid peroxidation such as conjugated
dienes of linoleic acid are also elevated in the plasma in
chronic smokers [86]. Similarly, levels of the lipid peroxida-
tion product F2-isoprostane are elevated in the urine in
smokers [87]. Measurements of the antioxidant capacity in
the blood can be used as a marker of systemic oxidative
stress. Smoking causes a transient decrease in antioxidant
capacity which also occurs during exacerbations of COPD
[55,83]. The reaction of nitric oxide with superoxide anion
leads to the formation of peroxynitrite which has been
shown to decrease plasma antioxidant capacity rapidly by
oxidation of ascorbic acid, uric acid and plasma sulphydryls
[88]. Increased plasma peroxynitrite levels have been
demonstrated in cigarette smokers [89] and increased
immunoreactivity for nitrotyrosine has been shown in 
sputum leucocytes in patients with COPD. Nitration of
tyrosine residues or proteins in plasma leads to the pro-
duction of 3-nitrotyrosine. Higher levels of 3-nitrotyrosine
have been found in the plasma in smokers compared with
non-smokers, which correlated negatively with the plasma
antioxidant capacity in smokers [89].

Consequences of oxidative stress in the
pathogenesis of COPD

Airspace epithelial injury and permeability
The epithelial surface of the lung airspaces, by virtue of its
direct contact with the environment, is particularly vulner-
able to the effects of oxidative stress produced by cigarette
smoke. Oxidants in cigarette smoke can directly damage
components of the lung matrix (such as elastin and colla-
gen) [90]. The synthesis and repair of elastin can also be
impaired by cigarette smoke [91], which may augment 
the proteolytic damage to matrix components and thus
enhance the development of emphysema.

One of the earliest injurious events in smokers is
increased airspace epithelial permeability [92]. Cigarette
smoke produces direct injury to human alveolar epithelial
cell monolayers in vitro as shown by increased epithelial cell
detachment, decreased cell adherence and increased cell
lysis [93]. These effects are in part oxidant mediated
because they are abrogated by the antioxidant GSH in con-
centrations (500 μmol/L) that are present in the epithelial
lining fluid.

Studies in humans show increased epithelial permeab-
ility in chronic smokers compared with non-smokers, as
measured by increased 99mtechnetium-diethylenetriamine-
pentacetate (99mTc-DTPA) lung clearance, with a further
increase in 99mTc-DTPA clearance following acute smoking
[59].

Both extra- and intracellular GSH appear to be critical to
the maintenance of epithelial integrity following expos-
ure to cigarette smoke. Studies of increased permeability 
of epithelial cell monolayers in vitro [62,94] and in rat 
lungs in vivo [64] show that smoke exposure is associated
with profound changes in the antioxidant GSH. Concentra-
tions of GSH are consistently decreased following smoke 
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exposure, concomitant with a decrease in the activities 
the enzymes are involved in the GSH redox cycle such as
GSH peroxidase and glucose-6-phosphate dehydrogenase.
Depletion of lung GSH alone induces increased airspace
epithelial permeability both in vitro and in vivo [64,94,95].

Oxidative stress and apoptosis
Apoptosis or programmed cell death of leucocytes constitutes
an important mechanism in the resolution of inflammation
[96]. It is now recognized that structural cells in the lungs
also undergo apoptosis and oxidant-mediated mechanisms
may be involved. Hydrogen peroxide can induce apoptosis
in airway epithelial cells [97]. Studies both in vitro and in
vivo in animals and in humans have shown that apoptosis
can occur in smoke-exposed macrophages [98]. However,
studies in vitro in both endothelial cells and airspace epithe-
lial cells indicate that smoke exposure may induce necrosis
rather than apoptosis and necrosis itself may be a further
stimulus to inflammation in the lungs [99].

It has been suggested that pulmonary capillary epithelial
cell apoptosis, induced by cigarette smoking, may be an
early event in the process that leads to alveolar wall
destruction and emphysema. Studies of human lungs 
indicate that pulmonary vascular endothelial apoptosis is
present in emphysematous lungs [100]. Mechanisms
involving transcription factors AP-1 and NF-κB and the
down-regulation of the vascular endothelial growth fac-
tor receptor KDR (VEGF-KDR) have been proposed as part
of the mechanism. Down-regulation of the VEGF-KDR
receptor in an animal model can induce both apoptosis and
emphysema [101]. It has also been proposed that oxidant-
mediated mechanisms are involved in this process, because
the apoptosis in emphysematous lungs is also associated
with markers of oxidative stress, specifically lipid peroxida-
tion products such as 4-hydroxy-nonenal [102]. Further-
more, the emphysema induced by inhibiting VEGF-KDR
can be prevented by antioxidant treatment [102]. 

Protease–antiprotease imbalance

The development of a proteinase–antiproteinase imbalance
in the lungs is thought to be a critical event in the patho-
genesis of emphysema. The hypothesis is that increased
recruitment of leucocytes to the lungs will increase the 
protease burden in the lungs and at the same time the anti-
protease screen, particularly α1-antitrypsin (α1-AT), may
be inactivated by oxidation resulting in a relative deficiency
of antiproteases in the presence of an excess of proteases,
leading to a proteinase–antiproteinase imbalance.

However, this simple hypothesis of an imbalance
between an increased elastase burden in the lungs and 
a functional ‘deficiency’ of α1-AT because of its inactiva-
tion by oxidants is an oversimplification, not least because

other proteinases and antiproteinases are likely to have 
a role. Early studies showed that the function of α1-AT in
bronchoalveolar lavage was decreased by approximately
40% in smokers compared with non-smokers [103]. This
‘functional α1-AT deficiency’ is thought to be caused by
oxidative inactivation by cigarette smoke of the methionine
residue of α1-AT at its active site [104,105]. Oxidation of
the methionine residue in α1-AT has been confirmed in the
lungs of healthy smokers [106]. In vitro studies show that
oxidants [107], including cigarette smoke [108], reduce the
inhibitory capacity of α1-AT. Other studies have shown that
macrophages from the lungs of smokers release increased
amounts of ROS which can inactivate α1-AT in vitro [105].
However, it has been shown that the α1-AT in the airspaces
in cigarette smokers remains active and is still capable of
protecting against the increased protease burden. There are
also conflicting data on whether α1-AT function is altered
in cigarette smokers [109], and the original observation
that oxidation of α1-AT occurs in bronchoalveolar lavage 
in smokers has not been confirmed [110]. Studies of the
effects of acute cigarette smoking have only shown a tran-
sient but non-significant fall in the antiprotease activity of
bronchoalveolar lavage fluid (BALF) 1 h after smoking [111].
Thus, studies assessing the function of α1-AT in either chronic
or acute cigarette smoking have failed to produce a clear
picture that oxidative stress inactivates antiproteases.

Neutrophil sequestration and migration 
in the lungs

The enhanced inflammation that is thought to characterize
COPD is associated with the influx of leucocytes of which
polymorphonuclear leukocytes are a prominent cell.
Neutrophil recruitment into the airspaces is initiated by the
sequestration of these cells in the lung microcirculation
[112]. Initial sequestration of neutrophils in the pulmonary
microcirculation results from the size differential between
neutrophils (average diameter 7 μmol) and pulmonary 
capillary segments (average diameter 5 μmol). Thus, under
normal circumstances, a proportion of the circulating neu-
trophils have to deform in order to negotiate the smaller
capillary segments, which delays their transit through 
the microcirculation. Radiolabelled neutrophil studies in
healthy subjects indicate that a proportion of neutrophils
are normally delayed in the pulmonary circulation [113]. It
has also been shown that there is a correlation between
neutrophil deformability measured in vitro and the sub-
sequent sequestration of these cells in the pulmonary
microcirculation following their re-injection in normal 
subjects – the less deformable the cells the greater the
sequestration of these cells in the pulmonary circulation
[112]. Sequestration of neutrophils in the pulmonary 
capillaries allows time for the neutrophils to interact with
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the pulmonary capillary endothelium, resulting in their 
adherence to the endothelium and thereafter their trans-
migration across the alveolar capillary membrane to the
interstitium and airspaces of the lungs in response to
inflammation or infection. 

Neutrophils in transit in the pulmonary microcirculation
neutrophils can be activated by a number of mediators,
including cytokines released from alveolar macrophages,
epithelial and endothelial cells. Inhaled oxidants such as
those contained in cigarette smoke and other air pollutants
can influence the transit of cells in the pulmonary capillary
bed. Studies using radiolabelled neutrophils and red cells in
healthy smokers show a transient increase in neutrophil
sequestration in the lungs during smoking [114], which 
is associated with an acute decrease in cell neutrophil
deformability [115,116], an effect that is likely to be oxid-
ant mediated. Support for this comes from in vitro studies
that show decreased neutrophil deformability induced by
cigarette smoke is abolished by antioxidants [115]. There is
also evidence of systemic oxidative stress following cigarette
smoking, which may affect neutrophils and increase their
sequestration in the pulmonary microcirculation [116]. 

Cigarette smoke has also been shown to cause the release
of neutrophils from the bone marrow with decreased
deformability, which may preferentially sequester in the
pulmonary microcirculation [117]. The mechanism for
release of bone marrow neutrophils in response to smoke is
as yet unclear, but oxidants may have a role. 

Thus, cigarette smoking increases neutrophil sequestra-
tion in the pulmonary microcirculation, at least in part, by
decreasing neutrophil deformability, an effect that may be
oxidant mediated. Once sequestered in the pulmonary
microcirculation, components of cigarette smoke can alter
neutrophil adhesion to endothelium by up-regulating
CD18 integrins [118,119]. Inhalation of cigarette smoke in
hamsters increases neutrophil adhesion to the endothelium
of both arterioles and venules [118], an event that may 
be mediated by superoxide anion derived from cigarette
smoke, because it is inhibited by pretreatment with CuZn-
SOD [118]. Neutrophils sequestered in the pulmonary cir-
culation of the rabbit following cigarette smoke inhalation
also show increased expression of CD18 integrins [119].

Oxidant-mediated mechanisms may also result in
increased sequestration of neutrophils, which occurs in the
pulmonary microcirculation during exacerbations of COPD
[55,113]. Studies in animal models of smoke exposure
[120] have shown increased neutrophil sequestration 
in the pulmonary microcirculation, associated with up-
regulation of adhesion molecules on the surface of these
cells [119]. Activation of neutrophils sequestered in the
pulmonary microvasculature could induce the release of
reactive oxygen intermediates and proteases within the
microenvironment, with limited access for free radical 

scavengers and antiproteases. Thus, destruction of the 
alveolar wall, as occurs in emphysema, could result from a
proteolytic or oxidant insult from the intravascular space,
without the need for the neutrophils to migrate into the
airspaces [121]. 

Mucins are complex glycoproteins that are an essential pro-
tective mechanism in the upper airways. The regulation of
mucus production and clearance is altered in the lungs 
of COPD patients. The airways of smokers contain more
goblet cells than do those of non-smokers and goblet-cell
activation results in mucus hypersecretion leading to air-
way plugging. Cigarette smoke has been shown to activate 
epidermal growth factor (EGF) receptors, resulting in the
induction of mucin (mucin5ac gene expression) synthesis 
in epithelial cells and in lungs in vitro and in vivo [122].
Oxidants appear to be involved in these events because
cigarette smoke-mediated MUC5ac gene expression is in-
hibited by antioxidants [122]. 

COPD is now considered to have important systemic con-
sequences including weight loss and muscle dysfunction.
The cause of the muscle dysfunction in COPD is not well
understood, but mechanisms involving oxidative stress
may be involved. Skeletal muscles can generate ROS at rest
and ROS production increases during contractile activity.
Increased oxidative stress also occurs in skeletal muscle
during skeletal muscle fatigue [123]. This may result 
from hypoxia, impaired mitochondrial metabolism and
increased cytochrome C oxidase activity in skeletal muscle
in patients with COPD [124]. Reduced muscle glutamate 
(a precursor of GSH) occurs in patients with severe COPD,
associated with increased muscle glycolytic metabolism
[125]. In association with lowered levels of glutamate, 
GSH levels were also decreased in muscles, suggesting an
oxidant–antioxidant imbalance is involved in the skeletal
muscle dysfunction in patients with COPD. A causal rela-
tionship between abnormally low muscle redox potential 
at rest and alteration of protein metabolism observed in
patients with emphysema has been suggested. This is sup-
ported by a study that showed decreased muscle redox
capacity, probably as a result of a reduced ability of muscles
to synthesize GSH during endurance training in patients
with COPD [126]. Several lines of evidence therefore 
suggest that oxidative stress has a role in mediating 
muscle mass wasting in susceptible subsets of patients with
COPD.

Oxidative stress and muscle dysfunction

Mucus hypersecretion
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A characteristic feature of COPD is an abnormal inflam-
matory response in the lungs to inhaled particles or gases
[13,127]. The mechanism of this enhanced inflammatory
response is the subject of intensive study. Gene expression
for many inflammatory mediators, such as those for the
cytokines, interleukin 8 (IL-8) and TNF-α, and nitric oxide,
are regulated by transcription factors, such as NF-κB. In
quiescent cells, NF-κB is present in the cytosol in an inac-
tive form linked to an inhibitory protein IκB. Oxidants are
one of the mediators that can activate NF-κB by activating
I-κB kinase, which phosphorolates the inhibitory protein
IκB resulting in cleaving of IκB from NF-κB and its destruc-
tion in the proteosome [128]. Oxidants also activate other
signal transduction pathways involved in inflammation,
such as the ~ERK and JNK and P38 MAP kinase pathways,
which may signal through other transcription factors such
as C-jun-AP-1. Activation of these transcription factors 
and their binding to their consensus sites in the nucleus
increases transcription of many proinflammatory genes
leading to inflammatory cytokine release from lung cells.
Inflammation itself will generate further oxidative stress
and this may lead to a vicious circle which enhances the
inflammatory response (Fig. 32.6).

Studies in vitro show that treatment of macrophages,
alveolar, bronchial epithelial cells with oxidants result in
increased mRNA expression and the release of inflam-
matory mediators such as IL-8, IL-1 and nitric oxide, asso-
ciated with increased nuclear binding and activation of 
NF-κB [129,130]. In addition, a stimulus relevant to exac-
erbations of COPD, such as particulate air pollution, which
has oxidant properties, also activates NF-κB in alveolar
epithelial cells and causes the release of IL-8 [131].

Inflammation, oxidative stress and 
gene expression

Thiol antioxidants such as N-acetylcysteine and N-
acystelyn, which are potential therapies in COPD, have
been shown in in vitro experiments to block the release 
of these inflammatory mediators from epithelial cells and
macrophages in response to oxidants by a mechanism
involving increasing intracellular GSH and decreasing NF-
κB activation [129,131]. The intracellular GSH redox status
in cells is affected by cigarette smoke and may have a critical
role in the regulation of transcription factors such as NF-κB
and AP-1 [132–134]. Interaction may also occur between
oxidants and TNF, which are both relevant mediators in
COPD, producing synergistic activation of NF-κB [135].

A further mechanism that may enhance the inflam-
matory response in COPD is the remodelling of chromatin
which involves histone acetylation–deacetylation [128]. In
the nucleus, DNA is normally tightly wound around a core
of histone residues. This configuration of the chromatin
results in gene silencing by preventing access of transcrip-
tion factors and RNA polymerase to the transcriptional
machinery. Under the influence of enzymes known as his-
tone acetyl transferases (HATs), core histone residues are
acetylated, which results in the unwinding of DNA around
the core histones and allows access for transcription factors
and RNA polymerase to the transcriptional machinery,
resulting in transcription. This process is regulated by other
enzymes known as histone deacetylases (HDAC), which
deacetylate histone residues and cause the rewinding of
DNA and gene suppression (Fig. 32.7). Thus, an increase in
histone acetylation and/or a decrease in HDAC will alter the
balance between acetylation and deacetylation in favour 
of enhanced gene expression. Oxidants such as H2O2 and
oxidants derived from cigarette smoke or particulate air
pollution alter chromatin remodelling, producing increased
acetylation and decreased HDAC expression [136,137].
Cigarette smoke exposure has also been shown to produce
decreased HDAC protein expression and increased histone
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acetylation in the lungs of animals exposed to cigarette
smoke associated with enhanced lung inflammation and
increased oxidative stress [138]. 

Relatively few studies have assessed the relationship
between markers of inflammation or oxidative stress and
the progression of disease in COPD. The neutrophil appears
to be an important cell in the pathogenesis of COPD and
one study has shown a relationship between blood neu-
trophil counts and FEV1 [139]. Moreover, a relationship has
also been shown between the change in peripheral blood
neutrophil count and the change in airflow limitation over
time [140]. A relationship has also been demonstrated
between the release of ROS by neutrophils and measure-
ments of airflow limitation in young cigarette smokers
[141]. Neutrophil counts in sputum have also been shown
to relate to the decline in FEV1: the greater the neutrophil
count in sputum the more rapid the decline in FEV1 [142].
Oxidative stress, measured as lipid peroxidation products in
plasma, has also been shown to correlate inversely with the
percentage predicted FEV1 in a population study [143], but
not in a COPD population [144].

General population studies have shown an association
between dietary intake of antioxidant vitamins and lung
function. In a population of 2633 subjects, an association
was demonstrated between dietary intake of the antioxi-
dant vitamin E and lung function [145], supporting the
hypothesis that antioxidants may have a role in protecting
against the development of COPD. A further study sug-
gested that antioxidant levels in the diet may explain the

Oxidative stress and the development of
airways obstruction

differences in COPD mortality in different populations
[146]. Dietary polyunsaturated fatty acids have also been
suggested as being protective in cigarette smokers against
the development of COPD [147,148]. However, interven-
tion studies of dietary antioxidant supplementation have
not been able to demonstrate a positive effect in the devel-
opment of COPD. 

Only 15–20% of smokers appear to be very susceptible to
the effect of cigarette smoke and have a rapid decline in
FEV1 and develop COPD [149]. There has been consider-
able interest in identifying those who are susceptible and
the mechanisms underlying that susceptibility [149–151]
because this would provide an important insight into the
pathogenesis of COPD. 

Association studies of polymorphisms of various genes
have been performed and a number of polymorphisms
have been shown to be more prevalent in smokers who
develop COPD [150]. Some of these polymorphisms have
functional significance, such as the TNF-α gene polymor-
phism (TNF2), which is associated with increased TNF 
levels in response to inflammation and the development of
chronic bronchitis [152]. Microsomal epoxide hydrolase is
an enzyme involved in the metabolism of highly reactive
epoxide intermediates which are present in cigarette smoke
[153]. The proportion of individuals with slow microsomal
epoxide hydrolase activity (homozygotes) is significantly
higher in patients with COPD and a subgroup of patients
shown to have emphysema (COPD 22%; emphysema
19%), compared with control subjects (6%) [153]. These
data, however, have not been reproduced in other patient
populations [154]. Although the results of association stud-
ies with polymorphisms have shown inconsistent results,
there does seem to be more evidence to support abnormal
polymorphisms in the oxidant–antioxidant pathways with
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the development of COPD than with other pathways 
(Table 32.3) [153–163]. It may be that a panel of ‘sus-
ceptibility’ polymorphisms, of functional significance in
enzymes involved in xenobiotic metabolism or antioxidant
enzyme genes, may allow individuals to be identified as
being susceptible to the effects of cigarette smoke. 

There is now convincing evidence for an oxidant–
antioxidant imbalance in smokers and a probable role 
for this imbalance in the pathogenesis of COPD. However,
proof of concept of the role of oxidative stress in the patho-
genesis of COPD will only come with studies of effective
antioxidant therapy.

Various approaches have been tried to redress the 
oxidant–antioxidant imbalance. One approach is to target
the inflammatory response by reducing the sequestration
or migration of leucocytes from the pulmonary circulation
into the airspaces. Possible therapeutic options for this are
drugs that alter cell deformability, so preventing neutro-
phil sequestration or the migration of neutrophils, either 
by interfering with the adhesion molecules necessary for
migration, or preventing the release of inflammatory

Therapy to be targeted at 
oxidative stress

cytokines such as IL-8 or leukotriene B4 which result in
neutrophil migration. Agents are available that may in part
be effective by preventing activation of leucocytes and in
particular the release of ROS. Preliminary results of phos-
phodiesterase 4 inhibitors have shown some therapeutic
benefit in patients with COPD [164]. The mechanism by
which such drugs act is by increasing cellular cyclic adeno-
sine monophosphate (cAMP), which decreases neutrophil
activation. In particular, the release of ROS by neutrophils
may be decreased, because cAMP blocks the assembly of
NADPH oxidase [165,166].

Various strategies are available to enhance the lung
antioxidant screen in order to quench oxidants. One
approach is to use specific spin traps such as α-phenyl-N-
tert-butyl nitrone to react directly with reactive oxygen and
ROS at the site of inflammation. However, considerable
work is needed to demonstrate the efficacy of such drugs in
vivo. Antioxidants that have a double action, such as inhibi-
tion of lipid peroxidation and quenching of ROS, may be
developed [167]. A further approach might be the manipu-
lation of antioxidant genes, such as GSH peroxidase or the
genes involved in the synthesis of GSH, such as γGCS, or by
developing molecules with activity similar to these antioxi-
dant enzymes.

Effective oxidant therapy has been shown, at least in 
animal models, to reduce inflammation. Recombinant 
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Table 32.3 Genetic association studies of COPD and related phenotypes.

Gene categories Gene/genotype Phenotype of COPD Association Population Reference

Oxidant/ Heme oxygenase 1 Emphysema Yes Japanese 154
antioxidant genes (HMOX1): GT repeat Rate of lung function ↓ No Whites 155

Microsomal epoxide Emphysema Yes Caucasians 156
hydrolase (mPHX): COPD Yes Caucasians 156
113His/His 39 COPD No Koreans 157

Rate of lung function ↓ Yes Whites 158

GSTM1 null Chronic bronchitis Yes Caucasians 159
Emphysema Yes Caucasians 160
COPD No Koreans 157
Lung function growth Yes Whites 161
Rate of lung function ↓ No Whites 155

GSTT1 null COPD No Koreans 157
Lung function growth No Whites 161
Rate of lung function ↓ No Whites 155

GSTP1 105lle COPD Yes Japanese 162
COPD No Koreans 163
Rate of lung function ↓ No Whites 155
Lung function growth Yes Whites 161

Cytochrome Emphysema Yes Caucasians 164
P4501A1:462Val



SOD treatment can prevent neutrophil influx into the
airspaces induced by cigarette smoke. IL-8 release from air-
space leucocytes induced by cigarette smoking is also
decreased by SOD through a mechanism involving down-
regulation of NF-κB (Fig. 32.8) [168]. This holds great
promise if compounds can be developed with antioxidant
enzyme properties that may be able to act as novel 
anti-inflammatory drugs by regulating the molecular events
in lung inflammation.

A further therapeutic approach would be to administer
antioxidant agents. This has been attempted in cigarette
smokers using various antioxidants such as vitamins C and
E. In general, the results have been rather disappointing,
although the antioxidant vitamin E has been shown to
decrease markers of oxidative stress in patients with COPD
[169].

Attempts to supplement lung GSH have been made using
GSH or its precursors [170]. GSH itself is not efficiently
transported into most animal cells and an excess of GSH
may be a source of the thiyl radical under conditions of
oxidative stress [171]. Nebulized GSH has also been used
therapeutically, but this has been shown to induce
bronchial hyperreactivity [172]. The thiol cysteine is the
rate-limiting amino acid in GSH synthesis [173]. Cysteine
administration is not possible because it is oxidized to 
cystine, which is neurotoxic. The cysteine-donating com-
pound N-acetylcysteine (NAC) acts as a cellular precursor
of GSH and is deacetylated in the gut following oral admin-
istration to cysteine. This compound reduces disulphide
bonds and has the potential to interact directly with 
oxidants. NAC also has mucolytic properties by reducing
disulphide bonds in mucus. The use of NAC in an attempt 
to enhance GSH in patients with COPD has met with 
varying success [174,175]. NAC given orally in low doses of
600 mg/day to normal subjects results in very low levels of
NAC in the plasma up to 2 h after administration [175].

NAC given in a higher dose of 600 mg three times daily for 
5 days produced a significant increase in plasma GSH levels
[174]. However, there was no associated significant rise in
BAL GSH or in lung tissue [175]. These data may imply that
producing a sustained increase in lung GSH is difficult using
NAC in subjects who are not already depleted of GSH. In
spite of this, several studies have shown that NAC reduces
the number of exacerbation days in patients with COPD
[176,177], although these results have not been confirmed
in all studies [178].

Very recently, preliminary results of a large randomized
controlled trial of NAC, 600 mg/day, in patients with COPD
has been presented [179]. This study assessed the effect 
of NAC compared with placebo on the rate of decline 
in FEV1, on exacerbation rates and pulmonary function.
Unfortunately, the design of this study resulted in a group
of patients with mild to moderate COPD being studied 
with an FEV1 of approximately 57% predicted. Indeed,
75% of the patients in this study had an FEV1 greater than
50% predicted. In addition, 75% of the patients were
already taking inhaled corticosteroids. The study did not
show any significant effect of NAC on the rate of decline in
FEV1, although there were significant improvements in
FEV1, vital capacity and a reduction in functional residual
capacity (FRC) as a measure of overinflation in severe COPD
patients treated with NAC compared with placebo. There
was no overall effect on exacerbation rates when the result
of the whole group was analysed. However, in those patients
who were not taking inhaled corticosteroids there was a
significant fall in exacerbations rates from 1.33 to 0.99 per
year (22% reduction), which was similar to the effects of
inhaled corticosteroids on exacerbation rates in a moderate
to severe group of COPD patients. These data suggest that
there may be an effect of NAC on exacerbations rates and
pulmonary function, at least in patients with severe COPD
who are not already taking inhaled corticosteroids.
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Nacystelyn (NAL) is a lysine salt of N-acetylinecysteine.
It is thiol antioxidant compound and a mucolytic that has 
a neutral pH in contrast to NAC, which is acidic. NAL 
can therefore be aerosolized into the lung without causing
bronchial hyperreactivity [180]. Studies comparing the
effects of NAL and NAC found that both drugs enhanced
intracellular GSH in alveolar epithelial cells and inhibited
hydrogen peroxide and superoxide anion release from 
neutrophils harvested from peripheral blood from both
smokers and patients with COPD [181]. 

Molecular regulation of GSH synthesis, by targeting
γGCS, has great promise as a means of treating oxidant-
mediated injury in the lungs. Recent work has shown that
recombinant γGCS in rat hepatoma cells completely pro-
tected against the TNF-α-induced activation of NF-κB, AP-1
and apoptosis as well as inflammation [182]. Cellular GSH
may be increased by increasing γGCS activity, which 
may be possible by gene transfer techniques, although this
would be an expensive treatment which may not be consid-
ered for a condition such as COPD. However, knowledge of
how γGCS is regulated may allow the development of other
compounds that may act to enhance GSH.

There is now good evidence for an oxidant–antioxidant
imbalance in COPD, and increasing evidence that this
imbalance is important in the pathogenesis of this con-
dition. A major effect of oxidative stress is its role in the
inflammatory response to cigarette smoke in the lungs
through up-regulation of redox-sensitive transcription 
factors and hence proinflammatory gene expression. Inflam-
mation itself induces oxidative stress in the lungs, and 
polymorphisms in genes for inflammatory mediators or
antioxidant genes may have a role in the susceptibility 
to the effects of cigarette smoke. Knowledge of the mech-
anisms of the effects of oxidative stress should allow the
development of potent antioxidant therapies which can 
be used to support the hypothesis that oxidative stress is
involved in the pathogenesis of COPD, not only by direct
injury to cells, but also as a fundamental factor in the
inflammation in smoking-related lung disease. 
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CHAPTER 33

Cigarette smoke-induced disease

Stephen I. Rennard and Lisa M. Hepp

Cigarette smoking is the major cause of preventable mortal-
ity in the developed world, contributing to death from 
cardiac disease, stroke, pulmonary and extrapulmonary
malignancy and chronic obstructive pulmonary disease
(COPD) as well as other causes (Table 33.1) [1]. In addition,
cigarette smoking contributes to a large number of other
disorders that result in significant morbidity (see Table 33.1).
Because cigarette smoking is the most important risk factor
for the development of COPD, many smokers with COPD
suffer from these allied conditions as comorbidities.

The mechanisms by which cigarette smoke causes disease
are not fully delineated. It is likely, however, that overlap-
ping mechanisms contribute to the multiple pathologies
caused by cigarette smoking. Thus, for example, smokers
with COPD are at increased risk for cardiac disease [2] and
lung cancer [3] compared with similar smokers without
COPD. This suggests a mechanistic connection among these
conditions. The current chapter provides an overview of
current thinking relating to the mechanisms by which
cigarette smoke causes disease.

Several factors contribute to the complex mixture of 
chemicals present in cigarette smoke including the starting
materials, the complex chemistry that results from the
burning and heating of the cigarette and the individual way
in which each cigarette is smoked [4]. A cigarette contains a
blend of tobaccos that are wrapped in a paper. ‘American
blend’ cigarettes include a mixture of burley, flue cured and
oriental tobaccos, the composition of which depends on
both their source and their processing. In addition, a variety
of additives are included that influence the taste, aroma and
potentially the delivery of nicotine [5]. When the cigarette
is lit, the tip burns at a temperature of approximately
800°C. When air is inhaled through the cigarette the 

Cigarette smoke toxins

temperature increases by an additional 100–120°C. As the
heated air, mixed with the combustion products, is inhaled
over the unburned tobacco, it rapidly cools, causing the
nicotine and many other substances in the unburned tobacco
to volatilize. These substances subsequently condense form-
ing the smoke, which is an aerosol of liquid particles. One
millilitre of fresh mainstream smoke contains approximately
4 × 109 particles with a mean diameter of approximately 
0.2 μmol [6,7]. For analytical purposes, the components 
of smoke are divided into the ‘particulate phase’, which can
be retained on a glass fibre filter, and the ‘vapour phase’,
which is not. In general, approximately 90% of the mass of
smoke is contained in the vapour phase [8].

The smoke breathed in during active smoking is main-
stream smoke. The smoke that is produced by the burning
of the cigarette that occurs between puffs is sidestream
smoke. The constituents of sidestream smoke are gener-
ally similar to that of mainstream smoke, but the relative
amounts can differ substantially. Environmental tobacco
smoke (ETS) is a mixture of sidestream smoke and the com-
ponents of mainstream smoke that are exhaled. The com-
position of ETS will be further modified as the components
of smoke age and as they react with other components in
the ambient air. 

The particles present in mainstream smoke change in 
size and composition. Coagulation occurs as a function of
density and time, resulting in a three- to fourfold increase
in diameter over 2 s [4]. In addition, smoke particles can
absorb water, resulting in a rapid twofold expansion in size
in a completely humid environment. Even with these size
increases, however, smoke particles are of the range likely
to reach and be deposited in the alveoli [9]. The fraction 
of the various smoke constituents that is absorbed varies
with their chemistry. For example, nicotine, which in the
free base form is highly lipophilic, is essentially completely
absorbed, while approximately 30% of inhaled solanesol
may be exhaled [10].
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Smoke contains an estimated 4000–6000 chemical moie-
ties in a large number of chemical classes (Table 33.2). The
precise number is difficult to determine, as many of the
most reactive, and potentially most toxic, components of
cigarette smoke are very short lived. These compounds may
be extracted from the unburned tobacco, as nicotine is, or
may be generated from the burning of the tobacco, or from
reactions that occur in the complex chemical milieu of the
hot and cooling smoke. For example, nitric oxide is present
in smoke, but quickly reacts to form nitrogen dioxide.
These oxides can then react with methanol to form methyl-
nitrite, which could be absorbed by a smoker, although it is
not a component of ‘fresh’ mainstream smoke [4]. 

The compounds present in smoke depend on a large
number of factors [11]. The puff volume and intensity [12],
which will affect the temperature, the tobacco composition
[13], the presence of additives [5] and the deposition of
compounds that condense in the unburned tobacco from
portions of the cigarette that are previously burned, can all
contribute [4]. In addition, many cigarettes, particularly
light and ultralight cigarettes, contain a filter with air vents.
These air vents, if unblocked, will dilute the smoke stream
with air. Partially blocking the vents, which a smoker can
easily do by holding the cigarette by the filter, changes the
mix and also the yield of compounds [14]. Several standard
machine-based smoking methods have been developed to
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Table 33.1 Diseases associated with cigarette smoking.

Lung disease
COPD
Emphysema
Chronic bronchitis
Asthma

Other lung diseases
Idiopathic pulmonary fibrosis
Histiocytosis X
Respiratory bronchiolitis
Goodpasture’s syndrome
Sleep apnoea
Pneumothorax

Cardiovascular
Atherosclerotic vascular disease
Coronary artery disease
Carotid vascular disease
Mesenteric, renal, iliac
Abdominal aortic aneurysm

Peripheral vascular disease
Thromboangiitis obliterans (Berger’s)
Deep venous thrombosis
Pulmonary embolus

Cardiac disease
Angina pectoris
Coronary artery spasm
Arrhythmia

Malignancy
Respiratory tract
Lung cancer

squamous cell
adenocarcinoma
large cell
small cell

Laryngeal cancer
Oral cancer

Other tissues
Oesophagus
Pancreas
Bladder
Uterine cervix
Kidney
Anus
Penis
Stomach
Liver
Leukaemia

Gastrointestinal disease
Peptic ulcer disease
Gastric
Duodenal

Gastro-oesophageal reflux

Chronic pancreatitis

Crohn’s disease

Colonic adenomas

Dermatological disease
Skin wrinkling
Psoriasis

Reproductive disease
Ovarian failure
Pregnancy related
Prematurity
Premature rupture of membranes
Spontaneous abortion

Decreased sperm quality

Fetal effects
Low birthweight
Impaired lung growth
Sudden infant death syndrome

Febrile seizures
Reduced intelligence
Behavioural disorders
Atopic disease/asthma

Effects on children of parental smoking
Asthma
Rhinitis
Otitis
Pneumonia
Increased risk to smoke

Rheumatological disease
Osteoporosis
Rheumatoid arthritis

Psychiatric
Depression
Schizophrenia

Oral disease
Periodontal disease
Loss of taste

Loss of olfaction

Infectious disease
Tuberculosis
Pneumococcal infection
Meningococcal infection

Endocrine disease
Altered hormonal secretion
Graves’ disease
Antidiuresis
Goiter

Renal
Glomerulonephritis

Benign prostatic hypertrophy

Cataracts



estimate cigarette yields. The Federal Trade Commission
(FTC) method, which uses 2-s puffs of 35 mL volume every
minute until a final butt length is reached and in which
vents are not blocked, has been widely used to estimate
yields [15,16]. However, many smokers smoke more
intensely and/or block vents, resulting in potentially
greater yields. Thus, while standard machine-smoking
regimes may have utility for comparing cigarettes, they are
limited in providing estimates of exposure for a smoker.

Laboratory methods that attempt to recapitulate ‘real’
smoking topography are also problematic for several reasons.
First, the instruments required to monitor puff behaviour
likely change the way smokers smoke. In addition, smokers
will vary their smoking behaviour during a single cigarette
[17] and from cigarette to cigarette [18]. Because these 
factors change the composition and yield of smoke con-
stituents, it becomes very difficult to estimate real expos-
ures to smoke. The same issues apply to the smoke used 
in animal and in vitro testing. The lack of standardized 
and validated smoking regimes complicates comparison of
results, as differences in smoking regimes can influence the
composition and likely the toxicity of the smoke. 

Determining the constituents responsible for the toxi-
city of cigarette smoke has been a major research goal for

many years. Compounds that have been suggested to con-
tribute are listed (Table 33.3). As additional components
are studied, it is likely this list will grow. 

Oxidants

Many of the components present in cigarette smoke are
potent oxidants, and oxidant injury is believed to be a
major mechanism for cigarette smoke-induced toxicity
[19]. It has been estimated that cigarette smoke contains
approximately 1014 free radical oxidants per puff [4]. Most
of these are expected to have half-lives of fractions of a 
second. Despite this, cigarette smoke contains some free
radicals that have lifetimes of several minutes [20]. A steady
state chemical model, involving the reaction of nitrogen
dioxide and polymers containing semi-quinones [21], has
been suggested to be responsible for the long-lived oxidants
present in smoke. In addition, the inflammatory cells that
are recruited and activated by cigarette smoke also produce
oxidants [19]. Thus, cigarette smoke may be able to cause
oxidant injury both as a direct toxicity and indirectly
through the inflammatory response (Fig. 33.1).

It is likely that there are many important targets for 
oxidant-mediated damage in the lung including lipids, 
proteins and nucleic acids. Oxidation of arachidonic acid
containing lipids, for example, can lead to the generation of
isoprostanes that can, in turn, function as proinflammatory
molecules [22,23]. Increased levels of isoprostane are pre-
sent in the urine of smokers and can be reduced by oral
antioxidants [24]. Cigarette smoke also can induce oxida-
tion of low-density lipoproteins [25], which is believed to
be a major pathogenic mechanism in the development of
atherosclerotic vascular disease [26]. Smoke-induced oxi-
dation of methionyl residues in α1-protease inhibitor can
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Table 33.2 Classes of compounds present in fresh tobacco
smoke. (From Borgerding & Klus [4] with permission.)

Class Number

Neutral gases > 5
Carbon oxides 2
Nitrogen oxides 1 (2)
Amides, imides, lactames ~ 240
Carboxylic acids ~ 230
Lactones ~ 150
Esters ~ 470
Aldehydes ~ 110
Ketones ~ 520
Alcohols ~ 380
Phenols ~ 280
Amines ~ 200
Volatile N-nitrosamines 4
Tobacco specific nitrosamines 4
N-heterocyclics ~ 920
Hydrocarbons, aliphatic, acyclic, aromatic ~ 760
Nitriles ~ 100
Anhydrides ~ 10
Carbohydrates ~ 40
Ethers ~ 310
Nitro-compounds > 10
Metals ~ 30
Short- and long-living radicals ???

Direct injury Indirect injury

Oxidant damage:
 Lipids
 Proteins
 DNA
Aldehydes:
 Lipids
 Proteins
 DNA
Xenobiotics:
 DNA alterations

Inflammation:
 Oxidants
 Proteases
 Toxic peptides
Altered lung structures
Altered cellular responses

Figure 33.1 Direct and indirect injury due to smoke-derived
toxins. Cigarette smoke contains multiple toxins that can
directly damage tissues by a variety of mechanisms. Smoke
can also activate cells that can result in indirect tissue damage.
Mediators produced by inflammatory cells, in particular, are
believed to have a major role in causing COPD.
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Table 33.3 Comparison of analytes currently proposed or required in regulatory schema. (After Borgerding & Klus [4] with
permission.)

Hoffman Canadian Massachusetts WHO Study Group  
Smoke constituent analytes emissions reporting benchmark study on Tobacco Product

Ammonia × × ×
1-aminonaphthalene × ×
2-aminonaphthalene × × ×
3-aminobiphenyl × ×
4-aminobiphenyl × × ×
Benzo[a]pyrene × × × ×
Formaldehyde × × × ×
Acetaldehyde × × × ×
Acetone × ×
Acrolein × × ×
Propionaldehyde × ×
Crotonaldehyde × × ×
Butyraldehyde × ×
Methyl ethyl ketone ×
Eugenol ×
Hydrogen cyanide × × × ×
Mercury × × × ×
Lead × × × ×
Cadmium × × × ×
Nickel × × ×
Arsenic × × ×
Chromium × × ×
Selenium × ×
Nitric oxide × × × ×
Nox × ×
N-nitrosonornicotine × × × ×
4-(N-nitrosomethylamino)-1- × × × ×
(3-pyridyl)-1-butanone
N-nitrosoanatabine × × ×
N-nitrosonanabasine × × × ×
Pyridine × × ×
Quinoline × × ×
Hydroquinone × ×
Resorcinol × ×
Catechol × × ×
Phenol × × ×
m- + p-Cresol × ×
o-Cresol × ×
1,3-Butadiene × × × ×
Isoprene × × ×
Acrylonitrile × × ×
Benzene × × × ×
Toluene × ×
Styrene × ×
‘Tar’ × × × ×
Nicotine × × × ×
Carbon monoxide × × ×



reduce its ability to inhibit neutrophil elastase and could
shift the protease–antiprotease balance in favour of tissue
destruction [27,28]. In addition, smoke-derived oxidants
can activate nuclear factor κβ (NF-κβ) [29] and activator
protein-1 (AP-1) [30], thus activating inflammatory path-
ways. Finally, cigarette smoke-derived oxidants can also
lead to DNA damage [31,32]. 

A variety of oxidants are present in cigarette smoke, and
they can react with target molecules in a number of ways.
For example, reactive nitrogen species, particularly peroxy-
nitrite, which is formed from nitric oxide and superoxide,
can oxidatively nitrate proteins at tyrosine residues [33].
Because tyrosyl residues are important in regulating the
function of many proteins, either directly or by serving as
substrates for phosphorylation, their nitration is likely to
greatly alter function. Consistent with this, reactive nitro-
gen species inactivation of a variety of proteins has been
reported [34,35]. Because oxidants are not the only compon-
ents in smoke that can damage lipids, proteins and DNA, it
is likely that the molecular injury that results from oxidants
is compounded and potentially amplified synergistically by
other toxins.

Aldehydes

Smoke contains a large number of reactive aldehydes that
can also adduct proteins and nucleic acids, thus leading to
potentially complex toxicities. For example, both acetal-
dehyde [36] and acrolein [37] have been demonstrated to
have direct genotoxic effects. In addition, acetaldehyde 
can form adducts with tubulin and dynein and can lead to
inactivation of cilia beating in airway epithelial cells [38].
Acetaldehyde can also form adducts with the lipid per-
oxidation product malondialdehyde leading to complex
adducted proteins [39], which can potentiate inflammatory
responses through protein kinase C mediated mechanisms
[40]. Acrolein, in contrast, has been reported to inhibit
inflammatory [41] and immune responses [42]. Finally,
both acrolein and acetaldehyde have been reported to
inhibit lung fibroblast and airway epithelial cell chemotaxis
and proliferation [43–45]. Smoke, which contains rela-
tively large concentrations not only of acetaldehyde and
acrolein, but other reactive aldehydes as well, is likely to
exert toxic effects through these moieties.

Metals

Smoke contains a number of metals, and it is likely they
contribute to smoke-induced disease. Iron contained in
smoke, for example, can potentiate the generation of reac-
tive oxygen species by catalysing the Haber–Weiss reaction
[46]. Because the availability of iron may be limiting, the
increased iron burden that is reported in the lungs of 

smokers [47] may be a means for persistent generation of
excess oxidants.

Among the other metals contained in smoke, evidence
supports a role for cadmium in the pathogenesis of COPD.
In this context, increased cadmium levels have been asso-
ciated with reduced lung function in the National Health
and Nutrition Examination Survey (NHANES) study [48].
In animal studies, cadmium can cause emphysema [49] and
emphysema has been associated with industrial cadmium
exposures [50,51]. Although the mechanisms by which
cadmium can cause emphysema are undefined, cadmium
has been reported to impair several fibroblast-mediated re-
pair responses including proliferation [52], matrix macro-
molecule production [53] and matrix contraction [54].
Cadmium can activate a number of genes that influence 
not only inflammation, but potentially repair as well [55].
This suggests that cadmium may cause emphysema, at 
least in part by altering both tissue injury and repair. An
oxidant-dependent mechanism for cadmium toxicity has
also been suggested [56], further supporting the notion that
cigarette smoke-derived toxins can interact in causing their
toxic effects.

Mutagens

Cigarette smoke can also cause a variety of types of DNA
damage including point mutations, strand breaks and 
chromosomal alterations [57]. Smoking is a major cause of
cancer, and DNA damage has been most widely studied in
the context of carcinogenesis. In this regard, whole smoke
and both the particulate and the vapour phases are reported
to contribute to carcinogenesis. Smoke, moreover, contains
more than 60 compounds that are identified as carcinogens
in at least some systems [58]. It is likely that this list will
grow as additional compounds are studied. Some, such as
the polycyclic aromatic hydrocarbon benzo[a]pyrene (BaP),
the tobacco-specific nitrosamine 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone (NNK) and 1,3-butadiene have
been relatively extensively studied. The first two cause lung
tumours in rats and mice, but the last in only mice [59].
This difference likely arises from species differences in
xenobiotic metabolism and underlies a major issue in the
assessment of carcinogens in smoke; metabolic differences
greatly influence the carcinogenic potential. This results 
in marked species differences and likely also contributes 
to differences in human sensitivity to specific compounds
[57].

The mechanisms that lead to DNA mutations are incom-
pletely defined. Oxidants can damage DNA and reactive
aldehydes can form adducts with DNA, and both processes
can lead to mutations. Many of the other chemical carcino-
gens are also able to form adducts with DNA [59]. It is likely
that formation of chemical adducts leads to activation of
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DNA repair mechanisms and, if incomplete or incorrect
repair results, mutations arise. Specific adducts are thought
to lead preferentially to certain specific types of mutations.
For example, BaP and NNK produce GC to TA mutations.
BaP has been suggested to bind preferentially to sites in 
the DNA that contain endogenously methylated cytosine-
guanine (CpG) dinucleotides [60]. These sites, therefore,
represent potential ‘hot spots’ for BaP-induced mutagenesis.
In this context, the p53 gene is an important regulator of cell
survival and replication. It is frequently mutated in lung
and other types of cancer. GC to TA mutations are present
more commonly in smokers with lung cancer than in non-
smokers with lung cancer [57] and these p53 mutations,
moreover, occur selectively at ‘hot spots’ in the gene that
contain methylated CpG sites [60], supporting the con-
cept of sequence sensitivity to individual cigarette smoke
component-induced mutagenesis. Interestingly, bladder
cancers, which are also associated with cigarette smoking but
are believed to result from aromatic amines, are associated
with a distinct but different pattern of p53 mutations, suggest-
ing sequence selectivity in carcinogen induced DNA damage.

Acquired somatic cell mutations, which are likely to
occur throughout the lung epithelium, are widely accepted
as a likely mechanism for cigarette smoke-induced lung
cancer. The suggestion has recently been made that sim-
ilar somatic cell mutations may also contribute to the
pathogenesis of COPD [61]. In support of this concept,
microsatellite instability, which is believed to result from
mismatch repair, is more frequent in patients with COPD
[62]. When DNA damage occurs, repair mechanisms may
attempt to correct the defect. Alternatively, in the face of
excessive damage, apoptotic mechanisms are activated that

lead to cell death, but are thought to protect the genome of
the organism. The DNA damage induced by cigarette smoke
can, under some conditions, lead to apoptosis [63,64].
However, smoke can also initiate antiapoptotic mechanisms.
These may lead to cellular necrosis [65], which could 
initiate inflammation or, alternatively, may result in DNA
repair and cell survival [66,67] (Fig. 33.2). Through such
mechanisms, smoke exposure may be a particularly effect-
ive means to damage DNA and lead to the subsequent 
survival of cells with acquired mutations.

Cigarette smokers characteristically have a prominent
inflammatory response. This includes the accumulation of
pigment-laden macrophages within the lower respiratory
tract, a condition termed ‘small airways disease’ [68,69].
Bronchoalveolar lavage studies reliably demonstrate a
marked increase in the number and state of activation of
alveolar macrophages obtained from smokers [70,71]. In
addition, there are more modest increases in neutrophils 
in the lower respiratory tract together with an alteration 
in the distribution of lymphocytes. Specifically, CD8 lym-
phocytes are increased relative to CD4 lymphocytes, 
resulting in an increase in the CD8 : CD4 ratio [72]. This
alteration resulting from smoking is of particular interest 
as an increase in CD8 cells is a feature of COPD that increases
with disease severity [73,74].

In addition to an inflammatory response in the lung,
cigarette smokers have a characteristic systemic inflam-
matory response. A 20–25% increase in peripheral blood 

Smoke-induced inflammation
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DNA damage

Apoptosis NecrosisSurvival

InflammationPersistent

SevereMild

(a) (b)

DNA damage

Apoptosis NecrosisSurvival

InflammationPersistent

SevereMild

Figure 33.2 Smoke induced DNA damage: consequences. (a) Cigarette smoke can damage DNA by several mechanisms. If 
mild, this damage can be repaired and cells can survive, although with a risk of persistent DNA mutation. If moderate, apoptotic
mechanisms are activated. These lead to cell death, which prevents mutations from persisting and, moreover, results in clearance
of the cells without activation of inflammatory mechanisms. If severe, DNA damage can lead to necrosis which can activate
inflammation. (b) Smoke also inhibits apoptosis. In so doing, some cells that would have been cleared by apoptosis will survive,
leading to persistent mutations. Others will die by necrosis leading to increased inflammation.



neutrophils is observed in smokers, which correlates with
the degree of loss of lung function [75,76]. Activation of 
the bone marrow leading to increased production of neu-
trophils has been suggested as a mechanism to account 
for neutrophilia in smokers [77]. Smoke exposure also
leads to neutrophil priming that can occur even at levels
encountered with environmental tobacco smoke exposure
[78]. Neutrophils of smokers are less deformable than con-
trol neutrophils [79] and smoking results in selective reten-
tion of neutrophils within the lung where they may cause
damage from an intravascular site [80]. Other evidence
supporting systemic inflammatory response in smokers
includes elevated C-reactive protein and fibrinogen [81] as
well as evidence of endothelial cell dysfunction [82]. The
ability of cigarette smoke to stimulate local pulmonary and
systemic inflammation is believed to be a major patho-
genetic mechanism in leading to pulmonary and extrapul-
monary disease. Of interest is the fact that the vast majority
of smokers have evidence of augmented inflammation
although smaller numbers manifest clinically significant
disease.

The mechanisms by which cigarette smoke induces
inflammation are also multiple (Fig. 33.3). Cigarette smoke
can activate complement through the alternate pathway
leading to the generation of C5a, which can serve as a
chemotactic factor driving the recruitment of inflammatory

cells [83]. In addition, the activity of C5a can be potentiated
by the vitamin D binding protein Gc globulin, the activity 
of which can itself be inhibited by a molecule termed
chemotactic factor inactivator (CFI) [84]. Cigarette smoke
can inactivate CFI, thus leading to potentially augmented
activity of C5a [85]. In addition to its direct chemotactic
activity, C5a can also interact with receptors located on 
airway epithelial cells and, by this mechanism, can further
potentiate inflammation [86]. 

Cigarette smoke is also able to directly activate a variety
of cells to release proinflammatory molecules. Although it
is likely that several mechanisms could account for such
activity, evidence has been provided in support of an 
oxidant-mediated mechanism [87]. Specifically, it has been
suggested that cigarette smoke-derived oxidants can activate
NF-κβ [88], although the importance of this mechanism
has also been questioned [89]. However, the presence of
oxidants is thought to lead to or to facilitate the degradation
of inhibitor κβ (Iκβ), which ordinarily inhibits the activity
of the transcription factor NF-κβ. In the absence of its
inhibitor, NF-κβ binds to DNA leading to the activation 
of a number of proinflammatory genes. Through this 
mechanism cigarette smoke is believed to induce the 
production of a variety of proinflammatory molecules
including, for example, the chemotactic factor interleukin 
8 (IL-8) from airway epithelial cells. Oxidant-dependent
activation of AP-1 has also been reported to activate cells to
produce proinflammatory mediators [87,90]. Interestingly,
C5a interacts synergistically with cigarette smoke in induc-
ing epithelial cell release of IL-8 [91–93]. This suggests that
cigarette smoke, by acting through multiple pathways, can
lead to dramatically augmented proinflammatory signalling.

Several cell types within the lung can be activated to 
produce inflammatory mediators in response to cigarette
smoke. Smoke can activate both alveolar macrophages 
and airway epithelial cells [94–96] to release a variety of
chemotactic factors and inflammatory mediators. Inhibitory
effects of cigarette smoke have also been reported [97,98].
It seems likely that the effects of smoke will depend on the
experimental design used and, very likely, on the methods
used to prepare the cigarette smoke. As these can vary con-
siderably, depending on methodology, it is not surprising
that there are some differences between studies reported.
Because differences in smoke composition are likely among
smokers, these results suggest that cigarette smoking may
lead to heterogeneous inflammatory responses that may
depend on differences in specific exposures. Undoubtedly,
these variations will be further increased by genetic and
other differences among smokers. 

The inflammatory cells recruited and activated by
cigarette smoke are capable of inducing tissue damage
through a number of mechanisms. Inflammatory cells are
potent sources of oxidants, and the oxidant burden caused
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Figure 33.3 Activation of inflammation by cigarette smoke.
Cigarette smoke can induce inflammation by a variety of
mechanisms. Smoke activates several cells in the lungs.
Resident macrophages and epithelial cells are believed to be
most prominent as initial responders to smoke. Both can
directly release chemotactic factors that can recruit and
activate other inflammatory cells. They can also activate each
other. Smoke also activates the cell independent complement
system. This leads to generation of C5a, which can recruit
inflammatory cells and can synergistically augment the
activation of epithelial cells. Smoke also blocks part of the
down-regulatory mechanisms that serve to control
complement activation. (See text for details.)



by inflammatory cells can damage protein, lipid and nucleic
acid components within the lung. At present, it is difficult
to determine if oxidant-induced damage results directly
from cigarette smoke-derived oxidants or indirectly from
cigarette smoke-induced inflammatory cell generation of
oxidants. However, as the capacity of inflammatory cells to
produce oxidants greatly exceeds the oxidants contained 
in cigarette smoke, it is likely that inflammatory cell
amplification has a significant role [19]. 

Inflammatory cells also produce proteases and toxic 
peptides that can damage cells and tissues within the lung.
The production of proteolytic enzymes in excess of the
antiprotease defences is believed to have a major role in 
the pathogenesis of emphysema, the so-called ‘protease–
antiprotease’ hypothesis (see Chapter 31). This concept,
which originated with the observations that individuals
with deficiency in the α1-protease inhibitor developed
emphysema [99] and that neutrophil elastase, a serine pro-
tease inhibited by α1-protease inhibitor, induced emphy-
sema when instilled in the lungs of animals [100], has now
been extended to include a number of other serine, metallo
and cysteine proteases and their respective inhibitors [101,
102]. Interestingly, these inhibitors interact in a complex
network. Many are released as precursors that can be activ-
ated by other proteases. In addition, metalloproteases and
serine proteases are capable of inactivating each other’s
inhibitors. Cigarette smoke can affect this complex network
in several ways. By inducing the recruitment in activation
of inflammatory cells, the protease burden can be increased.
In addition, cigarette smoke can oxidatively inactivate α1-
protease inhibitor resulting in an acquired deficiency of
antiprotease [28]. Because α1-protease inhibitor may also

play a key part in inactivating toxic peptides such as defensins
[103], the ability of cigarette smoke to inactivate α1-protease
inhibitor can have several effects leading to augmented 
tissue damage in the face of an inflammatory burden.

Tissue repair

Cigarette smoke not only leads to tissue damage, but it 
can also compromise tissue repair mechanisms (Fig. 33.4)
[104]. In this context, the lung, like most tissues, has con-
siderable capacity to repair following injury. Mechanical
injury of the airways, for example, is followed by migration
of epithelial cells to cover the epithelial defect, a process
that is initiated within minutes [105,106]. This is followed
by an orderly recruitment, proliferation and differentia-
tion of cells within the epithelium. A similar process of re-
cruitment proliferation, production of provisional matrix
and eventual resolution takes place in the subjacent 
mesenchyme [107]. If these processes proceed effectively, 
tissue structure and function can be completely restored.
Cigarette smoke is capable of inhibiting both epithelial cell
[45,108] and mesenchymal cell [44] recruitment, prolifera-
tion, matrix production, matrix remodelling and apoptosis
[66,67]. It is likely therefore that the altered tissue structure
that is characteristic of the lungs of smokers results not only
from smoke-induced tissue damage, but also from smoke-
induced alterations in tissue repair mechanisms. Altered
tissue repair likely contributes not only to the lesions pre-
sent in the airways of smokers, but also to emphysematous
changes within alveolar structures and to the vascular
changes present within both the pulmonary parenchyma
and the airways. 
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Figure 33.4 Injury of the 
airway epithelium is followed by
an orderly sequence of events
that can restore structure and
function. These include epithelial
cell recruitment, proliferation
and differentiation. Similar
events take place somewhat later
in the subjacent mesenchymal
tissues. Cigarette smoke has been
demonstrated to inhibit many of
these processes, indicated by the
‘cigarette’ in the figure. It is likely
that cigarette smoke will alter
epithelial cell differentiation as
well. By altering repair, smoke
could contribute to the structural
changes that take place in the
airway or in the alveolar walls 
in COPD. Smoke can also alter
vascular repair (not shown).



Cigarette smoke is a major causative factor for many con-
ditions (see Table 33.1). As a result, individuals who have
cigarette smoke-induced COPD frequently also have other
smoke-related conditions as comorbidities. Individuals with
COPD are more likely to have atherosclerotic vascular 
disease [2], lung cancer [3] and osteoporosis [109] than 
are individuals with similar smoking histories who do not
have COPD. There are a number of mechanisms that could
explain the increased comorbidity present in COPD pati-
ents. One mechanism is that systemic inflammatory con-
sequences of COPD contribute to these allied conditions.
An alternative mechanism is that COPD and its allied 
conditions result from similar toxic effects of cigarette
smoke. As variations in individual susceptibility to the toxic
effects of smoke are likely, individuals at increased risk for
the development of COPD may also be at increased risk for
other conditions. Understanding the mechanisms by which
cigarette smoke toxicity leads to the panoply of diseases
associated with smoking offers the opportunity to develop
new strategies to address these diverse conditions.
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CHAPTER 34

COPD and air pollution

Kenneth Donaldson, Andrew Churg and William MacNee

Although cigarette smoking is clearly the major cause of
COPD, the lungs of those with COPD are, like everyone’s,
exposed to such polluting particles and gases as are present
in their general environment. There is evidence that levels
of harmful air pollutants in the general environment can
reach levels high enough to both cause and exacerbate dis-
ease, in many instances through mechanisms that are well
understood [1]. The predominant mechanism that initiates
proinflammatory gene expression in COPD is oxidative
stress [2]. The gases and particles in air pollution are also
known to cause oxidative stress and inflammation and 
so some additive impact of air pollution in smokers is to 
be anticipated. Substantial epidemiologic research has
confirmed that there is increased incidence of COPD in
more polluted areas, suggesting a chronic effect of pollu-
tion. There are clear links between short-term increases in
pollution levels and exacerbations of COPD, suggesting an
acute effect in some individuals. Air pollution also affects
the cardiovascular system in ways that are not well under-
stood, but it has been hypothesized that the mechanisms
may involve oxidative stress and inflammation. This chap-
ter outlines the evidence in support of the above, especially
relating to the underlying mechanisms.

The principal types of air pollution found in urban atmo-
spheres are shown in Table 34.1. The impacts of air pollu-
tion are best described in conurbations where the levels of
air pollutants are higher than in rural settings and where
there are more people exposed and so the effects are more
likely to be detected. 

The major components of modern air pollution mon-
itored by most agencies are particles (PM10), ozone, SO2

and NO2, although there are others. Of these, particulate
material (PM), and ozone are present at levels where they

Air pollutants
are likely to cause harm as identified in epidemiological 
and chamber studies, although other components could 
be relevant in some situations. Both particles and ozone 
are powerful oxidative stressors although they operate by
different pathways to generate harmful free radicals. The
other gaseous components of the air pollution mix are 
also capable of producing oxidative stress either directly 
or indirectly. PM has received special research attention
because of the fact that in several epidemiologic studies
there is no threshold for its adverse effects suggesting that,
even at the ‘normal’ levels experienced in cities these
adverse effects are occurring. For these reasons and because
of the experience of the authors, this review is confined 
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Table 34.1 The principal types of air pollution found in
urban atmospheres.

Pollutant Sources

Particles Motor vehicles, industry, burning of
fossil fuels, atmospheric chemistry,
biomass cooking

Ozone Photochemical reaction of nitrogen
oxides and hydrocarbons released by
motor vehicles and industry

Nitrogen dioxide Automobile fuel combustion; fossil fuel
combustion

Sulphur dioxide Domestic homes and power stations
burning fossil fuels; industry

Other air Volatile organic compounds,  
pollutants less  heavy metals, polycyclic aromatic 
likely to be hydrocarbons, fungal products; but note
involved in COPD that some of these can be associated

with the particle fraction and so may
have a role in the effects of PM10



to the effects of PM in COPD. However, the mechanisms
described are likely to be relevant to any oxidizing 
pollutant.

Particulate material

Sources
Particles such as sea salt and windblown and re-entrained
dust from natural attrition processes in the Earth’s crust
arise naturally, and become part of the air pollution particle
cloud. Anthropogenic particles, arising from motor vehicles
industry and other human activities, add substantially to
the concentration of particles in the cloud especially in
cities. In addition, complex environmental chemistry gives
rise to particles and, no doubt, modifies existing ones.
Therefore the ambient particle cloud is a complex mix-
ture comprising organic matter, elemental carbon or soot, 
metals, chlorides, sulphates, nitrates and geologically 
derived crustal dust [3]. Particles can be classified as prim-
ary, formed immediately (e.g. diesel particles), or secondary,
those particles that form from atmospheric chemistry (e.g.
ammonium nitrate) [4]. Not all of the different particles
present in the ambient cloud are considered to have equal
potency in causing adverse effects. Secondary particles and
crustal particles are generally considered to be less poten-
tially harmful than primary combustion-derived particles.
Combustion particles, such as diesel particles, can be het-
erogeneous, with a carbon core plus associated metals and
organics derived from the incomplete combustion of fuel or
engine oil. Particles may be agglomerated, with individual
particles adhering together more or less tightly.

Particle measurement and deposition in the lungs
Particles deposit in the different parts of the bronchial 
tree depending on their aerodynamic diameter [5] and this
forms the basis of health-related size-based sampling of PM
in the air, which forms the regulatory basis for control of
ambient particles. The PM10 sampling convention is a mass
measure where particles of 10 μm are collected with 50%
efficiency and is increasingly efficient for smaller particles
and less efficient for larger particles; it roughly corresponds
to the thoracic fraction of particles as defined by the
International Organization for Standardization (ISO) [5].
The PM2.5 convention captures particles of 2.5 μm with
50% efficiency and roughly corresponds to the respirable
fraction of particles as defined by ISO [5]. Therefore, PM10

describes the mass of particles that deposit throughout 
the airways, while PM2.5 more accurately describes the
mass penetrating beyond the ciliated airways to the sens-
itive centriacinar region; both conventions are expressed as
μg/m3. The European (EC) standard for PM10 is currently
50 μg/m3 (24 h daily average) allowing 35 exceedences 
per year, but is under review. Deposition depends on aero-

dynamic diameter and is independent of composition, except
that it depends on density, but once deposited the fate 
and effects of the particle depends on its composition. Salts
such as nitrates and sulphates may dissolve and be rela-
tively invisible to the lungs, but if the particles, for example,
release transition metals that undergo Fenton chemistry,
then hydroxyl radicals may be produced. If the ubiquitous
bacterial product endotoxin is present in association with
the particles, then lung cells may be stimulated to produce
inflammation. All of these effects may lead to oxidative
stress.

Epidemiologic studies of PM and COPD

PM and the incidence of COPD
There is evidence to suggest that chronic exposure to high
levels of PM may not only exacerbate pre-existing COPD,
but may also cause chronic airflow obstruction, although
the number of reports examining this issue is limited [6].
Abbey et al. [7–10] studied a cohort of nearly 4000 non-
smoking Seventh Day Adventists in Southern California
and found significantly increased risks for the development
of new cases of chronic bronchitis and COPD that were
associated with increased levels of exposure to ambient
PM10 and PM2.5 [7,8]. Symptom severity correlated with
PM2.5 and PM10 levels. Long-term increases in PM10 con-
centrations were also found to be associated with greater
forced expiratory volume in 1 s (FEV1) decrements [9] as
were increases in mortality from non-malignant lung 
disease [10]. However, one of the peculiarities of these
results was that they largely applied to males, with little or
no effect observed in females.

Somewhat similar results were obtained in the UCLA-
CORD study [11,12], which examined lung function
changes over time in three areas of Southern California. In
men, FEV1 declines were found to be significantly greater 
in both smokers and non-smokers in the region with the
highest levels of particulate pollutants (Long Beach), nitro-
gen oxides and sulphates, but smoking appeared to account
for the majority (approximately 70%) of the decline. In
women, effects were only seen in never-smokers. Of inter-
est, no chronic effects were seen in the UCLA-CORD study
in the region in association with high levels of ozone
(Glendora).

A number of other, largely cross-sectional, studies have
been performed, consistently reporting that increased 
levels of air pollutants are associated with greater apparent
declines in FEV1 and/or forced vital capacity (FVC). How-
ever, there are differences in the pollutants that seem to be
most important; some studies report associations with PM10

or total suspended particulates whereas others only find
associations with levels of sulphates or acid [6].

All of these studies suffer from a number of methodological
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problems [6] and, as noted, there is no consistent correla-
tion with a specific type of pollutant. Nonetheless, there do
seem to be reasonably good data to suggest that chronically
elevated levels of air pollutants, including PM, can produce
COPD.

Similar results have been found in women in developing
countries who are exposed to the very high levels of PM
emitted from cooking with biomass fuels. Perez-Padilla et al.
[13] performed a case–control study of Mexican women
and reported an increased risk of chronic bronchitis and
chronic airflow obstruction associated with cooking with
wood; the risk of chronic bronchitis was linearly associated
with hours/year of cooking with biomass fuels. Dennis et al.
[14] came to a similar conclusion examining women in
Colombia who cooked with biomass fuels. Cooking with
biomass fuels, particularly indoors, produces very high PM
exposures [15,16].

PM and COPD mortality
Schwartz [17] noted that the relative risk of death from
COPD increased by 1.25 on days when the PM10 averaged
141 μg/m3 compared with low pollution days when the
pollution averaged 47 μg/m3. Both PM10 and total sus-
pended particulate (TSP) were associated significantly with
respiratory mortality, including COPD, in Detroit, Michigan
for the 1985–90 period. Relative risk (RR) estimates of
1.123 were reported for PM10 and 1.109 for TSP per 5–95th
percentile increment [18]. In Barcelona, levels of PM10 but
not gaseous pollutants were associated with mortality in
COPD patients after adjusting for meteorologic variables
and influenza epidemics, with an odds ratio of 1.11 for the
interquartile difference [6]. The RRs of death in COPD
patients in Hong Kong were 1.017 for an increase of 
10 μg/m3 PM10 and 1.034 for ozone and a dose–response
effect was evident [19]. In the Netherlands, statistically
significant associations between air pollution and mortality
in COPD patients were found in the age category of 65 years
and above. Significant associations with ozone were found
for COPD mortality in those less than 65 years [20].

PM and exacerbations of COPD
Hospital emergency room visits for COPD were studied 
in Barcelona [21] in relation to temporal trends in air pollu-
tion, and a reduction of 50 μg/m3 in particles was accom-
panied by a reduction of approximately 6% in emergency
room visits for COPD. Morgan et al. [22] studied hospital
admissions in Sydney, Australia, 1990–94 and demon-
strated that an increase in daily maximum 1-h particulate
concentration from 10th to 90th percentile was associated
with an increase of 3.01% (95% confidence interval, 0.38–
6.52) in COPD admissions. In a prospective study [23], 
40 subjects with COPD, who lived within a 5-km radius of
the regional council’s air pollution monitoring site, com-

pleted symptom diaries twice daily for 3 months during the
winter of 1994. Although the pollution levels were low in
that year, a rise in the PM10 concentration equivalent to 
the interquartile range was associated with an increase in
night-time chest symptoms. The association between air
pollution and hospital admissions for COPD was invest-
igated in Minneapolis-St. Paul and Birmingham, Alabama
for the period 1986–91 [24]. PM10 was associated with hos-
pital admissions but could not be singled out as being more
important than SO2 and NO2 in this regard.

In the APHEA study [25], admissions for COPD in six
European cities were examined. For all ages, the relative
risk of admission to hospital for COPD for a 50-μg/m3

increase in black smoke was 1.04 (1.01–1.06) and for total
suspended particulate was 1.02 (1.00–1.05). Wordley et al.
[26] reported on hospital admissions in Birmingham, UK 
in relation to particulate air pollution and described a 
10-μg/m3 rise in PM10 as being associated with a 2.4%
increase in respiratory admissions; while low, this risk was
linear and without evidence of a threshold. Dab et al. [27]
reported on the relationship between air pollution and hos-
pital admissions in Paris, 1987–92. PM10 and black smoke
were associated with hospital admissions for all respiratory
causes when the black smoke level exceeded its 5th per-
centile value by 100 μg/m3. Schwartz [28] related hospital
admissions for the elderly in Birmingham, Alabama with
air pollution levels. Inhalable particles were a risk factor for
admission for COPD (RR 1.27; 95% confidence interval,
1.08–1.50). An increase of 25 μg/m3 black smoke produced
adjusted changes of 6% and 9% in emergency room admis-
sions for COPD in Barcelona during winter, although the
change was smaller in the summer [29]. A study was car-
ried out in Delhi, one of the 10 most polluted cities in the
world, relating emergency room visits for exacerbations of
COPD and air pollution. Over a 2-year period, the daily air
pollution often exceeded national air quality standards and
emergency room visits for COPD increased by one-quarter
when the air pollution was significantly increased. The
presence of air conditioning, resulting in lower pollution
levels in homes, was reported to be a factor in reducing hos-
pital admissions for COPD in the study of Janssen et al. [30].

Inflammatory effects of PM

There are many studies demonstrating acute proinflam-
matory effects of PM. The initiating mechanism for the 
proinflammatory effects of PM appears to involve the abil-
ity of the particles to generate oxidative stress as a result 
of various components such as transition metals, particle
surfaces and organics. These cellular and molecular mech-
anisms are detailed in Donaldson et al. [31] and examples 
of the proinflammatory effects of PM are outlined in 
Table 34.2. 
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Mechanism of inflammatory effects
The cellular signalling pathways leading to proinflammatory
gene expression that are activated following the encounter
between lung target cells and PM are partially understood
and involve oxidative-stress responsive mechanisms; these
pathways are shown in diagrammatic form in Figure 34.1.
There have been a number of studies into the effects of 
PM10 on the mitogen-activated protein kinase (MAPK)

pathway. Timblin et al. [37] demonstrated increases in Jun
N-terminal kinase (JNK) activity in alveolar epithelial cells
exposed to PM and this was accompanied by increases 
in phosphorylated cJun and transcriptional activation of 
elements of the AP-1 transcription factor complex. These
changes were accompanied by increased incorporation of
5′-bromodeoxyuridine, a marker of cell proliferation. Utah
Valley PM caused increases in ERK1/2 phosphorylation via
activation of the epidermal growth factor receptor (EGFR)
[38]. Treatment of alveolar macrophages with residual oil
fly ash (ROFA) demonstrated that JNK and p38, but not
extracellular signal regulated kinase (ERK), were activated
[39] while diesel exhaust particulates (DEP) activated p38
MAPK and induced interleukin 8 (IL-8) production in
human bronchial epithelial cells [40]. The importance of
transition metals in PM10-induced nuclear factor κB (NF-κB)
activation has been demonstrated by Jimenez et al. [33],
who showed that PM10 collected in the UK induced nuclear
translocation, DNA-binding and transcriptional activation
of NF-κB, which occurred in the absence of IκB degradation
in human alveolar epithelial (A549) cells. Treatment of PM10

with both deferoxamine and ferrozine, transition metal
chelators with high affinities for Fe2+ and Fe3+, respectively,
completely inhibited NF-κB activation. Furthermore, expos-
ure of A549 cells to soluble fractions from phosphate-
buffered saline-treated PM10 activated NF-κB, indicating
that soluble components such as metals or organic mater-
ials present on the surface of PM10 are themselves capable 
of activating NF-κB. Kennedy et al. [41] reported that Utah
Valley PM10 enhanced NF-κB binding to DNA and IL-6
release from the bronchial cell line BEAS 2B by a copper-
driven mechanism. Shukla et al. [42] reported that inhala-
tion of PM2.5 in mice up-regulated several NF-κB-mediated
genes including tumour necrosis factor α (TNF-α), IL-6 and
transforming growth factor β. PM2.5 also enhanced tran-
scriptional activation of a NF-κB-luciferase reporter in
murine alveolar type II epithelial cells, which was attenu-
ated in the presence of catalase. In the same study, ultrafine
carbon black, a surrogate for the ultrafine fraction of PM10

known to cause oxidative stress in lung cells [43] stimu-
lated transcriptional activation of NF-κB.

DEP, an important constituent of air pollution, increased
NF-κB activity and caused IκB degradation in human
bronchial epithelial (16HBE) cells, responses abrogated by
the hydroxyl scavenger dimethyl thiourea [44,45]. Benzene-
extracted organic components of DEP and benzo[a]pyrene
induced NF-κB activity in BEAS-2B cells concomitant with
expression of proinflammatory genes [46].

Quay et al. [47], using ROFA, showed a time and dose-
dependent increase in IL-6 mRNA which was preceded 
by NF-κB activation. ROFA particles also induced trans-
criptional activation of the IL-6 promoter, a response that 
was attenuated by transition metal chelation. Vanadium, a
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Figure 34.1 Diagrammatic representation of the hypothetical
signalling pathways involved in the transcription of
proinflammatory genes following exposure to PM10.
MAPK, mitogen-activated protein kinase; NF-κB, nuclear
factor κB.

Table 34.2 Proinflammatory effects of particulate 
material (PM).

Effect References

PM10 particles can generate oxidative stress 32
in cell-free systems

PM10 causes oxidative stress and activation 33 
of oxidative stress-responsive signalling 
pathways in epithelial cells

PM10 causes synthesis and release of 34
proinflammatory cytokines

PM10 causes pulmonary inflammation in 35
laboratory animals

PM10 causes inflammation in humans  36
exposed to CAPS by inhalation or instilled
with soluble components

CAPS, concentrated ambient particles.



transition metal component of ROFA, triggered both EGFR
activation and Ras-dependent activation of NF-κB [48,49].
In addition, the vanadium-induced NF-κB activation was
ameliorated by overexpression of the dominant negative
Ras (N17), suggesting that vanadium stimulates NF-κB
through cross-talk with the EGFR signalling pathway at the
level of Ras. 

The AP-1 pathway is also stimulated by PM10 via oxida-
tive stress leading to proinflammatory and proliferative
gene transcription [34]. 

We have demonstrated that PM10 stimulates the activity
of histone acetyltransferase as well as the level of acetylated
histone 4 (H4), resulting in chromatin remodelling that
allows transcription [50]. The enhanced acetylation of H4
was mediated by oxidative stress as shown by its inhibition
with a thiol antioxidant. The acetylation of H4 mediated by
PM10 was associated with the promoter region of the IL-8
gene. PM10- and trichostatin A (TSA)-mediated increases in
IL-8 and histone acetylation were associated with increases
in NF-κB activation. These data suggest that the remodelling
of chromatin by histone acetylation has a role in the PM10-
mediated proinflammatory responses in the lungs [50]. 

Calcium signalling has been shown to have a role in the
activation of epithelial cells in response to nanoparticles
[51] and in TNF-α gene expression in macrophages [52].

Taken together, these data imply that transition metals,
organics and ultrafine particles are active constituents of
particulate air pollution that stimulate intracellular signall-
ing pathways leading to calcium changes, MAPK signalling,
NF-κB activation and histone acetylation which combine 
to cause enhanced transcription of cytokines and other 
proinflammatory genes through oxidant-mediated mecha-
nisms (see Fig. 34.1).

In cigarette smokers, COPD is associated with distal airspace
enlargement characteristic of emphysema and/or small 
airway remodelling (‘small airways disease’) [53]. There
are no studies demonstrating PM-induced emphysema, but
several studies have looked at pathologic changes in the
small airways in individuals chronically exposed to high
levels of PM.

Souza et al. [54] evaluated autopsy lungs from forensic
(violent death) cases of 34 residents of low PM regions of
Brazil, and 50 residents of São Paolo, a region with a mean
annual PM10 of approximately 80–100 μg/m3, 1991–95.
The vast majority of the subjects (90%) were males and the
mean age at death was approximately 28 years. Approxim-
ately 60% were smokers, but the average amount of smok-
ing, 7 pack-years, was low. Souza et al. graded changes in

Chronic PM exposure and changes in
airways morphology

the small airways in histologic sections and also determined
the gland : wall ratio in the large airways. Regardless of
smoking status, no differences were seen for gland : wall
ratio between high PM and low PM subjects, but anthracosis,
inflammation, wall thickness and mucus hypersecretion
were generally greater in smokers and somewhat greater 
in high PM compared with low PM subjects in both the
smoking and non-smoking groups. The authors used the
anthracosis score as a surrogate of PM exposure, and found
that this correlated with airway wall inflammation and 
airway wall thickness. 

The findings of Souza et al. [54] imply that long-term 
residence in high PM regions leads to the type of small 
airway remodelling that has been shown to correlate 
with clinical airflow obstruction in cigarette smokers [53].
However, this study was confounded both by smoking
(more than half of the subjects were smokers) and probable
occupational dust exposure (again, more than half had
occupational dust exposures). Nonetheless, the statistical
analysis indicated an effect of PM level after adjustment for
these confounders.

Pinkerton et al. [55] also examined forensic death autopsy
lungs, in this instance from 42 Hispanic males from the
Fresno County Coroner’s Office. During the time the 
samples were collected, mean PM10 levels in Fresno were
43.5 μg/m3 and mean PM2.5 levels were 22 μg/m3. The sub-
jects were again relatively young (median age 33 years) 
and approximately 50% were smokers. Pinkerton et al.
found histologic evidence of cigarette smoke injury in the
form of chronic bronchitis and more proximal small airway
remodelling in about half of the subjects. The larger airways
showed few abnormalities, but the distal small airways 
contained considerable carbonaceous dust and birefringent
particles with the highest particle loads in the walls of 
generation 1 respiratory bronchioles and in membranous
bronchioles. Of particular note, the amount of dust (i.e. 
visible pigment graded on a semi-quantitative scale) cor-
related with the degree of fibrosis in these airways.

As in the study by Souza et al.[54], occupational dust
exposure was a problem because most of these men had
worked in local farming operations or in blue collar occupa-
tions and farming is known to be a very dusty process in 
this region. Additionally, smoking produces lesions that are
similar in location and appearance to those caused by dusts,
and synergistic interactions between smoke and dust may
amplify dust effects. Nonetheless, this study lends support
to the idea that chronic high level PM can produce small
airways abnormalities.

In an attempt to overcome these problems, we (Churg 
et al. [56]) examined autopsy lungs from a group of women
from another high PM region, Mexico City (3-year mean
PM10 = 66 μg/m3) and compared them with lungs of sub-
jects from Vancouver, a city with low PM (1984–93 average
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= 25 μg PM10 and 15 μg PM2.5) [57]. All subjects were
never-smokers, did not have a history of occupational dust
exposure and, for the subjects from Mexico City, did not
cook with biomass fuels, a process that, as noted above, has
been associated with chronic airflow obstruction [13,14].
We carried out a formal grading procedure for amount of
muscle and fibrous tissue in the walls of the small airways,
and found that the lungs from Mexico City had consider-
ably greater fibrosis and muscle in both the membranous
and respiratory bronchioles (Fig. 34.2 and see also Plate 34.1;
colour plate section falls between pp. 354 and 355). There
was also greater lumenal distortion in the Mexico City
lungs. Of particular interest, when we used a microdissec-
tion procedure to evaluate particulate content of the airway
walls by analytical electron microscopy, we found chained
aggregates of carbonaceous spheres with the morphology 
of DEP. 

Thus, our study suggests that, even in the absence of
smoking and occupational dust exposure, chronic exposure
to high levels of PM leads to small airway remodelling,
probably caused by PM particles that enter and are retained
in the airway walls. One could argue that our results might
also reflect the presence of other types of air pollution,
because there are considerably greater concentrations of
ozone, NO2, SO2 and CO in Mexico City compared with

Vancouver. While synergistic interactions are possible, the
lesions that we observed are essentially identical to the
small airway lesions found in workers occupationally
exposed to mineral dusts in the absence of other pollutants
[53] and thus we believe that PM are the primary pollutant
responsible for these effects.

Taken in aggregate, our data, and the results of Souza 
et al. [54] and Pinkerton et al. [55], suggest that chronic
exposure to high levels of PM produces distinctly visible
small airway lesions, in particular increases in fibrous 
tissue, muscle and, in the respiratory bronchioles, pig-
mented dust. These findings thus provide an anatomic 
basis for the functional abnormalities detected in persons
with chronic exposures to elevated PM concentrations.

Despite the large number of experimental studies demon-
strating acute proinflammatory effects of PM outlined 
in the previous section, relatively little is known about
chronic effects. 

We have established a tracheal explant system which can
be used to examine fibrogenic events in the airway wall.

Experimental studies on PM and airway
wall remodelling
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Figure 34.2 (a–d) Box plots showing histologic grades for airway fibrous tissue (a,b) and wall muscle (c,d) in membranous and
respiratory bronchioles of autopsy lungs from subjects from Mexico City (high particulate material [PM] area) and Vancouver
(low PM area). The bar in the middle of the box is the median and whiskers indicate the 95th and 5th percentiles. For each
comparison the measured parameters are significantly greater in the Mexico City lungs.



The model employs small segments of rat trachea which are
exposed to dust or PM and then maintained in air organ
culture for extended periods, during which time surface
particles are taken up by the epithelial cells and eventually
transported to the underlying interstitial tissues. Using this
system, we showed that amosite asbestos fibres, known
fibrogenic agents in vivo, produce airway wall remodelling
in the form of increased procollagen and hydroxyproline, 
a measure of collagen content [58]. This process appeared
to be driven by active oxygen species (AOS), probably
through redox cycling of surface iron on the fibre, because
it could be inhibited by deferoxamine and AOS scavengers.

To examine the effects of PM, we employed two different
approaches. First, 0.12 μm TiO2 particles were used as a
model of relatively inert fine PM particles [59]. By them-
selves the TiO2 particles had no effect in the tracheal
explants, but if the particles were first loaded with cationic
iron by incubation in an Fe(II)/Fe(III) chloride solution,
they caused increased pro-collagen gene expression and
increased hydroxyproline in a fashion analogous to
asbestos. The hydroxyl radical scavenger tetramethylth-
iourea (TMTU) and deferoxamine prevented these effects.
Fibrogenesis was mediated through NF-κB activation with
an unusual pattern of IκBα phosphorylation, because
increased levels of both phosphoserine-32/36 and phos-
photyrosine were found. These findings suggested that 
otherwise inert particles that contain bioavailable iron 
can cause generation of AOS and subsequent fibrogenesis
through an NF-κB mediated mechanism involving IκBα
degradation, possibly via two different mechanisms in the
epithelial and mesenchymal compartments. Of interest,
iron loading also lead to an NF-κB dependent increase in
gene expression of prolyl-4-hydroxylase, an enzyme cru-
cial to collagen formation, thus providing one mechanism
by which AOS may control tissue collagen levels. 

To determine whether actual PM could induce airway
wall remodelling, explants were exposed to Ottawa Urban
Air Particles (EHC93, closely corresponding to PM10) or
DEP [60]. After 7 days in air organ culture, both types of 
PM produced increased procollagen gene expression and
increased tissue hydroxyproline, and these effects could be
completely blocked by antioxidants and NF-κB inhibitors.
Both types of PM also produced increases in gene expres-
sion of TGF-β1, a powerful pro-fibrogenic cytokine. With
the Ottawa urban air particles EHC93, TGF-β gene expres-
sion operated through an AOS-driven pathway, but for
DEP, TGF-β gene expression proceeded through a MAPK
pathway. These findings therefore show that PM particles
can produce airway wall fibrosis and that a variety of differ-
ent pathways are involved.

Iron is an important component of many types of PM,
and the findings just described correspond in a general 
way to a considerable number of observations that link PM

toxicity to the presence of transition metals, mostly iron,
but also vanadium [33,47,61–63]. To further investigate
the role of iron, we treated iron-loaded TiO2 with citrate
and then applied the citrate extract to tracheal explants [59].
The extract proved to be an even more powerful inducer of
pro-collagen gene expression than was the dust itself. Thus,
these results imply that leaching of redox-active iron from
PM may be one mechanism behind PM-induced airway
wall remodelling, although other mechanisms probably
apply to DEP.

There is now convincing evidence of a link between air 
pollution, especially particles, and deaths and hospitaliza-
tions for cardiovascular disease. In humans, this has been
demonstrated epidemiologically as increased cardiovas-
cular deaths [17,64] and hospitalization [65] in relation to
increases in PM10. In addition, panel studies have shown
increases in PM to be associated with triggering of myo-
cardial infarction [66] and increased dysrhythmia [67]. 
These effects could be driven by a number of mechanisms
including local inflammation in the lungs causing systemic
inflammatory effects (reviewed in [68]) that could impact
on atherosclerotic plaque stability [69]. Irritative or inflam-
matory effects of particles could also affect the autonomic
nervous system to cause effects on heart rhythm [70].

In COPD there is a two- to threefold increased risk of car-
diovascular disease, and ischemic cardiac injury is found in
COPD in association with increased acute phase proteins
[71]. Systemic inflammation is well-documented in COPD
[72] and increases in C-reactive protein [73] and fibrino-
gen [74] have been reported. Increases in these components
of the acute phase response are also related to increases in
PM in normal elderly people and are an independent risk
factor for acute cardiovascular mortality [75]. Hypertension
is also a risk factor for acute cardiovascular death and
hypertension is common in COPD [76]. 

Atheromatous plaques, the inflammatory lesions of coron-
ary artery disease, form in the walls of arteries and typic-
ally contain leucocytes, smooth-muscle cells, foam cells 
and a lipid-rich core capped by a fibrous layer of connective
tissue and fibroblasts [77]. The lipid core of the plaque is
highly thrombogenic, containing lipid-rich macrophage
foam cells. When a plaque ruptures, thrombogenesis can
result, leading to an ischemic episode. It is notable that
plaque rupture and small areas of denudation and throm-
bus deposition are a common subclinical finding on the 
surface of atheromatous plaques at autopsy [78]. These
findings suggest that the balance between fibrinogenesis
and fibrinolysis is the factor that modifies plaque rupture

Air pollution, COPD and cardiovascular
disease
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and dictates whether a thrombus forms or not. Any effect 
of particle deposition in the lungs that favours clotting
would increase the likelihood of thrombus formation in a
susceptible individual when a plaque ruptures. Known risk
factors include increased plasma fibrinogen, factor VII coag-
ulant activity (factor VIIc), as well as impaired endogenous
fibrinolysis. It is the relative balance between the acute
local release of tissue plasminogen activator (tPA) and its
subsequent inhibition through the formation of complexes
with plasminogen activator inhibitor type 1 (PAI-1), which
determines the level of endogenous fibrinolytic activity and
hence the risk of propagation of subclinical microthrombi
on atheromatous plaques, that ultimately lead to coronary
arterial occlusion and myocardial ischaemia [29].

In a human in vivo model to assess the acute fibrinolytic
capacity, the endothelium-dependent vasodilator, sub-
stance P can be used to stimulate tPA release in the forearm
blood vessels [79]. Acute cigarette smoking has been shown
to cause a marked inhibition of both peripheral arterial and
coronary arterial substance P-induced tPA release [79,80]. 

Many of the mechanisms of cigarette smoke induced pro-
inflammatory events are mediated by oxidative stress [81]
and similar mechanisms have been invoked for environ-
mental particles [31]. Thus, oxidative stress could be a mech-
anism for particle-induced changes in fibrinolysis, which
may be relevant to thrombosis propagation and coronary
artery occlusion in susceptible individuals in response to
increased particulate air pollution levels. In COPD, many 
of the risk factors for sudden cardiovascular death are pre-
sent: hypertension, acute phase response, oxidative stress,
cigarette smoke induced fibrinolytic deficit and all of these
are potentially subject to modification by air pollution. Thus,
COPD patients can be seen as a particularly susceptible
group for the adverse cardiovascular effects of PM. 

Epidemiological studies show a clear relationship between
increases in air pollution levels and both mortality and
morbidity in patients with established COPD. Such studies
also suggest that, even in non-smokers, long-term expo-
sure to high levels of ambient pollutants can by itself 
cause COPD. It is not easy, given the complex nature of 
air pollution, to ascribe these effects to a single entity, 
and all of the main gaseous pollution components have
proinflammatory effects. However, particles appear to be 
especially harmful. An accumulating body of experimental
evidence suggests that oxidative stress induced by particles,
especially those containing transition metals, along with
the inflammatory reaction to such particles, are the under-
lying mechanisms. Chronic inflammatory and fibrogenic
responses to the background particle pollution cloud could

Conclusions

cause long-term remodelling of airways, while short-term
increases in PM10 might elicit an additional inflammatory
burden on the airways, causing exacerbations. COPD
patients are a susceptible group for cardiovascular disease
and PM-mediated oxidative stress and inflammation can
impact on important coagulation and atherogenic path-
ways which may explain the increased cardiovascular mor-
tality and morbidity associated with increases in particulate
air pollution. 
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CHAPTER 35

Viruses in COPD

Sam Hibbitts and Colin Gelder

Viruses are comprised of a limited number of proteins and
nucleic acid, either in the form of RNA or DNA. They lack
the enzymes required for efficient nucleic acid replication
and therefore have to subvert the host cell in order to 
propagate. Viruses vary in complexity from small single-
stranded RNA viruses with less than a dozen open reading
frames (ORF) (viral equivalent of genes) to large double-
stranded DNA viruses containing hundreds of ORF. 

The nucleic acid in viruses can be either single or double
stranded. Single-stranded RNA viruses can either have
their genetic information on one strand or on several short
segments of RNA and this nucleic acid can either be the
same sense as messenger RNA (positive strand viruses) or as
the complementary sense (negative strand). In order to
produce mRNA negative strand, viruses have to produce a
positive strand template (cRNA).

Viruses are classified as ‘lytic’ or ‘non-lytic’ according to
whether they destroy the host cell in the process of replica-
tion. Much of the pathology seen during a non-lytic viral
infection is caused by the host response rather than the
virus itself. Some viruses are able to persist after the acute
infection either by lying dormant or by integrating part of
their genetic information into the host genome. There is
currently interest in the possibility that latent adenovirus
infection may contribute to the pathogenesis of COPD 
(see below).

Respiratory viruses typically target the mucosal mem-
brane of the respiratory tract epithelium and cause a local-
ized infection with a short incubation period of 1–3 days.
The lung parenchyma may also be targeted as part of a 
generalized infection. While most respiratory virus infec-
tions are self-limiting, the consequences of this acute infec-
tion can have longer term complications, and these are
discussed below. Electron microscope (EM) images of the 
different respiratory viruses are illustrated in Plate 35.1
(colour plate section falls between pp. 354 and 355).

Negative strand RNA viruses

Influenza A and B
Influenza viruses are members of the Orthomyxoviridae and
are responsible for local outbreaks, epidemics and pandemics
of acute respiratory illness. Although influenza infection
usually produces a short-lived self-limiting illness, it is asso-
ciated with complications, including primary viral pneumonia
and secondary bacterial infection, and considerable excess
morbidity and mortality. Such complications and death are
more likely to occur in individuals with chronic respiratory,
cardiac or metabolic disease, the immunocompromised and
those over the age of 65 years: the high-risk groups.

Influenza viruses are lytic and possess a negative sense
segmented single-stranded (ss) RNA genome approxim-
ately 10 kb in size. There are three genera (A, B and C),
with influenza A and B being the most significant. The viral
genome consists of eight fragments that complex with viral
proteins to form a helical ribonucleoprotein (RNP). The
virions are typically 100–200 nm in size and spherical with
spikes projecting from the outer lipid envelope. The surface
spike glycoproteins of influenza A are haemagglutinin (HA)
and neuraminadase (NA), influenza B has a combined surface
coat protein [1,2]. These glycoproteins exhibit regular lim-
ited changes in their antigenic structure, termed antigenic
drift. This leads to the emergence of new influenza A and B
strains and winter outbreaks and epidemics of influenza. 

In influenza A, antigenic drift is interspersed by less 
frequent large changes in structure termed antigenic shift,
with different combinations of HA and NA (new sub-
types) and these usually cause pandemics of influenza.
Such pandemics have occurred in 1890, 1918, 1957, 1968
and 1977. The 1918 pandemic is believed to have killed 
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at least 40 million people [3]. To date, 15 subtypes of haemag-
glutinin and nine subtypes of neuraminidase have been
described. While only one or two subtypes are found in
most mammalian species, all are present in aquatic birds,
which are thought to be the original source of the haemag-
glutinin and neuraminidase genes found in pandemic
influenza A viruses [4] (for further information visit www.
cdc.gov/ncidod/diseases/flu/fluvirus.htm).

Respiratory syncytial virus
Respiratory syncytial virus (RSV) is responsible for a range
of respiratory illnesses including bronchiolitis in infants,
and coryzal illness and tracheobronchitis in adults. In addi-
tion, RSV is increasingly recognized to be an important
pathogen in COPD (see below). In temperate climates,
annual outbreaks of RSV infection occur during the 
winter season, whereas its incidence in the tropics is during
the summer and rainy months. The virus is transmitted
through respiratory secretions. During an epidemic, noso-
comial infections are common, particularly in hospitals and
nurseries, with virus shedding apparent up to 3 weeks after
the acute infection. 

RSV is a member of the Paramyxoviridae family in the
Pneumovirus genus with a negative sense ssRNA genome
and is non-lytic. RSV virions are 120–300 nm in size with 
a lipid envelope and glycoprotein spikes on their surface. 
It encodes 10 viral proteins, eight of which are structural
and two are non-structural [5]. There are two serological
groups, RSV A and RSV B; however, the significance of this
strain variation in terms of clinical outcome and epidemio-
logy remains unclear (for further information visit http://
www.cdc.gov/ncidod/dvrd/revb/respiratory/rsvfeat.htm).

Metapneumovirus
Human metapneumovirus (hMPV) was first described 
by van den Hoogen et al. [6] who were able to isolate the
virus from young children with respiratory tract disease,
and demonstrated, by studying old sera, that hMPV has
been present in the European community for more than 
50 years. The virus causes symptoms that are similar to
human RSV and the majority of children appear to have
been infected with hMPV by 5 years of age. The virus also
impacts upon the elderly and the immunocompromised.
Genetically, it is most closely related to type C avian pneu-
moviruses (APV; previously termed turkey rhinotracheitis
virus, TRTV). The majority of currently published studies
have not looked for this virus.

Positive-strand RNA viruses

Picornoviruses
Rhinoviruses are Picornoviruses and are the most common
causative agent associated with the common cold. There

are at least 100 different serotypes of this virus, which is
transmitted through aerosols, infected surfaces and hand-
to-hand contact. Rhinoviruses target cells of the upper 
respiratory tract causing inflammation. Infections occur
throughout the year and although the associated illness is
mild in healthy individuals, this virus is associated with
exacerbations of asthma and COPD (see below).

Rhinoviruses are non-lytic and have a linear positive
sense ssRNA genome approximately 8 kb in size with a 5′
protein primer and 3′ poly (A) tail that in itself is infectious.
Picornavirus virions are icosahedral, approximately 18–
30 nm in diameter, non-enveloped with a protein capsid.
The virus particles enter the cell through attachment to
intercellular adhesion molecule type 1 (ICAM-1). The viral
genome functions as a mRNA for direct translation into 
a large polyprotein that undergoes a series of cleavages 
to form the structural and non-structural viral proteins.
Cellular mRNA translation is inhibited and virus release
involves destruction of the host cell [7].

Rhinoviruses differ from other members of the
Pircornaviridae family in that they can not withstand acidic
environments and have an optimal growth temperature of
33°C. A number of antivirals including interferons have
been tested as treatment for the common cold with limited
effectivity results and generation of a vaccine has proved
difficult because of the numerous rhinovirus serotypes [8].

Coronaviruses
‘Usual’ coronaviruses
Coronaviruses are the second most common pathogen
associated with the common cold (2–10% of cases). There
are two known human serotypes (229E and OC43).
Replication of these viruses is restricted to the epithelium
cells of the upper respiratory tract and in typically healthy
individuals only the nasal passages are affected with no
fever or sore throat. However, in patients with underlying
respiratory disorders including COPD, coronaviruses can
exacerbate clinical symptoms (see below).

Coronaviruses have a large RNA genome of approxim-
ately 30 kb that is positive sense ssRNA 5′ capped and 3′
polyadenylated and, as with rhinoviruses, the 5′ cap is
infectious in its own right. The virions are pleomorphic,
ranging in size from 60 to 220 nm, with heavily glycosy-
lated glycoprotein surface spikes. Entry into cells is thought
to involve endocytosis and viral RNA translation produces
two large polyproteins that, when cleaved, produce an RNA
polymerase. This proceeds to transcribe a negative copy of
the RNA genome which serves as a template for transcrip-
tion of a positive copy and subgenomic mRNAs which 
each encode one of the viral proteins. A lipid envelope is
acquired from the host cell and virus release is through
fusion of vesicles containing progeny virions with the
plasma membrane of the host cell [9,10].
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Severe acute respiratory syndrome
The first cases of severe acute respiratory syndrome (SARS)
were reported in November 2002 in Guangdong Province,
China, with an outbreak of atypical pneumonia affecting
305 people with five deaths. Epidemiological studies
identified spread along recognized international air travel
routes with reports of cases in Asia, North America and
Europe. Health-care workers proved to be at ‘high-risk’
with potential exposure to a new and readily transmiss-
ible disease. By early May 2003 the cumulative number 
of reported cases exceeded 7000 in 30 countries over six
continents with 623 attributable deaths [11]. 

General symptoms include fever, headache, discomfort
and body ache, with some mild respiratory symptoms. Two
to seven days following infection air passages may feel
blocked and a dry cough can develop. Transmission is via
close contact with an infected individual through aerosols
and direct contact with infectious material [12]. 

A previously unrecognized coronavirus has been isolated
from patients with SARS and this is thought to be the
causative agent [13]. At the time of writing, the initial diag-
nostic tests for suspected SARS cases include a coronavirus
antibody test and reverse transcriptase polymerase chain
reaction (RT-PCR). With no vaccine or treatment yet avail-
able, control has been via isolation and quarantine with
standard, airborne and contact precautions recommended
(www.who.int/csr/sars/en/).

DNA viruses

Adenovirus
Adenovirus is a lytic double-stranded DNA virus with 
more than 40 known serotypes, responsible for a range 
of human and animal diseases that affect the upper and
lower respiratory tract, the eye and the gastrointestinal
tract. Adenoviruses are estimated to contribute to 5–10% of 
respiratory tract infections in children. The replication cycle
of adenovirus is initiated when the virus adheres to the host
cell receptor followed by internalization via endocytosis.
The viral genome is then translocated into the cell nucleus
and transcription of both DNA strands occurs using the cel-
lular RNA polymerase II that forms early and late mRNAs
encoding the ‘early’ and ‘late’ proteins, respectively. The
first early gene expressed is E1A which operates in trans to
activate the host cell transcription machinery. This gene
encodes nuclear phosphoproteins that regulate the expres-
sion of certain viral and cellular genes. The E1A protein has
a number of functions including initiation of cell division,
transformation, immunosuppression and influencing cellu-
lar transcription by interacting with nuclear regulatory pro-
teins and thus affecting transcription factor DNA binding.
There is an overall activation of the cell and the virus in
essence takes over its machinery so that the host cell
becomes a manufacturer of virus particles [14,15] (for 

further information visit www.cdc.gov/ncidod/dvrd/revb/
respiratory/eadfeat.htm).

Culture

Virus isolation utilizing cell culture remains one of the 
predominant methods used by clinical laboratories to
investigate clinical specimens for potential viral infection.
With appropriate samples and cell-lines, this technique
remains sensitive and specific for the detection of a range of
viruses when there is a visible cytopathic effect (CPE). A
positive viral identification indicates viable virus within a
sample which can also be used for further investigations.
Virus isolation via culture, however, is a slow process which
can take up to 7–14 days before a result is obtained, which
is often inadequate for appropriate patient management.
Primary cell-lines from primates are often required for an
accurate result (best yields for influenza and parainfluenza
viruses) and their use is becoming increasingly difficult to
justify. In addition, culture has been found to be less sensi-
tive than the emerging viral molecular detection methods
and inefficient at detecting viruses with limited CPE.

Serology

The humoral response triggered by viral infection forms the
basis of serology testing. Typically, during the acute stage of
infection an immunoglobulin M (IgM) and IgG antibody
response is observed; however, the functional response is
variable. Early serology testing did not differentiate be-
tween an IgM and IgG response, with diagnosis determined
by seroconversion or rise in Ab titre after acute infection.
Insensitivity and cross-reactivity with different antigens
plus a positive identification only after an acute infection
limited its use in a clinical setting. The latest serological tests
are based on solid phase linked immunoassays and include:
1 Indirect assays: viral Ag fixed onto a solid phase, patient
serum added and presence of specific Ab to this Ag detected,
with differentiation between IgM and IgG;
2 Competitive assays: compete labelled Ab with Ab present in
a clinical specimen for binding to a fixed target Ag;
3 Capture assays: capture of IgM or IgG species present in a
clinical sample to a solid phase followed by addition of tar-
get Ag and labelled Ab.
IgM assays give indication of a recent infection and IgG
assays indicate prior infection. More recent serology assays
are automated and therefore require limited hands-on
time. The main drawbacks to serology testing is still pos-
sible cross-reactivity and its dependence on an individual
mounting an immune response, therefore it is inappropri-
ate for use on immunocompromised patients.

Viral detection techniques
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Immunofluoresence

Direct or indirect immunofluorescence (IF) is an effective
rapid diagnostic technique. Monoclonal antibodies to a
specific pathogen are utilized and this procedure is used
routinely for respiratory viral screening of clinical speci-
mens for RSV, parainfluenza, influenza and adenovirus. A
range of specimens can be investigated using IF including
nasopharyngeal aspirates (NPA), throat and nasal swabs,
with results available in a short time frame. The main 
drawback of the procedure is its requirement for a quality
specimen with enough of the viral target cells for a posit-
ive identification. Sensitivity of the assay can also vary 
with virus variants that may possess altered amino acid
sequences, envelope or outer capsid proteins and new
emerging viral strains would be missed when suitable anti-
body preparations are not yet available for their detection.

Polymerase chain reaction

To date, molecular amplification procedures mainly use
polymerase chain reaction (PCR) amplification for detec-
tion and analysis of DNA viral targets and RT-PCR for RNA
viruses. PCR requires a pair of primers that each hybridize
to one strand of a double-stranded DNA (dsDNA) target
across a defined region that becomes exponentially amplified.
The hybridized primer acts as a substrate for a DNA poly-
merase (Taq) that creates a complementary strand through
addition of deoxynucleotides. The PCR process can be 
summarized in three steps:
1 dsDNA separation (> 90°C);
2 primer annealing (50–75°C); and
3 polymerization (72–78°C).
The incubation length for each step and the cycling para-
meters are optimized for each target and require a thermal
cycler. Traditional detection of PCR products uses elec-
trophoresis in the presence of ethidium bromide with 
visualization by illumination with short wave (254 nm)
ultraviolet light. ‘Nested PCR’ is a variant of standard PCR
in which a second round of amplification takes place using
the product of the first round as the DNA template and a
second set of primers specific for regions within this first
round amplicon. This technique is extremely sensitive but
prone to false-positive reactions unless great care is taken to
prevent cross-contamination. The advent of ‘real-time’ PCR
technology reduces the need for post-PCR analysis with
fluorogenic labels incorporated onto the probes generating
a signal in proportion to the amount of amplification prod-
uct produced [16]. 

RT-PCR incorporates the standard PCR technique with
an additional pre-PCR-RT step required to produce a DNA
copy of an RNA target. This method utilizes random or
specific primers to the RNA target and a reverse trans-
criptase that creates the first strand complementary DNA

(cDNA) via addition of deoxynucleotides. Alternative 
procedures use thermostable polymerases with RT activity
or Taq/RT mixes for single-tube reverse transcription and
amplification.

Nucleic acid sequence based amplification
(NASBA)

Nucleic acid sequence based amplification (NASBA) is an
alternative procedure for amplification of RNA targets. It
amplifies RNA in a manner analogous to the replication 
of retroviruses (Fig. 35.1) [17,18]. The NASBA reaction
contains oligonucleotide primers and three enzymes: 
avian myeloblastosis virus-reverse transcriptase (AMV-
RT), RNase H and T7 RNA polymerase for target specific
amplification [19,20]. The reaction occurs at 41°C and
results in the exponential amplification of products within
90 min, producing antisense single-stranded RNA as the
major amplification product. Detection of NASBA products
has been reported using probe-capture hybridization and
electrochemiluminescence (ECL) [17,20] and ‘real-time’
detection using molecular beacons has been described
[21,22]. Molecular beacons are hairpin-shaped oligo-
nucleotides with a loop region containing a probe sequence
complementary to the target amplicon and a stem with
complementary arm sequences located on either end of the
probe sequence [23]. A fluorophore is covalently linked 
to one arm and a quencher to the other, so in the absence 
of its target amplicon fluorescence is quenched by energy
transfer. When the probe hybridizes to its target to form 
a rigid double helix, a conformational change occurs that
separates the quencher from the fluorophore enabling
fluorescence to occur.

New molecular technologies (PCR, RT-PCR, NASBA)
may give a more accurate reflection of the contribution 
of respiratory viruses with their increased sensitivity and
specificity, plus their ability to identify new emerging 
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respiratory viruses (e.g. hMPV and SARS) or viruses that
grow inadequately in culture and may be missed by tradi-
tional procedures. Additional benefits of molecular tech-
niques include fast turn around time for results and use of a
range of specimen types even when cell/target copy num-
ber is low (e.g. samples from children).

There is a wide variation between the different tech-
niques that have been used to detect respiratory viruses in
COPD patients, ranging from traditional culture through to
PCR. To elucidate accurately the significance and contribu-
tion respiratory viruses have on the pathogenesis of COPD,
optimized sensitive and specific viral detection assays
should be utilized. Work on this field relying exclusively on
culture and/or serology is likely to have underestimated the
potential role of viruses. Table 35.1 compares the different
techniques currently utilized for viral diagnostics.

Role of childhood infections in later
development of COPD

Individuals who develop lower respiratory viral infections
in early childhood go on as a group to have reduced lung
volume in adulthood [24,25]. The most likely interpreta-
tion of these data is that infection of the developing lung in
infancy and childhood leads to a reduction in lung growth,
although it is possible that individuals with small lungs 

Viruses and the development of COPD

as infants who are genetically programmed to have small
lungs as adults are more susceptible to lower respiratory
tract infection. Viruses are isolated in 20–30% of all cases of
respiratory infections in the paediatric setting, and RSV
infection is the major cause of bronchiolitis in the first few
years of life [26], and has therefore attracted much interest.
Indeed, almost 100% of infants are infected with RSV dur-
ing their early years and of these 66% of infections occur
within their first year. Nine studies between 1978 and 2000
studied long-term prognosis of RSV infection with only 
one studying the control group simultaneously as the RSV-
infected hospitalized children [26,27] (study design and
results are discussed in more detail later). Study designs
varied but all found the post-bronchiolitis group to 
have increased airway obstructions with diminished lung 
function that persists for several years (reviewed in [28]). 
The mechanism by which RSV initiates and induces these
changes remains unclear and is likely to involve a number
of genetic and environmental factors. However, RSV stimu-
lation of host Th2 immune cells is thought to be a contribut-
ing factor. 

Strannegard et al. [26] studied children hospitalized for
RSV-induced bronchiolitis and controls. These children
were monitored at 1, 3 and 7 years of age [26,27]. At 1 year,
bronchiolitic illness was associated with higher RSV Ab
(immune) response and by 3 years allergic sensitization and
onset of asthma was more frequent in children with a his-
tory of bronchiolitis. Allergic sensitization was elevated in
children with higher levels of IgA Ab at 1 year, supporting
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Table 35.1 Comparison of different techniques utilized for viral detection.

Technique Culture Serology Immunofluorescence PCR NASBA

Time to result 7–14 days Variable < 1 day < 1 day 2–6 h 2–4 h

Cost(s) Low Medium Low–medium High High

Assay sensitivity/ Medium–high   Medium–high Variable: High High
assay specificity if there is a  although in some high if appropriate 

visible viral CPE cases cross-reactivity Abs available
and interference

Advantages Viable virus  Speed, numerous Speed, high sensitivity Speed, possible Speed, possible
isolated for sample types can be for certain viruses application to new application to new
further study analysed emerging viruses emerging viruses

Limitations Slow and Some spurious results, High-quality samples Cost Cost
multiple cell- inappropriate for for testing required
lines required immunocompromised 

patients

Ease of use Labour intensive, Rapid, can be Skilled staff needed Trained staff Trained staff 
cell-culture automated required required
trained staff 

CPE, cytopathic effect; NASBA, nucleic acid sequence based amplification; PCR, polymerase chain reaction.



previous findings that the Th2 response (involved in IgA 
Ab production) maybe activated by RSV and contribute 
to subsequent developmental problems in the lung. By 
7.5 years of age, bronchial obstructive disease and allergic
sensitization (any wheezing) were increased in RSV chil-
dren, with a higher prevalence of asthma compared with
controls. Hereditary and environmental risk factors were
also evaluted but RSV bronchiolitis remained the most stat-
istically significant. 

A number of studies have investigated potential mech-
anisms in which RSV can cause dysfunction in the airways.
Recent findings suggest that RSV infection may cause
changes in both airway and immune function. Kao et al.
[29] focused on RSV infection of the airway epithelium
investigating both in vitro and in vivo models. Many cell
types are thought to be involved in airway injury but the
epithelium remains a major target. RSV was found to
increase the release of nitric oxide (NO) from epithelial 
cells and this was dependent upon virus replication and
involved Th2 cytokines. NO has numerous functions
within the lung and in view of the observed complications
associated with RSV infection, may serve as an important
signalling molecule for immune cells.

Other groups have shown RSV-induced changes in the
autonomic regulation of airway smooth muscle (ASM) 
and airway hyperresponsiveness (AHR) and sensitization to
aeroallergens. Interestingly, early ribavirin treatment of
children with RSV bronchiolitis in healthy infants reduced
both the incidence and severity of reactive airway disease
and hospital admissions for respiratory-related illness [30]. 

Although many children with RSV-associated wheeze
appear to stop wheezing in later childhood, it is not yet
known what happens to these individuals in adulthood,
and it has been suggested that they might be predisposed to
COPD in later life [31].

Adenoviruses and COPD

While cigarette smoking is clearly the major risk factor 
for the development of COPD, only 10–20% of heavy
smokers actually develop significant emphysema and air-
way obstruction [32]. Thus, other factors including either
host genetics and/or environmental exposure must con-
tribute to the pathogenesis of COPD. Latent adenoviral
infection has been proposed to contribute to COPD as the
production of adenoviral proteins in the absence of viral
replication has been demonstrated in an elegant series of
studies by Professor J. Hogg et al. (see below). Such latent
infections are thought to amplify cigarette-induced lung
inflammation and contributing to COPD development. 

Evidence of persistent adenoviral infection has been
reported in the tonsils of children [33], and from PBMCs
[34] and lungs [35] of asymptomatic adults [35]. Expres-
sion of the E1A protein of adenovirus has been detected in

the lung epithelial cells even after the virus has stopped
replicating and clinical symptoms have cleared [36]. Studies
have reported that the copy number of the E1A gene is
found in higher numbers in the lungs of patients with
COPD than in matched controls [35].

Animal models with latent adenoviral infection develop
an exaggerated inflammatory response and excess emphy-
sema when challenged with cigarette smoke. These studies
have supported the hypothesis that cigarette smoke alone
results in lung inflammation that is more pronounced
when the E1A gene of adenovirus is present. Thus, an
excess response to cigarette smoking appears to be linked to
latent adenoviral infection.

This has lead to the hypothesisis that the E1A DNA 
persists after a childhood infection of adenovirus and its
gene products contribute to the inflammation process in
the lungs of smokers which accounts for why although all
smokers display airway inflammation, airway obstruction
only occurs in a minority. 

A number of groups have attempted to determine the
mechanism by which this process of accelerated inflamma-
tion in the lung may occur. Keicho et al. [32] investigated
epithelial lung cells stably transfected with E1A. The
inflammatory stimuli lipopolysaccharide (LPS) induced an
increase in the surface expression of ICAM-1 and this was
mediated by E1A up-regulating IL-8 production (demon-
strated at the mRNA and protein level), which was not
observed in control cells. The levels of interleukin 1β (IL-
1β), IL-6, granulocyte colony-stimulating factor (G-CSF)
and granulocyte–macrophage colony-stimulating factor
(GM-CSF) were not affected or different between control
and transfected cells. Keicho et al. [32] speculate that this
may be an important mechanism by which amplification of
inflammation of the lungs occurs, thereby enhancing its
susceptibility to other irritants.

The numbers of neutrophils found in the airways of
smokers is proportional to the amount smoked and, inter-
estingly, increased numbers of neutrophils are present in
lavage fluid of patients with chronic bronchitis. The role
and contribution of neutrophils to airway obstruction is not
fully elucidated but is thought to be related to the proteases
that they release. However, their presence in the airway
would require some form of chemotaxis to enable the
observed migration of neutrophils to occur. IL-8 is a potent
chemoattractant and activator of neutrophils. In addition,
IL-8 levels have been found to be elevated in COPD pati-
ents. Taken together, this would suggest that the E1A 
protein of adenovirus could have a key role in recruiting
neutrophils to the airways, thus enhancing the inflamma-
tory response in the lungs that can lead to emphysema.

A study of patients with severe emphysema found the
number of different inflammatory cell types to be elevated
in the lungs with the exception of B cells [37]. However,
there was no significant difference in the smoking history of
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the patients and control subjects. Interestingly, a fivefold
increase in the number of epithelial cells expressing the
E1A protein in patients with mild emphysema was observed,
which increased to 41-fold in severe cases. The increased
levels of E1A were found to be directly proportional to an
increased number of inflammatory cells in the tissue and
airspaces of the lung. The alveolar type II cells targeted 
by adenovirus cover 7% of the surface of the lung.
Polymorphonuclear cells of the immune system have been
found to enter the alveolar space through junctions of type
I and II alveolar cells, which would make these cells ideal
sites for amplification of inflammatory cell migration. The
up-regulation of ICAM-1 and IL-8 by E1A protein that
appears to reside in these type II cells long after acute 
adenovirus infection would increase the number of cells
entering the airspace of the lung.

The expression of viral proteins in lung epithelial cells
augments the lung inflammatory response via adaptive
immune mechanisms. This was demonstrated by a study
with transgenic mice expressing influenza viral protein in
alveolar epithelial cells. When challenged with CD8+ T cells
sensitized to the same viral protein there was an observed
epithelial-driven MHC restricted inflammatory response.
Thus, there was a specific immune response to the presence
of the viral protein in the absence of a lytic infection and
this may represent what occurs during a latent infection.

Thus, a number of social, genetic and developmental 
factors may be required to develop severe infection.

HIV infection and COPD

HIV-1 infects the pulmonary macrophages and lympho-
cytes of the lung and decreases the numbers of CD4+ T cells.
HIV in the lung may also be responsible for the infiltration
of cells (‘lymphocytic alveolitis’) into the alveolar spaces
that is observed in all HIV-positive patients [38]. A number
of reports have identified a connection between HIV infec-
tion and airways disease and emphysema, with an increase
in acute bronchitis in HIV-positive patients compared with
controls [39]. In addition, HIV is thought to increase sus-
ceptibility to smoking-induced emphysema that correlates
with increased numbers of CD8+ T-cells as shown in a study
comparing lung lymphocyte numbers and physiology
between infected and uninfected groups matched by age
and smoking history [40].

An exacerbation of COPD has been defined as ‘a sustained
worsening of the patient’s condition from the stable state,
beyond normal day to day variations, that is acute in onset
and necessitates a change in regular medication’ [41]. In

Viruses and COPD exacerbations

individuals with mild or moderate disease, an exacerbation
may be the first occasion at which they seek medical atten-
tion, and is an opportunity for medical intervention and
health education [42]. As an individual’s lung function
slowly declines, the chance that medical care and hospital-
ization will be required during an exacerbation increases
[43,44] and if inpatient care is required it is associated with
high treatment cost and considerable mortality (reviewed
in [45]).

Individuals with COPD vary considerably in the number
of exacerbations they experience. Population-based studies
have also established that individuals with chronic lung dis-
eases experience more acute lower respiratory symptoms 
in association with an upper respiratory tract infection than
healthy controls [46,47] and there is evidence that the
patients who have the most frequent exacerbations also
have the lowest health status [48], and that exacerbation
frequency may predict accelerated decline in lung function
[49,50], although this is controversial [43,51] and may only
relate to current smokers [50]. In addition, while symptoms
during an acute exacerbation may be short lived, in a
minority of individuals its effects can last for several months
[52] possibly because of negative conditioning of skeletal
muscles.

Influenza and COPD

Influenza causes regular seasonal outbreaks of acute 
respiratory illness interspersed by less frequent epidemics
and pandemics. During an influenza outbreak there are in-
creases in all cause mortality. Several large epidemiological
studies have demonstrated that individuals with chronic 
illnesses including COPD have an increased risk for respir-
atory illness-related hospitalization during influenza out-
breaks independent of age, and morbidity and mortality in
excess of the already high underlying rates associated with
old age [53–57].

Influenza vaccines are 70–90% effective in preventing
‘flu-like’ illness in young fit adults, and approximately
40–60% effective in preventing the symptoms of influenza
in individuals over 65 years of age, and have been shown 
to reduce mortality, hospital admissions and be highly cost
effective. These findings lead to the current recommenda-
tion that patients with COPD should receive annual
influenza vaccinations (ACIP as above). However, while
influenza vaccination increases ‘herd immunity’ it must be
emphasized that individuals who have been vaccinated can
and do still develop influenza and its complications.

The evidence that viruses have a role in acute
exacerbations of COPD
For many years bacterial infection was regarded as the 
primary cause of acute exacerbations of COPD. However,
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careful studies have demonstrated that there is no bacterio-
logical evidence of infection in approximately 50% of ex-
acerbations, and that the frequency of isolation of bacteria
does not increase during an exacerbation [58,59].

Investigations into the possible role of viruses in ex-
acerbations of COPD can be divided into those employing 
‘traditional methods’ of viral detection including serology
and culture, and those using molecular techniques. The
advantages and disadvantages of these techniques have
already been discussed, the key points being that several
viruses, including Rhinoviruses, are difficult to detect by
traditional methods, and that the sensitivity of molecular
techniques is greater than traditional methods (with the
possible exception of immunofluorescence).

Examples of studies using ‘traditional methods’ include
work by Smith et al. [47], who detected viruses or
Mycoplasma pneumoniae infection in 18% of COPD exacer-
bations and 6% of illness-free periods; Buscho et al. [60],
who reported viral or M. pneumoniae infection in 25% of
166 acute episodes of exacerbation and 14% of 138 remis-
sion periods; and Gump et al. [61] who reported that one-
third of the 116 exacerbations observed could be related to
viral infection. 

A more detailed study was carried out by Greenberg et al.
[62] who investigated viral contribution to acute exacerba-
tions of COPD in a longitudinal cohort study, in which they
compared patients with COPD with age-matched controls
with no previous chronic respiratory disease. Approximately
90% of subjects had received an influenza vaccination.
Viral culture and serology were used to provide evidence
for viral infection, and exacerbations were considered to be
virus-associated if a virus was isolated within 7 days of the
onset of symptoms, or if serological evidence of infection
was found in consecutive paired samples. There were 221
episodes of respiratory illness in the control group (1.4 per
year) compared with 323 in the individuals with COPD 
(2.4 per year). Within the COPD group, respiratory illness
occurred more frequently in individuals with a forced 
expiratory volume in 1 s (FEV1) of more than 50% predicted
than those with an FEV1 of less than 50% predicted (3.0 vs
1.8 acute respiratory illnesses per year, respectively). The
duration of respiratory illness did not vary significantly
between the patients and controls. Viral infections were
associated with respiratory symptoms in 39% of the control
group and 19% of COPD group, and a similar pattern of
viral infection was seen in both groups. In the COPD 
group, Parainfluenza virus accounted for 29% of exacer-
bations where a virus was detected, Picornaviruses and
Coronaviruses both accounted for 23% (three-quarters 
of Picornaviruses were Rhinoviruses), influenza A and B
viruses (11%), RSV (11%), Adenovirus (1%) and cyto-
megalovirus (CMV) (1%). No specific viral agent was asso-
ciated with either mild or severe exacerbations of COPD,

nor was any association found between specific viral patho-
gens and illness duration.

Walsh et al. [63] investigated the impact of respiratory
viruses in 134 individuals with COPD or chronic heart dis-
ease during two winters. Ninety per cent of these subjects
had received influenza vaccination. Nasopharyngeal swabs
were taken for viral culture and paired serum samples were
examined for serological evidence of viral infection. One
hundred and fifty-five illnesses were observed and 36 were
probably related to viral infection and five possibly related.
The following viruses were associated with exacerbations:
influenza A and B (39%), RSV (20%), Rhinovirus (17%),
Coronavirus (20%) and Parainfluenza (5%). The clinical
symptoms associated with RSV and influenza were the
most severe, causing both upper and lower respiratory
symptoms, although only the later was associated with
fever.

The first study on the role of viruses in acute exacerba-
tions of COPD to use RT-PCR was that of Seemungal et al.
[48], who investigated a cohort of 83 patients. Respiratory
viruses and atypical bacteria were detected by PCR, viral
culture and serology. PCR has advantages over traditional
culture-based methods for the detection of several respir-
atory viruses, most notably Rhinovirus. In this study, 64%
of exacerbations were associated with a cold up to 18 days
before exacerbation. Viruses were detected in 66 of 168
exacerbations (39%). Rhinoviruses accounted for 58% of
the viral-associated exacerbations and 16.4% were caused
by influenza. Virally associated exacerbations lasted for a
longer length of time and occurred more frequently than
other exacerbations. Interestingly, in this study, RSV and
non-respiratory RSV were detected in 23.5 and 16% of
samples taken from patients when stable. This observation
needs to be re-examined in future studies, but might indic-
ate a role for RSV in disease pathogenesis, or alternatively
that this molecular assay was oversensitive.

The second published study was by Rohde et al. [64], who
investigated the role of viruses in acute exacerbations of
COPD in a case–control study comparing acute exacerba-
tions with stable patients with COPD. Samples from both
upper and lower respiratory tract were examined (nasal
lavage and induced sputum). Viruses were detected by
nested RT-PCR. Respiratory viruses were found more often
in respiratory and nasal samples of acute exacerbations of
COPD than in stable patients (56 vs 19%), and when the
two sets of samples were analysed separately this differ-
ence between stable and unwell patents was only seen in
the induced sputum samples. The most common viruses
detected in this study were Picornaviruses (36%), influenza
A (25%) and RSV (22%).

This is a rapidly advancing field: it is important that 
further studies are conducted, in different populations and
with a variety of new molecular techniques including ‘real
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time PCR’ and NASBA. Further information is also required
on the relative sensitivity and specificity of the molecular
assays employed in these studies. In addition, the possibility
that the recently discovered metapneumovirus may have a
role in COPD exacerbations needs to be examined.

Implications for therapy

The data presented above indicate that viruses can be 
associated with 30–60% of acute exacerbations of COPD.
Current therapy for acute exacerbations relies on bron-
chodilators, antibiotics and oral corticosteroids. In terms of
preventative therapy, all patients with COPD should be
advised to have an annual influenza vaccination. To date,
attempts to produce a vaccine for RSV and other respiratory
viruses have been unsuccessful. Patients should be advised
to avoid children (including their own grandchildren) if
they are unwell as they are a main source of transmission
for many respiratory viruses in the community. In addition,
it may not be advisable to bring patients with stable COPD
to a general practitioner (GP) or hospital outpatient clinics
for review while respiratory viruses are circulating. Staff
with acute respiratory symptoms should also avoid contact
with individuals with COPD. 

Drug therapy for influenza is available in the form of
amantadine, and the neuraminidase inhibitors oseltamivir
and zanamivir. Studies are required to test the efficacy of
these drugs in COPD exacerbations when these viruses are
circulating. New therapies for RSV and Rhinovirus infec-
tions are coming close to the market and these will need to
be rigorously tested in acute exacerbations of COPD.

Overall, there may be a role for the testing of novel
antiviral agents in the treatment of COPD exacerbations,
through clinical trials supported by viral diagnostics.
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CHAPTER 36

Bacteria

Sanjay Sethi

Bacterial infection potentially contributes in several ways
to the aetiology, pathogenesis and the clinical course of
chronic obstructive pulmonary disease (COPD) [1]. How-
ever, the precise role of bacterial infection in COPD has
been a matter of controversy and debate for several decades
[2–5]. Opinion has ranged from a pre-eminent role (along
with mucus hypersecretion), as embodied in the British
hypothesis, to bacterial infection being regarded as a mere
epiphenomenon [2–5]. The last decade has seen a resur-
gence of interest in this area, with the application of mod-
ern research techniques which have significantly increased
our understanding of the contribution of bacterial infection
to this disease.

Five potential pathways by which bacteria could con-
tribute to the aetiopathogenesis of COPD can be identified:
1 Bacteria cause up to 50% of acute exacerbations of COPD
with consequent morbidity and mortality.
2 Chronic colonization of the tracheobronchial tree by 
bacterial pathogens amplifies the chronic airway inflamma-
tion present in COPD and accelerates progressive airway
obstruction (vicious circle hypothesis).
3 Invasion and persistence of bacterial pathogens in respir-
atory tissues alters the host response to noxious stimuli
such as tobacco smoke and/or induces a chronic inflam-
matory response and thus contributes to the pathogenesis
of COPD.
4 Patients with COPD develop hypersensitivity to bacterial
antigens which enhances airway hyperreactivity and
induces eosinophilic inflammation.
5 Acute severe childhood lower respiratory tract bacterial
infection damages the immature lung, impairs lung growth
resulting in smaller lung volumes in adulthood, thereby
predisposing an individual to the development of COPD.

These pathways are used as framework to discuss the
potential roles of bacteria in COPD, with an emphasis on
typical bacterial pathogens and on information gained from
newer research techniques in the last decade. Chronic

infection with an atypical bacterial pathogen, Chlamydia
pneumoniae, which has been a recent focus of investigation
in COPD, is also discussed.

Both primary bacterial infection of the lower airway and
secondary bacterial infection following an antecedent viral
infection could cause acute exacerbation [6]. Investigation
of bacterial causation of exacerbations in the past relied on
sputum culture, serological studies and placebo-controlled
antibiotic trials [1]. Because of limitations of the available
techniques and study design, the results of these studies
have been confusing and contradictory. An understanding
of these limitations is important to recognize how more
recent investigations with improved methods and design
have had different results than these earlier studies.

Sputum cultures

Bacteria are isolated from sputum in 40–60% of acute 
exacerbations of COPD. Table 36.1 summarizes the sputum
bacteriology obtained in 14 recent antibiotic comparison
trials in acute exacerbation that enrolled more than 9600
patients [7–20]. Variation in the relative incidence of
specific pathogens likely relate to patient inclusion criteria
and sputum culture techniques. The three predominant
bacterial species isolated are non-typeable Haemophilus
influenzae (NTHI), Moraxella catarrhalis and Streptococcus
pneumoniae. Other, less frequently isolated, potential
pathogens are Haemophilus parainfluenzae, Staphylococcus
aureus, Pseudomonas aeruginosa and Enterobacteriaceae.

The isolation of a bacterial pathogen from a body site that
is normally sterile is strong evidence for a causative role of
that pathogen. However, this does not apply to isolation of

Bacterial pathogens as a cause of acute
exacerbations of COPD
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bacterial pathogens from sputum in acute exacerbations of
COPD. Several longitudinal cohort studies have consist-
ently demonstrated that the incidence of bacterial isolation
from sputum was not greater during exacerbations of
COPD than during stable disease [21,22].

With increased understanding of bacterial pathogenesis
in the past several decades has come the realization that
sputum culture, when used alone as a research tool to
delineate the cause of exacerbations of COPD, has major
limitations. Sputum is invariably contaminated by variable
amounts of upper airway secretions that often contain
potential pathogens as transient normal flora. This limitation
can be overcome when uncontaminated lower respiratory
secretions are obtained by bronchoscopy and cultures 
performed quantitatively, as discussed subsequently.
Identification of pathogens as species by sputum culture, in
the absence of strain differentiation, does not distinguish
between pre-existing colonization and acquisition of a 
new infecting strain. This limitation can be overcome by
strain differentiation with molecular typing of the patho-
gens recovered from sputum. These new approaches to 
respiratory sampling and sputum bacteriology, although
extremely useful in research settings, because of their 
complexity are not applicable to everyday clinical practice.

Another important limitation of sputum cultures is 
sampling error, both within a sputum sample and between
sputum samples. Bacterial flora is non-uniformly distrib-
uted within a sputum sample, leading to sampling error
within a single sample [23]. This error can be reduced by
homogenization of sputum and semi-quantitative cultures.
Another potential source of error that has not been system-
atically explored is the sampling error between samples. All
studies to date of bacterial causation of exacerbations have
utilized a single culture of sputum at the time of presenta-
tion. It is quite possible that obtaining multiple sputum 
cultures during the course of an exacerbation may reveal a
larger proportion of possible bacterial aetiology.

Serological studies to bacterial antigens

Development of a host immune response to a microbial
pathogen supports a causative role. In the past, this
approach was mainly applied to the study of NTHI in 
exacerbations of COPD, with confusing and contradictory
results [1]. A critical analysis of eight of these studies based
on current knowledge of bacterial pathogenesis demon-
strates their limitations [24–31]. Four of the eight studies
compared antibodies in single sera obtained from patients,
with sera obtained from healthy controls. Because of wide
variability between individuals in such single titres, this
approach is not sensitive and could fail to detect significant
immune responses [24–27]. In the other four studies with
paired sera, the acute sera were obtained at the time of pre-
sentation, rather than prior to onset of infection [25–31].
Exacerbations can manifest over days to weeks, therefore a
substantial immune response could be present in acute sera
obtained at clinical presentation of the exacerbation, which
can confound the results. Seven of the eight studies utilized
a single or a small panel of laboratory strains of NTHI as 
an antigen, instead of the strains recovered from sputum 
during the exacerbations [24–29,31]. Considerable vari-
ation exists in the surface antigenic structure among NTHI
strains. Therefore, such methodology fails to detect strain-
specific immune responses [1]. Furthermore, immuno-
assays utilized in these seven studies were not specific for
antibodies to epitopes exposed on the bacterial surface
[24–29,31]. Such potentially protective antibodies often
develop against a background of abundant antibodies to
non-surface exposed or cross-reactive epitopes, and there-
fore could easily be missed in such immunoassays. 

Recent studies have attempted to address the limitations
of previous work and provide a more accurate picture of 
the immune response to bacterial pathogens following
exacerbations. These studies have used the infecting 
strain as antigen, immunoassays specific for antibodies to

420 CHAPTER 36

Table 36.1 Bacterial pathogens isolated from sputum in recent studies of acute exacerbation of chronic bronchitis. Data is
from [7–20]. (From Sethi [114] with permission.)

% Percentage of total bacterial isolates
culture
Sputum Non-typeable

No. of + for Haemophilus Streptococcus Moraxella Haemophilus Staphylococcus Pseudomonas

patients PPB influenzae pneumoniae catarrhalis Enterobacteria parainfluenzae aureus aeruginosa

Mean 687 53.7 31.2 14.2 14 11.4 9.4 6.4 5.8
Range 140– 28.1– 13–50 7–26 4–21 3–19 0–32 1–20 1–13

2180 88.6

PPB, potentially pathogenic bacteria.



surface-exposed epitopes and paired patient serum samples,
with the pre-infection samples obtained prior to the 
exacerbation.

Antibiotic trials

A dramatic benefit of antibiotics over placebo in random-
ized double blind trials would support the importance of
bacteria in acute exacerbations of COPD. However, most
placebo-controlled antibiotic trials in acute exacerbations
have demonstrated either a small or no benefit with anti-
biotic therapy [32]. This lack of efficacy of antibiotics has
been interpreted as absence of bacterial causation of exacer-
bations [4]. There are several alternative explanations for
trials showing no benefit with antibiotics in acute exacer-
bations. The expected benefits of antibiotics in a mucosal
infection such as exacerbations of COPD primarily are a
more rapid resolution of symptoms and prevention of 
complications. Unfortunately, the speed of resolution of
symptoms has not been carefully measured in studies 
of antibiotics in acute exacerbations. Instead, the primary
endpoint in these studies has been resolution or improve-
ment of symptoms 2–3 weeks after the onset of the ex-
acerbation. The systemic immune inflammatory response
resolves a large proportion of bacterial exacerbations in this
time period, disguising any potential effect of antibiotics.
Many of these studies did not enrol sufficient numbers of
subjects and are therefore underpowered (type 2 error).
This limitation is compounded in studies that included
patients with mild impairment of lung function, who are
likely to have a low rate of complications. Exacerbations are
non-bacterial in 50% of patients, with no expected benefit
from antibiotics, again predisposing these studies to a type 2
error. Several of these studies used antibiotics that are not
very efficacious against the major respiratory pathogens
and may not penetrate well into bronchial tissues and
fluids. These factors are likely to diminish the effect of
antibiotics in exacerbations and make their effectiveness
difficult to discern from placebo. 

A meta-analysis of nine trials published in 1995 demon-
strated a small but significant beneficial effect of antibiotics
over placebo in acute exacerbation [32]. Two more trials
have been published since the publication of this meta-
analysis. In addition, a trial that was published in Italian 
in 1991 has been subject to additional analysis and pub-
lished in English [33–35]. These three trials illustrate the
difficulties in interpretation of placebo-controlled anti-
biotic studies in acute exacerbation. These three trials 
differ in patient population, antibiotics used, concomitant
treatment and endpoints and not surprisingly show dif-
ferent results. Sachs et al. [33] enrolled 71 patients with 
relatively mild COPD, included patients with asthma 
and had an 11% incidence of bacterial exacerbations. All 

subjects received steroids and were randomized to amoxi-
cillin, co-trimoxazole or placebo. The rate of treatment 
success in this study was 91.5% and no benefit was seen
with antibiotics. Considering the size of the study, the
patient population, the aetiology of exacerbation and
choice of antibiotics, it would have been surprising to see a
benefit with antibiotics. 

Nouira et al. [34] enrolled 93 patients with exacerbations
of severe underlying COPD requiring ventilatory support 
in an intensive care unit (ICU) and randomized them to
ofloxacin or placebo. No corticosteroids were administered.
The tracheobronchial aspirates revealed bacterial pathogens
in 61% of the exacerbations. Antibiotics had a dramatic
benefit in this study, reducing the risk of mortality and 
need for additional antibiotics by 17.5-fold and 28.4-fold,
respectively.

Allegra et al. [35] compared amoxicillin/clavulanate with
placebo in 414 exacerbations in 369 patients with varying
severity of underlying COPD. A unique feature of this 
study was the measurement of primary outcome at 5 days,
instead of the traditional 2–3 weeks. Clinical success or
improvement was seen with amoxicillin/clavulanate in
86.4% of patients compared with 50.6% of patients with
placebo. The difference between antibiotics and placebo
was greater with increasing severity of underlying airway
obstruction.

Placebo-controlled antibiotic trials demonstrate benefit
with antibiotics, especially if patients are enrolled in ade-
quate numbers, have moderate to severe underlying COPD
or if the primary endpoint is determined early in the course
of the exacerbation [33–35]. Systemic corticosteroids also
are of benefit in exacerbations of COPD [36]. Whether the
benefit with antibiotics and corticosteroids are independ-
ent of each other and therefore additive is an important
research question not yet addressed in well-designed and
conducted trials. Another important question that needs to
be addressed in future antibiotic trials in exacerbations of
COPD is whether an antibiotic with greater microbiological
efficacy in vitro results in better outcome than an antibiotic
with limited microbiological efficacy in vitro.

Taken together, results of sputum culture studies, 
serological studies and antibiotic trials do not provide 
conclusive proof for the role of bacteria in exacerbations of
COPD. In fact, one interpretation of these observations is
that isolation of bacteria from sputum during exacerbations
represents chronic colonization: an ‘innocent bystander’
role [3,4,37,38]. In the last decade, several investigators
have revisited the issue of whether bacteria cause acute
exacerbations of COPD with either new diagnostic modal-
ities or research techniques, in an attempt to overcome 
the limitations of previous studies. These investigations
provide a more rigorous evaluation of bacteria as a cause 
of exacerbations.
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Bronchoscopic sampling of lower respiratory
tract in exacerbations of COPD

Bronchoscopic samples of tracheobronchial secretions
obtained by protected specimen brush (PSB) or by bron-
choalveolar lavage (BAL) are uncontaminated by upper
respiratory tract secretions and have the additional advant-
age that bacterial concentrations in these samples above
certain thresholds correlate with tissue infection [39].
Studies that have used this methodology in acute exacerba-
tions have consistently shown significant bacterial infection
of the distal airways in approximately 50% of patients
[40–43]. The bacterial species isolated in these studies 
are the same spectrum of pathogens usually isolated from
sputum during acute exacerbation (Table 36.2). 

Chronic colonization of the lower airway remains a
potential confounder in these studies. Monso et al. [40]
addressed this by including a control group of 29 patients
with stable COPD for comparison with the patients with
exacerbations. Although 25% of patients with stable COPD
had bacteria in the lower airways at concentrations of ≥ 103

colony-forming units/mL, exacerbation was associated
twice as often with these bacterial concentrations. A higher
threshold of ≥ 104 colony-forming units/mL of pathogenic
bacteria was seen in 25% with exacerbations and only 5%
in stable COPD [40]. Bandi et al. [44] utilized bronchoscopy
to study infection of the lower airways with NTHI in COPD.
Besides sampling the tracheobronchial lumen, bronchial
mucosal biopsies were also examined for intracellular 
NTHI by immunostaining with a monoclonal antibody.
Intracellular NTHI was found in 33% of stable subjects 
and in 87% of exacerbations [44]. The patients with exac-
erbations were all severely ill, requiring intubation and
mechanical ventilatory support. 

Bronchoscopic sampling of the tracheobronchial tree
provides substantial support for the pathogenic role of 
bacteria in a proportion of acute exacerbations, in view of
the consistent results obtained by different investigators
and the increased rate of isolation of pathogenic bacteria 
in exacerbations than in stable COPD.

Molecular epidemiology of bacterial pathogens

A major controversy in understanding the role of bacteria
in exacerbations has been the results of sputum culture
studies in cohorts of patients with COPD that included only
species identification of the bacterial pathogens isolated.
These studies consistently found no difference in the isola-
tion rate of bacterial pathogens during exacerbation and
stable COPD [21,22]. An alternative explanation offered for
these findings was the ‘bacterial load’ model of infection 
in COPD, where an increase in titre of a bacterial species 
in the airway is responsible for the transition from stable 

to exacerbation state [45]. Early studies of bacterial titres 
in the sputum of patients with COPD did not support 
this model [21]. However, more recent studies [46,47] have
provided evidence that bacterial numbers are increased
during acute (purulent) exacerbations compared with the
stable clinical state. Recent advances in bacterial patho-
genesis have demonstrated considerable genetic diversity
between the individual strains of a bacterial species, includ-
ing alterations in their surface antigenic structure. Such
variation in the surface antigenic structure of bacterial
pathogens allows bacterial strains to evade pre-existing
host immunity and cause recurrent infection. Because the
previous cohort studies did not differentiate between the
strains of the pathogens isolated from sputum over time in
their cohorts, they did not address the possibility that such 
a mechanism of strain variation could underlie recurrent
bacterial exacerbations in COPD.

A recent longitudinal cohort study in COPD combined
clinical information, sputum culture and molecular typing
of the pathogens isolated from sputum in order to deter-
mine whether acquisition of a strain of a pathogen that was
new to the patient was associated with the development of
an exacerbation [48]. Indeed, the acquisition of a strain that
the patient had not been infected with earlier was associ-
ated with a 2.15-fold increase in the risk of exacerbation.
This increased risk of exacerbation was seen with three of
the four major pathogens implicated in acute exacerbation:
NTHI, S. pneumoniae and M. catarrhalis (Table 36.3; Fig. 36.1).
P. aeruginosa did not demonstrate such an association. 
These results provide further evidence of the role of bac-
teria in causing a substantial proportion of exacerbations.
Furthermore, they suggest that the mechanism of recurrent 
exacerbations in these patients is not a periodic increase 
in bacterial load, but rather infection with a bacterial 
strain with an antigenic structure new to the host. Such an
infection leads to an immune and inflammatory response
that presents clinically as an acute exacerbation. Once the

Table 36.3 Isolation of a new strain of bacterial pathogen
and the increase in the risk of exacerbation of COPD.
(Adapted from Sethi et al. [48].)

95% Confidence 
Relative risk of interval of 

New strain exacerbation relative risk

Any pathogen 2.15* 1.83–2.53
H. influenzae 1.69* 1.37–2.09
M. catarrhalis 2.96* 2.39–3.67
S. pneumoniae 1.77* 1.14–2.75
P. aeruginosa 0.61 0.21–1.82

* Statistically significant increase in risk of exacerbation. 
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Figure 36.1 Time lines of patients 6 and 39. Each line with a number on the time lines indicates a clinic visit. The arrows marked
‘ex’ indicate exacerbations. Isolates of each bacterial species were assigned types based on banding patterns in gels. The first isolate
from each patient was assigned the letter A. All subsequent isolates with the identical banding pattern were also assigned the 
letter A. Subsequent isolates with different banding patterns were assigned consecutive letters B, C, etc. The lettering system is
applicable to the individual patient. Therefore, an isolate labelled A in one patient, for example, is not the same strain as an isolate
labelled A from another patient. (a) Each letter under the time line represents a positive sputum culture for Haemophilus influenzae.
Culture results for H. influenzae exclusively are shown. The gel on the right is a sodium dodecyl sulphate poyacrylamide gel stained
with Coomassie blue showing whole bacterial cell lysates of isolates recovered at visits 5–9. The letters A, B and C indicate the
molecular types based on banding patterns. Molecular mass standards are noted on the left of the gel in kilodaltons (kDa). 
(b) Each letter under the time line represents a positive culture for Moraxella catarrhalis. Culture results for M. catarrhalis
exclusively are shown. The gel below the timeline is a pulsed field gel stained with ethidium bromide showing SmaI digested 
DNA from isolates recovered at clinic visits as noted. The letters A–E represent molecular types based on banding patterns.
Molecular mass standards are noted on the left of the gel in kilobases. (From Sethi et al. [48] with permission.)



exacerbation is resolved, the strain may be eliminated 
or may persist in the airways without causing increased
symptoms.

In this study, a one-to-one relationship between strain
acquisition and development of exacerbation was not
demonstrated (i.e. not every exacerbation was associated
with acquisition of a new strain and neither was every new
strain acquisition associated with an exacerbation) [48].
This is not surprising if one considers the complex biology
of the host–pathogen interaction that determines the clin-
ical consequences of a new strain acquisition in a patient
with COPD. Strains of bacterial pathogens differ in viru-
lence. Therefore, it is possible that less virulent new strains
do not induce enough of a host inflammatory response 
and therefore symptoms to reach the threshold of a clinical
exacerbation. Even when infected with new bacterial
strains of comparable virulence, the intensity of the
inflammatory response and the threshold of respiratory
symptoms at which they perceive the need to be treated
may differ among patients with COPD. Adding to the com-
plexity of the situation, strains that were pre-existing in the
patient may undergo antigenic variation and the new vari-
ant that emerges may evade the host immune response,
proliferate and cause increased symptoms [49,50]. 

Immune responses to bacterial pathogens 
in acute exacerbations of COPD

Recent investigations have explored the immune response
in serum to bacterial pathogens in acute exacerbations of
COPD with methods that avoid the pitfalls of earlier studies
and are closer to an optimal design. In addition, investiga-
tors have started examining other aspects of the immune
response to pathogens, such as cell-mediated and mucosal
immunity with novel observations. The ability to mani-
pulate bacterial DNA to clone and express recombinant
individual bacterial antigens and create bacterial mutants
that lack specific antigens has opened up another avenue to
investigate the immune response following exacerbations.

Bakri et al. [51] have shown that following exacerbations
associated with M. catarrhalis, new serum immunoglobulin
G (IgG) antibodies and/or new sputum IgA antibodies
directed at the infecting strain developed in two-thirds of
exacerbations. The mucosal and serosal immune response
occurred concurrently as well as independently of each
other. Outer membrane protein (OMP) CD is a 45-kDa 
protein, which is a highly conserved surface antigen of 
M. catarrhalis and is a potential vaccine antigen. Approxim-
ately 20% of patients with COPD who experience either
exacerbation or colonization with M. catarrhalis develop
new serum IgG to this protein [52].

Several new and exciting observations regarding the
immune response to NTHI have also been made recently. 

A recent study that characterized the serum antibody
response from two adults with exacerbations of COPD
resulting from NTHI illustrates that novel findings can 
be obtained with new investigative techniques [53]. Both
patients developed new bactericidal antibodies to their
infecting strain. Immunoblot assays with homologous
strains revealed antibodies to many antigens, with min-
imal differences between pre- and postexacerbation sera 
in spite of development of new bactericidal antibodies 
(Fig. 36.2).

Immunoblot assays detect antibodies to many epitopes
on bacterial OMPs, including those buried within the outer
membrane and not available for binding on the intact bac-
terium. Antibodies to epitopes that are not on the bacterial
surface are not likely to be protective. OMPs of NTHI share
cross-reactive epitopes with OMPs of many Gram-negative
bacteria. Most of the cross-reactive epitopes are buried in
the membrane and not on the bacterial surface. In order to
detect the meaningful and potentially protective immune
response, immunoassays that specifically detect antibodies
to epitopes on the bacterial surface should be used. Such
assays include whole cell radioimmunoprecipitation assays,
flow cytometry and functional assays such as bactericidal
and opsonophagocytosis assays. Subjecting the serum in
Figure 36.2 to whole cell radioimmunoprecipitation re-
vealed that the patient developed new antibodies to OMP
P2 and to higher molecular mass proteins, an observation
that was missed by immunoblot assay. Adsorption studies
further established that new bactericidal antibodies were
directed at strain-specific epitopes on the P2 protein [53].
OMP P2 is strongly immunogenic in experimental animals
and humans [54–57]. The surface-exposed loops of the P2
protein are under intense immune selective pressure and
show considerable variability among strains of NTHI. The
expression of strain-specific immunodominant epitopes
represents a mechanism by which the bacterium induces
antibodies that will protect against recurrent infection by
the homologous strain but will not protect against infection
by heterologous strains.

Although most studies of immune response to respirat-
ory pathogens have focused on antibody production, cellu-
lar immune responses to these pathogens are also likely to
be important. P6 is a highly conserved 16-kDa OMP of
NTHI that is immunogenic in animals and humans and is a
potential vaccine candidate. Abe et al. [58] recently com-
pared blood lymphocyte proliferative response to OMP 
P6 of NTHI in patients with COPD who had experienced 
a NTHI exacerbation in the preceding 12 months with
patients who had not experienced such an exacerbation
and with healthy controls. They demonstrated that suscep-
tibility to NTHI exacerbation was associated with a specific
decrease in blood lymphocyte proliferation with OMP P6
(Fig. 36.3). This suggests that failure to recognize OMP P6
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as an important antigen may confer susceptibility to NTHI
exacerbations in patients with COPD.

King et al. [59] compared adaptive immune responses to
NTHI in patients with bronchiectasis with chronic NTHI
infection with healthy controls and found that while nor-
mal controls had a Th1 response, patients with bronchiecta-
sis had a Th2 response. NTHI has the ability to invade cells
and persist intracellularly. Therefore, a predominant Th2
response, as seen in patients with bronchiectasis, would 
not be effective in clearing the NTHI infection. Whether a
similar phenomenon is seen in patients with COPD with
chronic NTHI infection needs to be investigated. 

These studies have demonstrated the development of
specific immune responses to infecting strains of NTHI and
of M. catarrhalis and support the role of bacterial infection in
acute exacerbations of COPD. Similar evidence with other
bacterial species would help to define their role in acute
exacerbations.

Airway inflammation measurement and
correlation with bacteriology

An exciting development in airways disease research has
been the recognition that sputum measurements of cells
and mediators accurately reflect the milieu of the lower 
airways. Interleukin-8 (IL-8) is the most potent neutrophil
chemokine in the lower airways, tumour necrosis factor 

α (TNF-α) is important in neutrophil migration in to the
airway lumen and neutrophil elastase is released from 
activated neutrophils and causes matrix degradation.
Neutrophilic inflammation is the usual host response to a
bacterial infection, therefore bacterial exacerbations should
be associated with significantly greater neutrophilic inflam-
mation than non-bacterial exacerbations. Several studies 
in exacerbations of COPD have systematically examined
the effect of bacterial infection on airway inflammation
[60–62]. In one such study, bacterial exacerbations were
associated with significantly greater IL-8, TNF-α and neutro-
phil elastase levels in expectorated sputum than non-
bacterial exacerbations in the same patients (Fig. 36.4)
[60]. Gompertz et al. [61] measured markers of neutro-
philic inflammation in serial sputum samples obtained from
patients experiencing acute exacerbations over 8 weeks 
and demonstrated that in exacerbations associated with
purulent sputum, there is a significant decline in neutro-
philic airway inflammation over time. This decline is 
especially significant in the first 5 days. Contrary to the
above studies, Aaron et al. [62] were not able to demon-
strate a difference in granulocyte inflammatory markers 
in sputum in bacterial and non-bacterial exacerbations.
However, their study was hampered by a small sample 
size of one bacterial, two viral and 11 exacerbations of
unknown aetiology.

This association between pathogen presence and 
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Figure 36.2 Immunoblot assay (a) and whole cell radioimmunoprecipitation assay (b) with pre-exacerbation serum (lanes A) 
and postexacerbation serum (lanes B) from an adult with COPD who experienced an exacerbation resulting from non-typeable
Haemophilus influenzae. Assays were performed with the homologous infecting strain. Molecular mass standards are noted in kDa
to the left of each panel. Note that immunoblot assays detect antibodies to many bands with minimal difference between pre- and
postexacerbation sera. By contrast, whole cell radioimmunoprecipitation assays with the same sera show the development of new
antibodies to P2 (arrow) and higher molecular weight proteins following the exacerbation. IgA, immunoglobin A; IgG,
immunoglobin G; IgM, immunoglobin M. (From Yi et al. [53] with permission.)



neutrophilic inflammation in the airways strongly supports
a bacterial causation of exacerbations. In addition, as neu-
trophil elastase is a major driver of lung injury, elevated
levels of this enzyme seen in bacterial exacerbations could
contribute significantly to the loss of lung function seen 
in COPD. 

One can conclude that current evidence indicates that
bacterial infection causes approximately 40–50% of acute
exacerbations of COPD. The complexity of the host–
pathogen interaction that determines the outcome of each
encounter between a potential respiratory pathogen and a
patient with COPD is being increasingly appreciated. 

Because of the wide variety of defence mechanisms, in a
healthy lung the tracheobronchial tree is sterile. In patients
with COPD, the tracheobronchial tree may be chronically
‘colonized’ with potential respiratory pathogens, predom-
inantly NTHI, S. pneumoniae and M. catarrhalis [40,63–66].

Vicious circle hypothesis

Although this chronic colonization was recognized several
decades ago by bronchoscopic sampling of the respiratory
tract, several recent studies have extended those observa-
tions [44,65,67–69]. These studies have shown that the
incidence of colonization increases with increasing severity
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Figure 36.3 Lymphocyte proliferative assays to outer
membrane protein P6 of Haemophilus influenzae. The three
groups of subjects are H, healthy control subjects; C, COPD
patients with no exacerbation resulting from H. influenzae in
the prior year; N, COPD patients with exacerbation resulting
from H. influenzae in the prior year. The log stimulation index
is a measure of lymphocyte proliferation in response to the
antigenic stimulus which was either outer membrane protein
P6 (P6) or tetanus toxoid (TT). Values shown are log
transformed means with standard error bars. (From Abe 
et al. [58] with permission.)
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Figure 36.4 Paired comparison of airway inflammation in
pathogen-positive exacerbations with pathogen-negative
exacerbations. Lines connect the measured values from
individual patients. Horizontal bars represent median values.
The p values obtained with the Wilcoxon signed-rank test 
are shown. IL-8, interleukin 8; NE, neutrophil elastase; 
TNF-α, tumour necrosis factor α. (From Sethi et al. [60]
with permission.)



of obstructive disease and is more common in current
smokers. In one such study, Zalacain et al. [65] were able to
document colonization by potential respiratory pathogens
in 23.1% of mild, 41.7% of moderate and 57.7% of severe
cases of COPD. A ‘vicious circle hypothesis’ explains how
chronic bacterial ‘colonization’ of the lower airways in
patients with COPD can perpetuate inflammation and 
contribute to progression of the disease (Fig. 36.5) [1,70].
There are several reasons to suspect that cofactors besides
tobacco smoke contribute to the pathogenesis of COPD.
Only approximately 15% of smokers go on to develop
COPD. Chronic inflammation persists in the airways and
parenchyma in spite of smoking cessation and COPD does
develop in non-smokers. The vicious circle hypothesis has
been proposed as one such cofactor in the development and
the course of COPD. In vitro and in vivo evidence supporting
this hypothesis is discussed below.

Three interlinked components are contained in the
vicious circle:
1 Bacteria persist in the lower respiratory tract by impair-
ing mucociliary clearance.
2 Bacterial colonization of the lower respiratory tract is an
independent stimulus to airway inflammation with con-
sequent lung damage.
3 Bacterial exacerbations of COPD intermittently further
increase airway inflammation and contribute to lung dam-
age and progression of airway obstruction. 

Bacterial infection and mucociliary clearance

Excessive or altered mucus production, disruption of normal
ciliary activity and airway epithelial injury can contri-
bute to impaired mucociliary clearance. Respiratory tract

pathogens implicated in COPD and their products can cause
all of these effects in vitro. Cell-free filtrates of broth cultures
of some strains of NTHI, S. pneumoniae and P. aeruginosa
stimulate secretion of mucous glycoproteins by explanted
guinea pig airway tissue [71]. This stimulation is a true
secretory effect and not passive release of preformed intra-
cellular macromolecules resulting from cellular damage.
The Pseudomonas stimulatory products are 60–100 kDa pro-
teases. The NTHI and pneumococcal stimulatory exoprod-
ucts are 50–300 kDa in size and do not possess proteolytic
activity. Wang et al. [72] have demonstrated that NTHI is a
potent stimulator of the mucin gene MUC5AC in respiratory
epithelial cell lines. Furthermore, cytoplasmic proteins of
NTHI were more potent stimulators of MUC5AC than whole
bacteria and membrane proteins. All 10 clinical isolates
tested in this study were capable of MUC5AC induction but
did differ quantitatively in their mucin inducing capability.

Cell-free supernatants of NTHI and P. aeruginosa rapidly
inhibit ciliary beat frequency (CBF) of strips of human nasal
ciliary epithelium, by inducing ciliary dyskinesia and cilio-
stasis [73]. Bacterial products may be a potent stimulus 
for neutrophil migration into the airways, and human 
neutrophil elastase inhibits ciliary activity and damages 
respiratory epithelium [74,75]. Therefore, neutrophil elas-
tase released in the airways could act synergistically with
bacterial products and cause further inhibition of tracheo-
bronchial ciliary function. NTHI causes airway epithelial
injury in an in vitro tissue culture model of nasal turbinate
epithelium [76]. At 14 h, patchy injury developed to the
airway epithelium, with bacterial cells now associating with
these damaged epithelial cells but not with intact epi-
thelium. At 24 h, detached epithelial cells with adherent 
bacteria were seen.

In conclusion, bacteria that colonize and infect the lower
respiratory tract in COPD, especially NTHI, are capable of
impairing mucociliary clearance by several different mech-
anisms, which in turn fosters a tracheobronchial milieu in
which they can persist, supporting the central tenet of the
vicious circle hypothesis (see Fig. 36.5).

Bacterial colonization and airway inflammation

The presence of bacteria in the lower airways in stable
COPD has been labelled ‘colonization’, implying it to be
innocuous to the host. Bacteria in the airways are in a 
constant state of turnover, releasing extracellular products,
as well as undergoing lysis with release of a variety of pro-
teins, lipo-oligosaccharide (LOS) and peptidoglycan [77].
LOS is a potent inflammatory stimulus; in fact, repeated
instillation of LOS can lead to development of emphysema
in hamsters [78]. It is therefore quite likely that this ‘colon-
ization’ actually is a low-grade smouldering infection that
induces chronic airway inflammation. In the large airways,
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such inflammation would contribute to mucus production
and in the small airways it could contribute to respiratory 
bronchiolitis and progressive airway obstruction [79,80].
Both in vitro and in vivo studies provide support for these
concepts.

Exposure of explant cultures of human bronchial epithe-
lium to LOS from NTHI significantly increases IL-6, IL-8
and TNF-α secretion and intercellular adhesion molecule 1
(ICAM-1) expression in the explanted tissue [81]. The 
levels of inflammatory mediators attained in the culture
medium are adequate to increase neutrophil chemotaxis
and adherence in vitro. Increased secretion of IL-6, IL-8,
TNF-α and monocyte chemoattractant protein-1 (MCP-1)
with exposure of a human tracheal epithelial cell-line to
whole bacterial cells of NTHI was demonstrated in another
recent study [82]. Furthermore, the expression of these pro-
inflammatory molecules was only partially accounted for
by LOS in the bacterial cell, suggesting that other bacterial
components of NTHI also have proinflammatory activity.

An association between bacterial colonization and 
tracheobronchial inflammation among patients with stable
COPD has also been demonstrated in recent studies with
both sputum and bronchoscopic samples [83–85]. In the
study by Hill et al. [83], sputum IL-8, leukotriene B4 (LTB4),
neutrophil elastase and myeloperoxidase activity and 
albumin leakage from serum to sputum correlated with the
bacterial load in the airways determined by quantitative
culture of sputum. Soler et al. [84] found that isolation 
of potentially pathogenic bacteria was associated with
significantly more polymorphonuclear cells and TNF-α
and a trend to higher IL-8 levels in BAL in asymptomatic
smokers and patients with COPD. Furthermore, bacterial
colonization of the lower respiratory tract occurred not
only in 32% of the patients with established COPD, but was
also seen in 42% of smokers with normal lung function.
Therefore, bacterial colonization of the lower airways
appears to be an early phenomenon in the course of COPD.
Furthermore, bacterial colonization is an independent
stimulus for inflammation in the distal airways and there-
fore may contribute to the progression of COPD. 

Bacterial exacerbations and airway
inflammation

Airway inflammation in bacterial exacerbations of COPD is
characterized by abundant free neutrophil elastase in the
sputum, suggesting that these exacerbations increase the
airway elastase burden and could contribute to progressive
airway obstruction [60,61]. However, previous epidemio-
logical studies had failed to show a relationship between
the number of exacerbations and decline of lung function,
which may have been related to limitations of study design
[60,86–88]. Two recent longitudinal cohort studies, the

Lung Health study in early COPD and the East London
study with more advanced COPD, have shown that exacer-
bations are associated with progressive loss of lung function
[89,90]. As the aetiology of exacerbations was not assessed
systematically in either of these studies, it is not clear if bac-
terial and non-bacterial exacerbations contribute equally to
progressive airway obstruction. 

In conclusion, it is becoming increasingly apparent that
the presence of bacteria in the lower airways in patients
with COPD, even when they are clinically stable, is not
innocuous. Additional airway inflammation secondary to
bacterial ‘colonization’ and infection could contribute to
symptoms and progression of airway obstruction in COPD.
However, it is possible that this infection-associated
inflammation is confined to the larger airways and does not
extend to the small airways, which is the predominant site
of obstruction in COPD. Thus, this additional inflamma-
tion may only contribute to the bronchitic component of
COPD with no impact on the more significant obstructive
component. Therefore, the vicious circle appears to exist; 
however, its importance in the natural history of COPD is as
yet unknown. 

New, very sensitive and specific detection techniques for
determining the presence of bacterial organisms in tissue
have produced interesting and somewhat surprising obser-
vations regarding the site of NTHI infection in respiratory
tissues. Chlamydia pneumoniae is an obligate intracellular
pathogen that may have a role in the pathogenesis of
COPD.

Intracellular and intercellular invasion of 
non-typeable H. influenzae

NTHI has been long regarded as an extracellular pathogen
in the respiratory tract. Recent data from several investig-
ators have shown that the organism’s niche in the human
respiratory tract is not limited to the surface of epithelial
cells. Studies utilizing cultures of human lung epithelial
cells have revealed that a small percentage of adherent
NTHI enter epithelial cells in a process that involves actin
filaments and microtubules [91]. In addition, NTHI is cap-
able of paracytosis or passage between cells [92]. NTHI that
penetrate the epithelial cell layer are protected from the
bactericidal activity of several antibiotics and antibodies
[93]. In assays employing primary human airway cultures,
NTHI adheres to and enters exclusively non-ciliated cells in
the population by the process of macropinocytosis [94].
NTHI has also shown the capability to survive after being

Chronic bacterial infection by 
respiratory tissues
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phagocytosed by mouse macrophages [95]. In this study,
84% of clinical isolates were able to survive at least 24 h in
the mouse macrophages. 

In addition to these elegant in vitro studies, in vivo studies
confirm intracellular and intercellular invasion by NTHI 
of the mucosal surface of the human respiratory tract.
Examination of adenoids of children removed at ade-
noidectomy with in situ hybridization and selective cultures
for NTHI revealed viable bacteria in macrophage-like cells
[96]. In lung explants obtained from patients undergoing
lung transplant, NTHI was diffusely present in the epithe-
lium, the submucosa of the bronchi, the bronchioles, the
interstitium and the alveolar epithelium as determined by
in situ hybridization and polymerase chain reaction for
OMP P6 [97]. Additional mechanisms that could allow per-
sistence of NTHI in the lower respiratory tract of patients
with COPD include the formation of biofilm and the change
of host immune response to a Th1 predominance [59,98].

Bacteria in tissues are protected from antibiotics and bac-
tericidal antibodies and may act as reservoirs of infection
[93]. Tissue infection by NTHI could also contribute directly
or indirectly to the pathogenesis of COPD. Chronic low-
grade infection could directly induce a chronic inflam-
matory response in the lung parenchyma and the airways
that could be additive or synergistic to the inflammatory
effects of tobacco smoke. Indirectly, such an infection could
enhance the damaging effects of tobacco smoke on respir-
atory tissues. On the other hand, it is possible that this 
tissue infection is simply a marker of compromised local
immunity. The significance of this tissue infection by NTHI
in the course of COPD needs to be further investigated.

Chronic Chlamydia pneumoniae infection in COPD

Acute C. pneumoniae infection can cause bronchitis, pneu-
monia and acute exacerbations of COPD. Chronic infection
with C. pneumoniae is being actively investigated as a cause
of several systemic diseases, especially coronary artery 
disease [99]. In a recent study, the incidence of chronic 
C. pneumoniae infection was 71% in patients with severe
COPD, 46% in mild–moderate COPD and 0% in the control
group [100]. Blasi et al. [101] compared COPD patients with
and without evidence of chronic infection with C. pneumo-
niae and found more frequent bacterial colonization and
more frequent exacerbations in the C. pneumoniae positive
group. However, the C. pneumoniae positive patients had more
severe airway obstruction, which confounds the findings
ascribed to C. pneumoniae infection. A 6-week course of
azithromycin in a subset of the C. pneumoniae positive
patients resulted in a temporary clearance of the infection.
Whether chronic infection with C. pneumoniae contributes
to the pathogenesis of COPD or is a reflection of com-
promised local immunity warrants further investigation. 

Allergic bronchopulmonary aspergillosis is an infectious
disease with predominantly allergic manifestations medi-
ated by a Th2 type immune response and characterized by
IgE and eosinophil predominance [102]. Persistent infec-
tion of the tracheobronchial tree with bacteria is character-
istic of COPD, resulting in prolonged contact between the
airway lymphoid tissue and bacterial antigens. This could
lead to the emergence of IgE antibodies to bacterial anti-
gens, which could induce eosinophil infiltration and mast
cell degranulation on repeated exposures to the bacterial
antigens. An increased number of eosinophils is a com-
ponent of airway inflammation in patients with COPD, 
and tissue and airway lumen eosinophilia becomes more
prominent during exacerbations [103].

The ability of bacterial pathogens to induce histamine
release, hypersensitivity and IgE-mediated inflammation
has been investigated sporadically. Formalin killed suspen-
sions of NTHI and S. aureus induced non-IgE-mediated and
enhanced IgE-mediated histamine release from human 
airway mast cells [104]. The enhancement of IgE-mediated
histamine release appears to be mediated by the LOS of
NTHI [105]. Ahren et al. [106] have shown that NTHI 
interacts with eosinophils through β-glucan receptors and
induces an innate inflammatory response. 

Patients with acute exacerbations of chronic bronchitis
have basophil bound IgE and serum IgE to homologous
strains of NTHI and S. pneumoniae isolated from sputum
with the acute exacerbation [107]. In another study in
asthmatics, 29% of patients had serum IgE antibodies to
NTHI and/or S. pneumoniae [108]. This sensitization to bac-
terial antigens may contribute to the bronchoconstriction
and airway inflammation seen with acute exacerbations of
COPD.

These observations regarding histamine release, eosinophil
activation and IgE to bacterial antigens suggest that bacter-
ial pathogens, either directly or indirectly via a Th2 type
immune response, could contribute to the eosinophilia, 
airway hyperreactivity and bronchoconstriction seen in
patients with COPD. 

An association between childhood lower respiratory tract
infection and impaired lung function in adulthood was
investigated in four studies that reported spirometric lung
function in cohorts of adult patients for whom reliable
information was available regarding the incidence of lower

Childhood lower respiratory tract
infection and adult lung function

Hypersensitivity to bacterial antigens 
in COPD
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respiratory tract infection (bronchitis, pneumonia, whooping
cough) in childhood (less than 14 years of age) (Table 36.4)
[109–112]. All four studies have consistently shown a
lower forced expiratory volume in 1 s (FEV1) and often 
a lower forced vital capacity (FVC) in association with a 
history of childhood lower respiratory tract infection, after
controlling for confounding factors such as tobacco 
exposure [109–112]. The magnitude of this defect in FEV1

tends to be greater in older cohorts but is not large enough
to cause symptomatic pulmonary disease on its own.
However, this defect in FEV1 could make the individual sus-
ceptible to the effects of additional injurious agents that
cause COPD. The defect in lung function is not obstructive
but is consistent with ‘smaller lungs’, suggesting impaired
lung growth. 

The association between childhood lower respiratory
tract infection and impaired lung function in adulthood
could stem from damage to a vulnerable lung undergoing
rapid postnatal growth and maturation by the infectious
process. If this was the case, then the effect of infection 
on lung function should be seen only in the first 2 years of
life, the major period of postnatal lung growth, and not in
later childhood (3–14 years). However, this has not been a
consistent observation in the studies to date [109–112]. An
alternative explanation for the observed association is that
an undetermined genetic factor predisposes these indivi-
duals to lower respiratory tract infections in childhood as
well as a lower FEV1 in adulthood. This explanation implies
that impaired lung growth antedates the respiratory tract
infection, with the infectious episode being a marker of the
vulnerability of smaller lungs to infection in childhood.

Although a substantial proportion of childhood respir-

atory infections are viral, bacterial infections, especially
with Streptococcus pneumoniae and Haemophilus influenzae, are
common causes of severe pneumonia in children [113].
The aetiology of childhood lower respiratory tract infec-
tion was not established in the cohort studies, therefore
whether the impact of viral infection differs from bacterial
infection is not known. The impact of childhood bacterial
lower respiratory tract infection on lung growth and there-
fore on the development of COPD is likely to be greater in
developing countries where such infections are common
and often inadequately treated. 

Substantial new information has emerged regarding the
potential pathways by which bacterial infection can con-
tribute to the course of COPD; however, several important
questions remain to be answered. The complexity of the
host–pathogen interaction that determines the outcome of
each encounter between a potential respiratory pathogen
and a patient with COPD is being increasingly appreciated.
Further studies should try to better understand this interac-
tion. Specifically, the virulence determinants of pathogens
that induce host inflammatory responses need to be better
understood. There is a large variability in the incidence 
of exacerbations among patients with COPD. We need to
elucidate the host defence factors that protect some of 
these patients from bacterial exacerbations. In addition,
protective host immune response that develops following
exacerbations needs to be characterized to facilitate vaccine
development. The interplay between different aetiological

Future directions
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Table 36.4 Association of childhood lower respiratory tract infection with lung function in adults. (From Sethi [114] with
permission.)

Age at
Childhood lower respiratory follow-up Effect on 

Study n tract infection (years) FEV1

Barker et al. [109] 639 (all male) Bronchitis or pneumonia in first year 59–67 ↓ 200 mL

Shaheen et al. [111] 618 Pneumonia in first 2 years 67–74 ↓ 650 mL
Bronchitis in first 2 years (in men with pneumonia)

Johnston et al. [110] 1392 Pneumonia in first 7 years 34–35 ↓ 102 mL 
Whooping cough in first 7 years (with pneumonia)

Shaheen et al. [112] 239 Pneumonia in first 14 years 57.6 ± 4.3 ↓ 390 mL 
(with pneumonia in first 2 years)

Bronchitis in first 14 years ↓ 130 mL 
(with bronchitis in first 2 years)

FEV1, forced expiratory volume in 1 s.



factors including the environment, viruses, atypical patho-
gens and bacteria needs to be better understood in order to
improve treatment of exacerbations and develop novel 
preventive strategies.

Whether the vicious circle of bacterial infection leads to
progressive airway obstruction or contributes to the symp-
toms of COPD has not been determined. Whether tissue
infection by pathogens such as NTHI and C. pneumoniae con-
tributes to progression of disease or is simply a marker of
compromised bacterial clearance and local immunity needs
investigation.

COPD is a heterogeneous disease and the role of bacteria
and the pathways by which infection contributes to its
pathogenesis is likely to vary among subsets of patients
with COPD. Regarding bacterial infection as the central
mechanism of development of all COPD or dismissing it as
an epiphenomenon are unlikely to be correct viewpoints.
Most likely, in a subset of patients with COPD, bacterial
infection contributes substantially to progression of their
disease. Identification of this subset of patients could lead to
therapeutic interventions to alter the natural history of
their disease. 
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CHAPTER 37

Genetic factors

Craig P. Hersh and Edwin K. Silverman

In the early 19th century, the American physician James
Jackson, Jr. observed that patients with pulmonary emphy-
sema were more likely than healthy individuals to have
parents affected with the disease, marking the first descrip-
tion of the hereditary nature of chronic obstructive pul-
monary disease (COPD) [1]. Over a century would pass
before Laurell and Eriksson discovered α1-antitrypsin
(AAT) deficiency as a cause of hereditary emphysema [2].
To date, severe AAT deficiency remains the only proven
genetic risk factor, yet it accounts for less than 1% of COPD
cases worldwide [3]. This chapter details the approaches
that have been used to study the genetics of COPD in the
vast majority of patients who do not have severe AAT
deficiency.

COPD is considered a genetically complex disease; dis-
ease inheritance does not follow a simple mendelian pat-
tern. As in other complex diseases, like hypertension and
diabetes, family studies have been used to demonstrate
familial aggregation of COPD, as well as familial correla-
tions in lung function measures, which are important 
associated phenotypes. Families have also been used to 
perform genome-wide linkage analyses, searching for 
chromosomal regions contributing to COPD and related
traits. Finally, case–control studies have examined the asso-
ciation between disease and specific variants in candidate
genes.

Similar to other complex human diseases, environmental
risk factors have an important role in the development 
of COPD; these factors are described in Chapters 33 and 34.
The critical importance of cigarette smoking as a determin-
ant of COPD requires that any genetic study must consider
smoking as a possible modifier of the effects of the genes of
interest. The paradigm of gene–environment interaction in
COPD, using smoking as a clear and readily quantifiable
risk factor, can serve as a model for the study of other com-
plex human diseases, where the environmental exposures
may be more difficult to measure.

Severe AAT deficiency is the only proven genetic risk factor
for COPD and is reviewed in detail in Chapter 38. Severe
AAT deficiency is usually brought about by homozygosity
for the mutant Z allele (protease inhibitor [PI] ZZ), and the
development of lung and liver disease appears to follow 
an autosomal recessive inheritance pattern. There are 
estimated to be 70 000–100 000 severely AAT-deficient
individuals in the USA and a similar number in Europe [4].
Although an important cause of COPD in affected indi-
viduals, severe AAT deficiency accounts for only a small
fraction of COPD cases worldwide. The risk of COPD in the
carriers of a Z allele (e.g. PI MZ) or other variants of the AAT
gene is discussed below.

Severe AAT deficiency is classically associated with 
early-onset COPD, yet many individuals with severe AAT
deficiency have normal lung function; the method of sub-
ject ascertainment and the history of cigarette smoking can
modify the likelihood of COPD development [5]. Severe
AAT deficiency provides an instructive model of gene–
environment interaction that can be applied to the study 
of other COPD candidate genes [6]. In addition, other genes
are likely to contribute to the development of airflow
obstruction in individuals with severe AAT deficiency.
Discovery of these modifier genes may lead to insight into
the genetics of COPD in the majority of individuals who do
not have severe AAT deficiency.

The hallmark of any inherited disease is clustering within
families, and demonstration of familial aggregation is the
necessary first step in the genetic analysis of a complex trait.
However, familial similarities may be the result of genetics

Familial aggregation
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or shared environmental exposures, or both. Twin studies
can be used to separate these two types of effects. If a trait is
more correlated within pairs of monozygotic twins, who
share all of their genes, than within pairs of dizygotic twins,
who usually share a similar environment but only half of
their genes, then a genetic influence is likely. Such twin
studies have been used to demonstrate a genetic contribu-
tion to pulmonary function measures [7,8]. Genetic effects
on pulmonary function measures have also been shown 
in a study of monozygotic twins raised apart, thereby 
eliminating the shared environment, and in studies of first-
degree relatives (nuclear families or sib-pairs); statistical
models must be used to estimate familial correlations and to
adjust for common environmental exposures in the latter
design [9–12].

Familial correlation has been examined for the rate 
of lung function decline, a different phenotype than the 
cross-sectional lung function measures, such as forced 
expiratory volume at 1 s (FEV1) or forced vital capacity
(FVC), that were analysed in previous studies [13]. Gottlieb
et al. [13] used baseline and follow-up spirometry data from
both the original Framingham Heart Study cohort as well 
as their offspring. They demonstrated significant heritabil-
ity of the rate of decline in lung function. Genetic factors
accounted for 5, 18 and 13% of the population variation in
decline in FEV1, FVC and FEV1 : FVC ratio, respectively. These
heritability estimates were higher in smokers (18, 39 and
14%) suggesting a gene–environment interaction effect.

In the early 1960s, several case reports were published
that described families with multiple members affected by
COPD [14–16]. Case reports of COPD in twins have been
published, but formal twin studies have not been per-
formed [17]. Family studies have shown that both airflow
obstruction and chronic bronchitis are more common in
first-degree relatives of individuals with COPD than in the
general population, even after adjustment for smoking 
status [18–23].

In the Boston Early-Onset COPD Study, Silverman 
et al. [24] collected data on families ascertained through 
a proband with severe early-onset COPD, based on the
hypothesis that severe early-onset disease is more likely to
have genetic influences than later-onset disease. Probands
had an FEV1 less than 40% of predicted, were younger than
53 years old and did not have severe AAT deficiency (e.g. 
PI Z, PI null–null). All available first-degree relatives, older
second-degree relatives (aunts, uncles and grandparents)
and spouses were invited to enrol. Participants completed 
a protocol that included a respiratory questionnaire, spiro-
metry (pre- and postbronchodilator) and a blood draw.
Compared with community controls, first-degree relatives
of early-onset COPD probands had significantly increased
risks of reduced FEV1 and chronic bronchitis. This was 
especially prominent in current or ex-smoking first-degree

relatives, with odds ratios (OR) of 4.5 (95% confidence
interval [CI], 1.8–11.5) for an FEV1 of less than 80% pre-
dicted and 3.6 (95% CI, 1.1–11.5) for chronic bronchitis
[24]. Greater bronchodilator responsiveness was also 
found in current and ex-smoking first-degree relatives of
early-onset COPD probands, compared with current and
ex-smoking controls [25]. Further analysis has shown 
that female first-degree relatives (current and ex-smokers)
have an increased risk for reduced FEV1 and greater bron-
chodilator responsiveness compared with male first-degree
relatives [26].

In a study conducted in the UK, McCloskey et al. [27]
examined siblings of probands that had been selected 
with airflow obstruction and a low gas transfer factor,
indicative of emphysema. The probands had severe COPD,
although the FEV1 thresholds for inclusion varied by age,
from an FEV1 of less than 60% of predicted for subjects 
55 years of age or younger to an FEV1 of less than 20% of
predicted for subjects 61–65 years of age. They found an
increased risk of COPD in current or ex-smoking siblings of
probands compared with matched controls (OR = 4.7; 95%
CI, 2.6–8.4); the odds ratio was even higher in current or
ex-smoking siblings with less than a 30 pack-year smoking
history. Non-smoking siblings were found to have normal
spirometry. The probands recruited by McCloskey et al. did
not show the female predominance that was seen by
Silverman et al. [26].

In addition to determining familial aggregation of a trait,
family studies can be used for linkage analysis. In this
method, a panel of DNA-based polymorphic markers, 
usually consisting of short tandem repeat (STR) markers, 
is genotyped across the genome in order to determine
which chromosomal locations co-segregate with the trait of
interest. These markers are usually in non-coding regions,
so they do not typically identify specific genes for the dis-
ease; rather they mark areas of the genome that are linked
to the disease trait. Statistically, this is expressed as a LOD
score, which represents the logarithm (log10) of the odds of
linkage. Investigators can then focus their search using
association studies of biologically plausible genes located 
in the region of linkage (positional candidate genes) or 
systematically genotype markers for association at narrow
intervals across the linked region (fine mapping).

Using the Boston Early-Onset COPD Study families,
Silverman et al. [28,29] performed linkage analyses for both
qualitative and quantitative COPD-related phenotypes.
Using prebronchodilator spirometry, modest evidence for
linkage was found on chromosomes 12 and 19 for moder-
ate airflow obstruction (defined as FEV1 less than 60% 
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predicted with FEV1 : FVC less than 90% predicted), 
on chromosomes 8 and 19 for mild airflow obstruction
(defined as FEV1 less than 80% predicted with FEV1 : FVC
less than 90% predicted) and on chromosomes 19 and 22
for chronic bronchitis. Restricting the analysis to smokers
only increased the strength of the linkage evidence in 
several genomic regions. Using quantitative prebronchodi-
lator spirometric phenotypes, more impressive evidence for
linkage was demonstrated. Significant evidence for linkage 
to FEV1 : FVC was found on chromosome 2q; suggestive 
evidence for linkage to FEV1 : FVC on chromosomes 1 and
17 and to FVC on chromosome 1 was also demonstrated
[30]. Additional markers were genotyped on chromosome
12p, providing suggestive evidence for linkage of FEV1 to
this region. 

In addition, postbronchodilator spirometric measures
and bronchodilator responsiveness phenotypes were assessed
for linkage [31]. Significant evidence of linkage for post-
bronchodilator FEV1 was found on chromosome 8p, with a
LOD score of 3.30, which represented a doubling of the
LOD score for prebronchodilator FEV1 (Table 37.1). Signi-
ficant linkage for postbronchodilator FEV1 : FVC was found
on chromosome 2q (LOD score = 4.42). Regions on chro-
mosomes 3 and 4 showed modest evidence for linkage to
measures of bronchodilator responsiveness.

Several linkage studies of pulmonary function measures
in non-diseased subjects have been reported. Using families
from the Framingham Study, Joost et al. [32] found sug-
gestive evidence for linkage of FEV1 on chromosome 6 and
of FVC on chromosome 21. In a genome scan of families in
the National Heart, Lung and Blood Institute Family Heart
Study, Wilk et al. [33] found suggestive evidence for linkage
of FEV1 : FVC ratio on chromosome 4 and of both FEV1 and
FVC on two distinct regions on chromosome 18. This study
was unable to replicate the findings of Joost et al., but a
region of linkage to FEV1 : FVC ratio on chromosome 1 was

found that was similar to the results in the Boston Early-
Onset COPD Study families, although the LOD scores were
modest in both studies. 

Malhotra et al. [34] analysed 264 members of 26 families
in Utah, which had been collected as part of the Centre
d’Etude du Polymorphisme Humain (CEPH) genetic map-
ping project. They found suggestive evidence of linkage for
FEV1 : FVC on chromosome 2 (LOD score = 2.36), which
corresponded to the region of significant linkage found by
Silverman et al. [29]. Suggestive linkage for FEV1 : FVC ratio
was also seen on chromosome 5 (LOD = 2.23), replicating a
result from a previous study by Ober et al. [35] conducted in
the isolated population of Hutterites in South Dakota. The
validation of previous results in another population by
Malhotra et al. marks an important step in the study of the
genetics of COPD. However, the varying results of the other
previous studies do not necessarily make their results less
important. The differences in linkage results could relate 
to differences in study design and subject ascertainment;
Silverman et al. analysed linkage for disease phenotypes,
while the other groups examined linkage for lung function
in families from the general population. 

Most studies of the genetic epidemiology of COPD have
been association studies. As is the case for many other 
complex diseases, the majority of association studies in
COPD genetics have utilized the case–control design. To
perform an association study, a plausible candidate gene is
identified, using prior knowledge of the biology of the 
disease. Genetic variants, usually single nucleotide poly-
morphisms (SNPs), are genotyped in the candidate gene,
and frequencies of these variants are compared with indi-
viduals affected by the disease (cases) and unaffected 
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Maximum LOD score*

Phenotype Chromosome Prebronchodilator Postbronchodilator

FEV1 1 1.24 2.24
8 1.58 3.30

12 1.66 1.33
19 1.80 1.94

FEV1/FVC 1 1.89 2.52
2 4.05 4.42

17 2.35 2.44

FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; LOD, logarithm of the odds.
* In extended pedigrees, LOD scores ≥ 1.9 provide evidence of suggestive linkage, and LOD
scores ≥ 3.3 provide evidence of significant linkage [30].

Table 37.1 Results of 
linkage analyses of pre- and
postbronchodilator spirometry 
in severe early-onset COPD
families [31].



controls. A positive association does not necessarily imply
that the variant is functional (i.e. disease-causing); it may
be in close genetic proximity (linkage disequilibrium) to the
functional variant. Spurious association may also be found
because of confounding by ethnic differences between
cases and controls, known as population stratification.

Some of the candidate genes that have been associated
with COPD in case–control studies are listed in Table 37.2.
These candidate genes can be divided into groups, based 
on pathophysiological mechanisms implicated in COPD 
[3]. Important pathways include: proteases and protease
inhibitors, genes involved in oxidant–antioxidant balance 
and xenobiotic metabolism, and inflammatory mediators.
Association studies of genes in each of these pathways are
discussed.

α1-Antitrypsin

Since the discovery of severe AAT deficiency as a rare cause
of COPD, many studies have examined the risk associated
with the more common heterozygous types. Three different

Proteases and antiproteases

methodologies have been used to assess the risk of COPD in
PI MZ heterozygotes, and the results have been inconsist-
ent. Case–control studies have tended to find a moderately
increased risk for COPD in PI MZ subjects [21,36–40].
Other investigators have used a population-based design,
measuring lung function and AAT type in a community
sample. Two large studies of 500 subjects in Rochester, New
York and of 2944 subjects in Tucson, Arizona have shown
no difference in lung function between PI MZ hetero-
zygotes and normal individuals [41,42].

Several studies have used a longitudinal design to test
whether the rate of lung function decline varies across PI
phenotypes. In a population-based cohort of over 9000
adults in Copenhagen, Dahl et al. [43] found a slightly
increased rate of decline in FEV1 in PI MZ heterozygotes
compared with PI MM individuals (25 vs. 21 mL/year; 
P = 0.048).

Sandford et al. [44] examined PI MZ heterozygotes in the
National Heart, Lung and Blood Institute sponsored Lung
Health Study (LHS) population. The LHS recruited 5887
smokers, aged 35–60 years, with mild airflow obstruction
on spirometry. They were followed over 5 years to examine
the effects of smoking cessation intervention and iprat-
ropium bromide on decline in lung function [45]. From this
cohort, Sandford et al. [44] identified 283 individuals with
rapid decline in lung function (ΔFEV1 = –154 ± 3 mL/year)
and 308 individuals with no decline (ΔFEV1 = +15 ± 2 mL/
year); these two groups were used as cases and controls,
respectively. Using this approach, they found PI MZ het-
erozygosity to be more common among the rapid decliners
than the non-decliners; the association was stronger in the
subjects with a family history of COPD.

Silva et al. [46] analysed the relationship between PI 
phenotype and decline in lung function in a community
sample in Tucson. The study included over 2000 randomly
sampled white individuals who were followed for an aver-
age of 15 years; more than half of the participants were 
current or former smokers. They found no differences in
the rate of decline in FEV1 between the PI phenotypes. 
In addition, PI MZ heterozygotes were not found to be 
more common among individuals with a rapid rate of FEV1

decline compared with those with a slow decline, categories
similar to those used in the Sandford et al. [44] paper. 
The inconsistent results across different studies of PI MZ 
heterozygotes, which have been performed in different
populations and which have employed different study
designs, may indicate that only a subgroup of PI MZ indi-
viduals are at an increased risk of developing COPD.

A polymorphism in the 3′ region of the PI gene has also
been identified; this variant does not appear to affect serum
AAT levels. Some studies have found this SNP to be associ-
ated with COPD [47,48]; studies in other populations have
found no evidence of association [44,49,50].
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Table 37.2 Candidate genes that have been associated
with COPD or related phenotypes.

Protease–antiprotease
α1-Antitrypsin

heterozygotes (Z, S) [21,36–40,43,44]
3′ region [47,48]

α1-Antichymotrypsin [51,53]
Matrix metalloproteinases-1, -9, -12 [57,58]
Tissue inhibitor of metalloproteinase-2 [59]

Oxidant–antioxidant
Heme oxygenase-1 [62]
Microsomal epoxide hydrolase-1 [44,65]
Glutathione S-transferase (M1, P1, T1) [70,71,74]

Inflammatory cytokines
Tumour necrosis factor α [78,79]
Interleukin 13 [90]

Others
Vitamin D binding protein (group-specific component)

[21,91–93]
β2-Adrenergic receptor [102]
Cystic fibrosis transmembrane conductance regulator [103]
Surfactant proteins A, B, D [104]
Human β defensin-1 [105]
Cytochrome P450 1A1 [106]
Human leucocyte antigen (HLA) [94]
ABO, Lewis blood groups and secretor status [94,107–109]



α1-Antichymotrypsin

α1-Antichymotrypsin (AACT) is another serine protease
inhibitor, located in close proximity to the AAT gene. Poller
et al. [51] described one mutation associated with decreased
AACT levels (Pro229Ala) and another that caused a dys-
functional protein (Leu55Pro); both of these mutations
were associated with COPD. However, these findings could
not be replicated in other populations [49,52,53]. Ishii et al.
[53] found a polymorphism in the signal peptide (Ala-
15Thr) to be associated with COPD. As AACT levels were
not affected, this is unlikely to be the causative mutation; it
may be in linkage disequilibrium with a functional variant.
Another study did not find evidence of this association [49].

Matrix metalloproteinases

Mouse models and human experiments have pointed to a
role for the matrix metalloproteinases (MMPs) and tissue
inhibitors of metalloproteinases (TIMPs) in the develop-
ment of emphysema [54–56]. A functional polymorphism
has been identified in the promoter of MMP-9 (C-1562T)
[57]. Among 110 Japanese smokers, the –1562T allele was
associated with the presence of emphysema on computed
tomography (CT) scan (OR = 2.69; P = 0.02) [57]. Joos et al.
[58] examined MMP polymorphisms in the subjects in the
LHS with the fastest and slowest rates of decline in FEV1.
They found the MMP-1 G-1607GG polymorphism to be
associated with a fast rate of decline (P = 0.02). In addition,
haplotypes consisting of the MMP-1 G-1607GG and the
MMP-12 Asn357Ser alleles were strongly predictive of
rapid decline (P = 0.0007). An additional SNP in MMP12
and two MMP-9 polymorphisms were not associated with
pulmonary function decline.

Two variants were discovered in tissue inhibitor of metal-
loproteinases-2 (TIMP-2) in 88 Japanese COPD patients
and 40 smoking controls [59]. The allele frequency of a
silent variant in exon 3 was significantly higher in COPD
cases (P < 0.0001). A variant in the promoter region
showed a borderline association (P = 0.049).

Heme oxygenase-1

Cigarette smoke contains reactive oxygen species (ROS)
that may contribute to COPD through direct injury to 
lung tissues, oxidation of antiproteases or up-regulation of
inflammatory genes [60]. Heme oxygenase-1 (HMOX1),
which degrades heme to biliverdin, is important for pro-

Antioxidants and xenobiotic
metabolizing enzymes

tection against heme- and non-heme-mediated oxidant
stress in the lung [61]. Yamada et al. [62] genotyped a 
dinucleotide (GT)n repeat in the promoter region and 
found a greater number of long repeat alleles in smokers
with emphysema compared with smokers without emphy-
sema (OR = 2.4). In vitro studies revealed that increased 
size of the (GT)n repeat might reduce HMOX1 inducibility
by ROS, suggesting a functional mechanism for this poly-
morphism. However, no association between the number
of HMOX1 (GT)n repeats and rate of decline in lung func-
tion was found in the LHS population [63].

Microsomal epoxide hydrolase 

Microsomal epoxide hydrolase (EPHX1) is involved in the
first-pass metabolism of highly reactive epoxide inter-
mediates, such as those found in cigarette smoke. Poly-
morphisms in exon 3 (Tyr113His) and exon 4 (His139Arg) 
have been suggested to decrease (slow allele) or increase
(fast allele) enzyme activity, respectively [64]. Smith and
Harrison [65] found increased proportions of homozygous
slow individuals in groups of patients with clinically diag-
nosed COPD or pathologically confirmed emphysema 
compared with control blood donors; however, they also 
found the fast allele to be more frequent among COPD 
cases than controls. Sandford et al. [44] found a higher fre-
quency of homozygous slow individuals among the rapid
decliners compared with the non-decliners in the LHS 
(OR = 2.4). The effect was stronger in those with a family
history of COPD.

In a study of 180 former workers in a Japanese poison gas
factory, Yoshikawa et al. [66] found no difference in either
slow or fast allele EPHX1 frequencies between individuals
with and without COPD. However, the slow allele appeared
to be associated with the severity of COPD. Studies in two
other populations failed to find associations between either
EPHX1 polymorphism and the risk of COPD [67,68].

Glutathione S-transferases (M1, P1, T1)

The glutathione S-transferases (GST) are a family of enzymes
that are important in the detoxification of hydrophobic 
and electrophilic compounds, including polycyclic aromatic
hydrocarbons found in cigarette smoke. Homozygous dele-
tion of the GST M1 gene can be found in up to 50% of some
populations [69]. In a French population, homozygous 
GST M1 deficiency was more common in individuals with
chronic bronchitic with either moderate or severe obstruc-
tive lung disease, compared with control smokers [70]. In
168 British patients undergoing surgery for lung cancer, the
frequency of GST M1 deletion was higher in those with
pathological evidence of emphysema compared with blood
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donor controls; there was no difference in frequency of the
deletion in those with lung cancer only, compared with
controls [71]. No association between GST M1 deletion and
COPD was found in a Korean population [67].

The GST P1 gene has been found to have greater expres-
sion in alveoli, alveolar macrophages and respiratory 
bronchioles, compared with GST M genes [72]. An exon 
5 polymorphism (Ile105Val) in GST P1 has been shown to
confer increased activity towards certain substrates [73]. 
In a study of Japanese men, homozygosity for the wild 
type GST P1 allele was found more frequently in COPD
cases than in smoking controls (OR = 3.5) [74]. This result
could not be replicated in a Korean population [75]. In
addition, no association was seen between deletion of the
GST T1 gene and COPD in the same Korean population
[67]. In the LHS subjects, the polymorphisms in GST M1,
P1 and T1 were not associated with the rate of lung func-
tion decline, when each variant was analysed individually
[63]. When all three GST polymorphisms were present,
there was a borderline association (P = 0.03); the authors

note that this may represent type 1 error resulting from the
multiple comparisons performed.

Tumour necrosis factor α (TNF) is a proinflammatory
cytokine that is found in high concentrations in the sputum
of COPD patients [76]. A polymorphism at position –308 
in the promoter region (TNF1/2) has been described, with
increased gene expression in vitro resulting from the TNF*2
minor allele [77]. Multiple COPD association studies have
been reported, with conflicting results (Table 37.3). Huang
et al. [78] found a higher frequency of the TNF*2 allele 
in 42 Taiwanese men with chronic bronchitis compared 
with matched controls (OR = 11.1) and compared with a
second control group that included a population sample 
of schoolchildren. In a Japanese study, the TNF*2 allele 
was more frequent in 106 COPD patients than in smoking
controls or blood donors [79]. The same authors found a

Inflammatory cytokines
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Table 37.3 Case definitions used in association studies of the tumour necrosis factor α (TNF) –308 polymorphism and COPD
[44,78–81,83–86].

Study Country Diagnosis Spirometry Other criteria

Studies showing evidence of an association
Huang et al. [78] Taiwan Chronic bronchitis FEV1 < 80% pred Non-smokers included

FEV1 : FVC < 0.69

Sakao et al. [79] Japan COPD (ATS) FEV1 < 80% pred Chronic bronchitis excluded 
FEV1 : FVC < 0.7 Smokers only

Studies without evidence of an association
Higham et al. [81] UK COPD (BTS) FEV1 : FVC ≤ 80% pred BD response ≤ 15%

Smokers only

Patuzzo et al. [83] Italy COPD (ATS) FEV1 < 70% pred BD response < 12%
Exclude BHR, wheeze, atopy

Ishii et al. [86] Japan COPD (ERS) – Exclude asthma, AATD, 
family history of COPD

Sandford et al. [44] USA Mild COPD FEV1 decline ≥ 3%/year Current smokers
(Lung Health Study)

Sakao et al. [80] Japan COPD (ATS) FEV1 < 80% pred Visual emphysema score on
FEV1 : FVC < 0.7 HRCT above/below median

Kucukaycan et al. [85] Netherlands COPD (ATS) FEV1 < 70% pred BD response < 10%
exclude asthma, AATD

Ferrarotti et al. [84] Italy COPD (ATS) FEV1 < 50% pred BD response < 12%
FEV1 : FVC < 70% pred DLCO < 50% pred

AATD, α1-antitryspin deficiency; ATS, American Thoracic Society; BD, bronchodilator; BHR, bronchial hyperresponsiveness; 
BTS, British Thoracic Society; DLCO, carbon monoxide diffusing capacity; ERS, European Respiratory Society; FEV1, forced
expiratory volume in 1 s; FVC, forced vital capacity; HRCT, high-resolution computed tomography; pred, predicted.



trend towards association between the TNF*2 allele and
low attenuation areas on high-resolution computed tomo-
graphy (HRCT) scans of COPD patients [80]. Other studies 
in Caucasian [81–85] and Japanese [86] populations have
failed to observe an association between this TNF promoter
polymorphism and COPD. This polymorphism was not
associated with lung function decline in the LHS [44].
However, one group did find that COPD patients homo-
zygous for the TNF*2 allele had less reversible airflow
obstruction and greater mortality over 2-year follow-up
[82]. No associations have been found between a polymor-
phism in the lymphotoxin-α gene (also known as TNF-β)
and COPD or lung function decline [44,83,84].

In a mouse model, inducible overexpression of the cyto-
kine interleukin 13 caused emphysema, mucus metaplasia
and inflammation; this phenotype is similar to changes
seen in human COPD [87]. Two polymorphisms in IL-13
have been associated with asthma in prior studies [88]. In
the LHS population, these two polymorphisms (Arg130Gln,
C-1112T) were not associated with rate of lung function
decline [89]. However, the IL-13 promoter polymorphism
C-1055T (referred to as C-1112T in the previous reference)
was found more frequently in COPD patients compared
with both smoking (P = 0.01) and healthy population 
(P = 0.002) controls in a Dutch study [90].

Vitamin D binding protein, also known as group-specific
component (GC), has three major serum isotypes (1F, 1S,
2), based on two separate point mutations. It has long been
considered a candidate gene for COPD, based on its role 
in C5a-mediated neutrophil chemotaxis. In 114 matched
pairs of COPD patients and controls, Kueppers et al. [21]
found that homozygosity for Gc-2 allele was protective
against COPD (P = 0.049). Horne et al. [91] observed that
even a single Gc-2 allele was protective, and that homo-
zygous Gc-1F individuals were at increased risk of COPD 
(OR = 7.1). In a study of patients referred for lung cancer
surgery, Schellenberg et al. [92] found Gc-2 homozygous
individuals to be more common among those without
airflow obstruction compared with those with obstruc-
tion. There was no difference in neutrophil chemotaxis by
genotype, suggesting that the protective effect was medi-
ated through a different mechanism. A Japanese study
could not replicate the protective effect of the Gc-2 allele,
but found the risk of COPD to be increased in Gc-1F
homozygotes [93]. However, two other studies failed to
find an association between GC variants and lung function
[44,94].

Other candidate genes have been shown to be associated
with COPD or related phenotypes in single case–control

Other candidate genes

studies (see Table 37.2). It remains to be seen whether these
results can be replicated in other populations.

For most of the candidate gene variants that have been
associated with COPD, subsequent studies have often been
unable to replicate the positive associations found in the
initial study. This lack of consistency is not unique to the
study of COPD; it is a problem throughout the field of
genetic epidemiology [95,96]. The reasons for this are 
multiple. One problem is the varied case definitions used in
studies of COPD, an inherently heterogeneous disorder.
Table 37.3 highlights the different phenotypes used in 
studies of the TNF –308 polymorphism, as an example.
Different authors included or excluded cases with chronic
bronchitis or with asthma-related phenotypes, such as
bronchodilator responsiveness. If a gene were important in
one particular phenotype, such as chronic bronchitis, then
this association might be easily missed. In addition, varying
thresholds for defining airflow obstruction in COPD cases
have been used, which could also contribute to the incon-
sistent results.

Many of the reported case–control association studies
suffer from small sample sizes. High-throughput genotyp-
ing technologies have served to reduce costs and should
allow for increasingly larger studies [97]. Publication bias is
common throughout biomedical research, and it may be
even more pronounced in genetic studies [95]. Failure to
replicate findings in different studies may also represent
true differences in the genetic determinants of disease in
different populations, referred to as genetic heterogeneity.

Case–control association studies can be subject to false-
positive results because of differences in ethnicity – whether
obvious or not – between cases and controls; this is known
as population stratification. Statistical techniques are avail-
able to test for population stratification in association stud-
ies [98], although few authors have performed these tests
on a routine basis. Using family-based methods for associa-
tion studies avoids the potential problem of spurious results
brought about by population stratification [99]. Use of this
design is increasing in the study of COPD genetics. The
potential problems with case–control association studies, as
well as a strategy for evaluating these studies, have been
reviewed by Silverman and Palmer [100].

Multiple studies have demonstrated that hereditary factors
are important in the development of COPD, but severe AAT
deficiency remains the only proven genetic risk factor.

Conclusions and future directions

Interpretation of association studies
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Several interesting associations to biologically plausible
candidate genes have been found, but these results have
not been consistently replicated in other populations.
Family-based linkage studies have identified chromosomal
regions where susceptibility genes for COPD are likely to
reside, but further work will be necessary to identify the
relevant genes, as well as the functional variants within
those genes.

Mouse models have been used to identify genes poten-
tially involved in the development of human emphysema,
and future animal studies will continue to further our
understanding of COPD pathogenesis and uncover candid-
ate genes that can then be studied in human populations.
Gene expression profiling using microarray technology is
another promising tool in the identification of genetic risk
factors for COPD [101]. Clearly, further research is neces-
sary to identify the genetic variants that lead to an increased
risk of COPD in the majority of individuals without severe
AAT deficiency.
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CHAPTER 38

α1-Antitrypsin deficiency

Loutfi S. Aboussouan and James K. Stoller

α1-Antitrypsin (AAT) deficiency is a common but under-
recognized condition. In this chapter, we first review the
history of AAT deficiency, and then discuss the epidemio-
logy, clinical features and treatment, including augmenta-
tion therapy and emerging therapies.

AAT deficiency was first described in 1963 when Laurell
and Eriksson found that the electrophoretic patterns of
stored serum specimens of some patients with emphysema
were lacking α1 bands [1]. Eriksson [2] subsequently
described the heritability of emphysema in such individuals
in 1964 and some salient clinical features, including bib-
asilar distribution and premature onset [3].

Significant progress ensued in elucidating the patho-
genetic mechanisms of this disease. Experimental emphy-
sema was produced in rats using the plant protease papain
[4,5] and Kueppers and Bearn [6] demonstrated the 
ability of AAT to inhibit proteases. These findings provided
an experimental basis for the association between ΑΑΤ
deficiency and the development of emphysema [6], and
laid the groundwork for the protease–antiprotease hypo-
thesis of emphysema [7].

The subsequent discovery of neutrophil elastase by Aaron
Janoff in 1968 [8] and recognition of the high affinity of
neutrophil elastase for AAT [9] established neutrophil 
elastase rather than trypsin as the natural substrate of AAT.
Nevertheless, the original name of AAT deficiency has 
persisted. Studies by Senior et al. [10] in 1977 found that
neutrophil elastase could likewise induce emphysema,
albeit of a milder form compared with that produced by
pancreatic elastase [10,11].

Progress in molecular biology led to key advances,
including the sequencing of the AAT protein in 1984 [12],
identification of the gene on chromosome 14 [13] and

History

recognition of several clinically relevant variants [13].
While AAT deficiency was recognized in 1969 as a cause of
liver storage disease and cirrhosis [14], understanding the
mechanism of impaired secretion of the Z-type protein and
intrahepatocyte accumulation awaited the elucidation of
loop-sheet polymerization by Lomas et al. [15] in 1992.

Clinical advances have included the use of purified AAT
derived from pooled human plasma for exogenous admin-
istration [16], the establishment of important registries,
including the National Heart, Lung and Blood Institute
(NHLBI) sponsored Registry for Individuals with Severe AAT
Deficiency from 1988 to 1996 [17], the patientsponsored
Alpha-1 Foundation Research Registry in 1997 [18], and
the Alpha-One International Registry (AIR) in 1996.

A review of the epidemiology of AAT deficiency provides
two major insights:
1 AAT deficiency is common; and
2 AAT deficiency is under-recognized by clinicians, causing
significant adverse effects.

With regard to the frequency of AAT deficiency, esti-
mates have been undertaken in several ways: an indirect
epidemiological approach based on estimates of emphy-
sema prevalence, an indirect analysis of genetic epidemio-
logical surveys and a direct population-based screening
approach.

To assess the frequency of AAT deficiency in the USA
using indirect means, the National Health Information
Survey estimates that 3.2 million Americans have emphy-
sema [19]. Results of a study by Lieberman et al. [20] in
which 965 patients in the COPD clinic of the Sepulveda
Veterans Administration Hospital show that 1.9% had
emphysema on the basis of severe deficiency of AAT.
Applying this prevalence estimate to the estimated number
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of Americans with emphysema suggests that approximately
61 000 Americans have symptomatic COPD on the basis of
severe AAT deficiency.

Another approach uses published genetic epidemiolo-
gical surveys to estimate the PI*Z mean gene frequency in a
given population, and then extrapolates to the population
at risk for the PI*ZZ allele combination. For the USA, this
approach estimates the population at risk for PI*ZZ to be 
47 321 [21], although weighed estimates adjusting for the
different ethnic subgroups of the US population suggest a
higher number of 59 047 [22].

Although derived differently, these estimates agree
closely with prevalence estimates that come from direct
population-based screening studies. Of the several 
population-based screening studies performed (Table 38.1)
[23–26], the two largest have involved the screening of 
200 000 newborns in Sweden [26] and 107 038 newborns
in Oregon [23]. In the Swedish screening study, the fre-
quency of PI*Z individuals was found to be 122/200 000, 
or 1 in 1639. In the Oregon screening experience, the 
frequency of PI*ZZ individuals was approximately threefold
lower at 1 in 5097. Combining the three US studies [23–25]
yields a frequency of 1 in 4455. Applying this estimate to
the 2000 US population of 281 000 000 [27] suggests that
the number of PI*ZZ individuals in the USA today is 63 000,
of whom most can be expected to develop emphysema
[28–30]. In this regard, the prevalence of severe AAT
deficiency approximates that of another common genetic
pulmonary condition, cystic fibrosis, the frequency of
which has been estimated to be 1 in 11 000 [31].

In the context that AAT deficiency is common, the ques-
tion naturally arises as to why so few AAT deficient patients
are known to the medical community. Indeed, recent esti-
mates of the number of AAT deficient individuals currently
receiving intravenous augmentation therapy with pooled
human plasma ΑΑΤ are fewer than 10 000 and large 
central laboratories for testing for AAT deficiency suggest 
a ceiling estimate of 14 000 severely deficient individuals 
(E. Campbell, personal communication).

Studies addressing the frequency of AAT deficient indi-
viduals show that individuals with severe AAT deficiency

often escape medical detection. For example, in a study of
the frequency of severe deficiency of AAT in St. Louis,
Silverman et al. [24] sampled 20 000 blood specimens
donated to the St. Louis blood bank, among which seven
individuals with PI*ZZ AAT deficiency were found. Reason-
ing that blood donation neither selected for nor against
having severe AAT deficiency, these investigators suggested
that this prevalence among blood donors predicted 700
PI*ZZ individuals in St. Louis with a population of 2 million
at the time of the study. Yet, when these investigators
attempted to identify all known PI*ZZ individuals by con-
tacting pulmonary physicians in St. Louis, only 28 PI*ZZ
patients could be detected (4% of the expected population
of 700), suggesting that the majority of AAT deficient indi-
viduals in St. Louis at that time were unrecognized by the
medical community. Similar findings regarding frequent
under-recognition were reported by Tobin et al. [30] in a
British Thoracic Association survey of all PI*Z samples at
two specialized laboratories in England, suggesting that
only 4.5% of British PI*Z subjects had been detected by
1980.

Finally, that under-recognition occurs frequently and
confers adverse psychological effects has been demon-
strated by Stoller et al. [32] in a 1992 survey of 300 self-
reported PI*ZZ individuals. When given a questionnaire
addressing the number of physicians seen for attributable
symptoms and the mean interval between the first AAT
deficiency-related symptom, the group reported an average
delay between first symptom and initial diagnosis of AAT
deficiency of 7.2 (± 8.3) years. Furthermore, 44% of these
respondants reported having to see at least three physicians
with attributable symptoms before the initial diagnosis 
of severe AAT deficiency was made [32]. More recent 
estimates confirm this long diagnostic delay and under-
recognition. In a survey of 974 individuals mostly receiv-
ing augmentation therapy at home, Campos, Sandhaus and
Wanner (R.A. Sandhaus, personal communication) observed
that the mean interval between first symptom and initial
diagnosis was 7.8 ± 9.2 years and that 34.6% reported see-
ing at least three physicians before the diagnosis of AAT
deficiency was made.
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Table 38.1 Prevalence estimates of severe α1-antitrypsin (AAT) deficiency (PI*ZZ and/or PI*Znull) in selected population
screening studies.

Location Subject Number with severe AAT Prevalence of severe 
First author [Ref.] Years of study population deficiency/number screened AAT deficiency (%)

Sveger [26] 1972–74 Sweden Newborns 122/200 000 1/1639 (0.061)
O’Brien [23] 1971–74 Oregon Newborns 21/107 038 1/5097 (0.0196)
Silverman [24] 1987 St. Louis Blood donors 7/20 000 1/2857 (0.035)
Spence [25] 1993 New York state Newborns 3/11 081 1/3694 (0.0271)



That adverse events result from the delayed diagnosis 
of AAT deficiency has been suggested by Stoller et al. [32].
For example, the mean number of adverse psychosocial
effects correlated weakly but significantly with the num-
ber of doctors seen before initial diagnosis (Spearman’s 
rho = 0.20; P = 0.005), although no correlation of adverse
effects was observed with the interval between the first
attributable symptom and initial diagnosis (Spearman’s 
rho 0.05; P = 0.43) [32].

Loop-sheet polymerization

AAT is the prototypic member of the serine protease
inhibitor (serpin) superfamily of proteins that have a major
role in diverse biological pathways [33]. The characteriza-
tion of loop-sheet polymerization as the molecular defect
underlying AAT deficiency has not only helped clarify the
pathogenesis of the associated liver disease, but has also
allowed expansion of this model to the pathobiology of
other serpinopathies. For instance, mutations and loop-
sheet polymerization of other serpins such as antithrombin,
C1 inhibitor, and neuroserpins cause thrombosis, angio-
edema, and inclusion body dementia, respectively [33–
35]. This model has been further applied to elucidate other
mechanisms of diseases such as Alzheimer’s disease, amyloi-
dosis, Huntington’s disease and the prion encephalopathies,
thereby spanning the gamut of acquired, genetic and ‘infec-
tious’ diseases [36].

Underlying this susceptibility of serpins to mutations 
and polymerization is instability of their β-sheet structure

Pathophysiology and genetics of 
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(Fig. 38.1) [37]. In the most common allele associated with
severe deficiency, PI*ZZ AAT deficiency, a single substitu-
tion of lysine for glutamic acid at position 342 widens the 
β-sheet and allows partial insertion of the reactive site 
loop into the gap to create an intermediate and unstable
monomeric form (see Fig. 38.1) [38]. The β-sheet can then
either accept its own loop and form a latent form, or the
loop of an adjacent molecule and form a dimer (see 
Fig. 38.1) [38]. The dimer stabilizes, increases its β-sheet
and proceeds to polymerization in an irreversible process
(see Fig. 38.1) [39]. This process is in equilibrium, with
approximately 15% of Z antitrypsin secreted into the
plasma as monomers [15,33]. Although the Z molecule
may polymerize spontaneously, factors that increase the
likelihood of polymerization include increase in tempera-
ture and in Z antitrypsin concentration [15], and possibly a
decrease in pH [39].

Mechanism for the development of emphysema

Neutrophils are present in the lower respiratory tract and
provide a chronic low-level burden of neutrophil elastase
[40]. Despite its name, AAT reacts with neutrophil elastase
much more avidly than with trypsin in a mutually suicidal
interaction [41,42]. AAT is produced in the liver and
reaches the lungs by diffusion from the circulation and by
local production in macrophages and bronchial epithelial
cells [33,43]. In the normal state, there is an excess of AAT
in the lung, thereby providing an adequate protective screen
against the elastolytic effect of neutrophil elastase [28]. 

In PI*ZZ individuals, the protease–antiprotease concept
posits an imbalance between the AAT protective screen 
and the neutrophil elastase burden, with consequent
unchecked proteolytic activity leading to emphysema [7].
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Figure 38.1 Structure of 
α1-antitrypsin and mechanism 
of polymerization. A substitution 
of lysine for glutamic acid at
position 342 (arrow) widens the
β-sheet A (circle) and results in
the formation of an unstable
intermediate monomer (M*).
The gap in the β-sheet A can
either accept its own loop to form
a latent conformation (L), or
form a dimer by accepting the
loop of another α1-antitrypsin
molecule (D). The dimer
proceeds to polymerization in an
irreversible process (P). (From
Lomas and Mahadeva [33] with
permission.)



This imbalance results in large part from low serum levels of
AAT because of retention of polymers in the endoplasmic
reticulum of liver cells [15]. Also, the Z-type antitrypsin 
is about five times less effective than normal antitrypsin 
as an inhibitor of neutrophil elastase [44]. Lastly, Z-type
antitrypsin has been identified in the lung as loop-sheet
polymers that are not only functionally inactive against
neutrophil elastase [45], but also chemoattractants for
human neutrophils [46]. 

Indirectly, unchecked neutrophil elastase in AAT defici-
ency may promote a positive feedback loop by stimulating
macrophages to release leukotriene B4, itself a potential
mediator of neutrophil chemotaxis [47,48]. ΑΑΤ can also
act as modulator of the inflammatory response by inhibit-
ing other chemotactic factors such as C3a and C5a [49].

Mechanism of liver disease

Based on the link between temperature and polymeriza-
tion, febrile episodes were initially proposed as the explana-
tion for the phenotypic variability of liver disease in PI*ZZ
individuals [15], although clinical considerations make this
is an unlikely mechanism [50]. Rather, a lag in intracellular
degradation of Z-type protein correlates with the expres-
sion of liver disease in PI*ZZ individuals [51]. Polymers of
Z-type protein have been identified on electron microscopy
as inclusions within the endoplasmic reticulum of the liver
[15], and account for the periodic acid–Schiff stain positiv-
ity and diastase-resistant material on liver biopsies of
affected individuals. Retention of the mutant Z molecules
in the endoplasmic reticulum appears to have a key role in
the development of liver disease and may be caused by an
impaired interaction between Z-type protein and its mole-
cular chaperone, calnexin [52]. The precise mechanism by
which the intrahepatocyte accumulation of unsecreted
AAT causes liver disease remains elusive. 

Lung disease

Emphysema
Although the precise degree of risk is unknown, individuals
homozygous for the Z allele are considered to be at high 
risk for developing emphysema. Differentiating features of
this type of emphysema include a more likely occurrence at
an early age (i.e. less than 50 years), a panacinar pathology
and basilar distribution [53,54]. Studies may be biased
towards overestimating the risk of emphysema in AAT
deficiency because most patients are ascertained on the
basis of pulmonary symptoms. In a survey from the British
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Thoracic Association, Tobin et al. [30] sought to determine
the risk of developing emphysema by identifying PI*ZZ 
in siblings of their index cases, thereby partially removing
the bias of selection based on attendance at a chest clinic.
Radiographically confirmed emphysema was present in
87% of all PI*ZZ subjects, 91% of the index cases and 73%
of the non-index cases [30]. Ninety per cent of PI*ZZ smok-
ers had emphysema, compared with 65% of non-smokers
[30]. Additionally, abnormalities of lung function were
reported in the majority of individuals without radiograph-
ical changes [30]. These data closely agree with those of the
Swedish National Registry, in which only 29% of the par-
ticipants were identified because of lung disease, indicating
that in adult PIZ homozygotes, 29% of never-smokers 
and 10% of ever-smokers were healthy, with the majority
of the remainder identified as having lung disease [28].
Lastly, postmortem series from Malmö General Hospital in
Sweden suggest that only 20% of PIZ homozygotes had no
chronic obstructive lung disease [28]. 

Several studies have attempted to further define suscept-
ibility genes for the development of emphysema. Sandford
et al. [55] have shown that 6% of COPD individuals were
heterozygous for the Z allele (PI*MZ) compared with none
of the controls, while the S allele was not associated with
emphysema. These authors concluded that the Z allele but
not the S allele was a risk factor for COPD in the heterozy-
gous state [55]. These observations were supported in other
studies by Turino et al. [56] and Alvarez-Granda et al. [57],
who noted that the PI*SZ phenotype confers little or no
added risk of developing COPD except in smokers. In a 
population-based cohort study by Dahl et al., individuals
with the MZ genotype had a slightly greater rate of decline
of forced expiratory volume in 1 s (FEV1) were more likely
to have airway obstruction, and had a trend towards a higher
incidence of hospitalization and mortality from COPD,
compared to individuals with the MM genotype [58]. On
the other hand, a population study of PI*MZ heterozygotes
from the Tucson Epidemiologic Study of Airways Obstruct-
ive Diseases failed to show any increased risk of developing
airflow obstruction in MZ individuals [59].

Asthma
Several studies have shown a 15–30% prevalence of asthma
in patients with AAT deficiency. In 1041 patients from the
NHLBI Alpha-One Registry, a self-report of asthma diag-
nosed by a physician was found in 38% [60]. When asthma
was also defined by bronchodilator responsiveness and
recurrent wheezing attacks, asthma was diagnosed in 21%
and in 12.5% of those with a normal FEV1 [60]. In another
study of 97 young adults (approximately 22 years of age)
from an original cohort of 129 PI Z homozygotes identified
by neonatal screening, 29% reported recurrent wheezing
and 15% carried a diagnosis of asthma despite normal
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spirometry [61]. The frequency of wheezing in ever-
smokers was much higher at 56% [61]. In a study from the
Italian Registry, the prevalence of methacholine hyper-
responsiveness in 86 individuals with different phenotypes
(including MZ, MS, SZ, ZZ) was similar in subjects vs con-
trols (16 vs 11%, respectively; P = 0.66), but hyperrespons-
ive subjects demonstrated a positive correlation between
AAT blood levels and PD20 FEV1 values (r = 0.71; P < 0.01)
[62]. In one study of 90 asthmatic patients, plasma elastase
inhibitory capacity was markedly reduced in asthmatic 
subjects compared with controls despite higher plasma 
α1-protease inhibitor levels, raising the possibility of a func-
tional AAT deficiency as a component of the inflammatory
process of asthma [63]. 

Recognizing the importance of preventive measures, 
the World Health Organization has recommended that 
all patients with COPD and adults and adolescents with
asthma be screened for AAT deficiency [64]. Also, a recent
international standards document from the American
Thoracic Society, European Respiratory Society, American
College of Chest Physicians, American Respiratory Care
Foundation, and the Alpha-1 Foundation has endorsed
diagnostic testing in all symptomatic adults with fixed
airflow obstruction [65].

Bronchiectasis
Whether bronchiectasis is associated with severe deficiency
of AAT has been the subject of controversy. For example, 
a computed tomography (CT) study of 117 non-smoking
PI*ZZ individuals showed a 26% frequency of bronchiecta-
sis [66], with smaller studies indicating a prevalence as high
as 43% [67,68]. However, the distribution of AAT alleles in
individuals with bronchiectasis is similar to that of control
subjects, suggesting that bronchiectasis develops alongside
the emphysema or associated chronic bronchitis rather
than as a direct effect of AAT deficiency [69,70]. Moreover,
the self-reported prevalence of bronchiectasis from subjects
in the NHLBI Registry of Individuals with AAT deficiency
was only 2%. This suggests that the high prevalence of
bronchiectasis on computed tomography (CT) studies may
not carry significant clinical import or that self-reported
prevalence represents underdiagnosis [71]. 

Bronchitis
Chronic sputum expectoration has been found in up to
59% of smokers and 29% of never-smokers with AAT
deficiency [30]. Similarly, bronchitis has been found in
33% of individuals enrolled in a patient-organized registry
of 712 participants [18]. Also, the odds ratio for developing
chronic bronchitis has been reported as 9.6 in PI*ZZ com-
pared with PI*MM individuals [58]. Passive smoking has
been proposed as one risk factor associated with the devel-
opment of chronic bronchitis in AAT deficiency [72]. While

a clinical presentation consistent with chronic bronchitis
may simply reflect the underlying pathology of AAT defici-
ency, a study of non-smoking patients with AAT deficiency
suggests that chronic sputum production confers an ad-
verse prognosis with greater impairment in spirometric
variables, lower arterial oxygen tension, increased air trap-
ping, inferior health status and an increased number of
exacerbations [66]. 

Liver disease

AAT deficiency is considered the most common genetic
cause of liver disease [50]. Although liver dysfunction pre-
dominates in the first two decades of life among individuals
with the Z allele (and only a few others, e.g. Mmalton) there
is a life-long risk for developing liver disease. For instance,
in one large screening study, 22 out of 120 PI Z infants
(18%) had some evidence of liver disease, including
obstructive jaundice in 14 (12%) and minor abnormalities
in eight (7%) [26]. Cirrhosis may develop in 50% of
affected children, 25% may die in the first decade of life 
and 2% present with cirrhosis in later childhood [73]. In 
a large-scale postmortem study predominantly involving
adults, there was a strong link between AAT deficiency in
males and the development of cirrhosis (odds ratio 7.8 vs
matched controls) and hepatocellular carcinoma (odds
ratio 20 vs matched controls) [74]. 

Panniculitis

Panniculitis is a skin disorder characterized by spontaneous
ulceration with clear or serosanguineous drainage and an
occasional angioedema-type of presentation [75,76]. It is
found in association with several disease entities including
lupus, pancreatic fat necrosis, Weber–Christian syndrome,
lymphoproliferative disease, erythema nodosum and AAT
deficiency [77]. Panniculitis in the setting of AAT deficiency
was first described in by Warter et al. [78] in 1972, is
uncommon and is associated with a variety of phenotypes,
including PI*ZZ [79], PI*SZ [80], PI*SS [81] and, in one
report, a PI*MS individual with normal plasma levels [82].
The treatment of choice is augmentation therapy, although
dapsone [83] and tetracycline agents have also been used
[80,83,84], the latter perhaps because tetracyclines inhibit
collagenase activity [84]. The dramatic response of panni-
culitis to AAT augmentation therapy [85,86] and to liver
transplantation [85] suggests that panniculitis, like emphy-
sema, is caused by unopposed proteolytic activity [87]. 

Other disorders

Several other disorders with common features of either 
collagen tissue destruction or inflammation have been
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reported less commonly to be associated with AAT defici-
ency. Some of these disorders involve impairment of vas-
cular integrity such as dissection of carotid [88], coronary
[89] and intracranial [90] arteries, splenic [91], intracranial
or abdominal aneurysms [92] and fibromuscular dysplasia
[93]. These aneurysms do not appear to develop as a result
of a protease–antiprotease imbalance [94], and in one report
there was no increased frequency of PI*ZZ AAT deficiency
among patients with abdominal aortic aneurysms [95].
Other associations include systemic vasculitis (especially C-
ANCA-positive vasculitis) [96], peripheral neuropathy [97],
colon cancer [98] and inflammatory bowel disease [99].

Preventive measures

Preventive measures are particularly important because
AAT augmentation therapy is not universally available to
all the individuals for whom it may be indicated [64].
Reasons for this unavailability include variation between
countries on conclusions about whether augmentation
therapy is effective and hence approval by regulatory 
agencies, the cost of augmentation therapy, drug supply
constraints and insurance issues.

As with COPD in general, smoking cessation remains 
the most important initial intervention. For instance, in a
long-term follow-up report of PI*ZZ individuals identified
in a mass screening programme of newborns in Sweden,
although parental rates of smoking were higher than those
of a control group when the children were 5–7 years old,
the smoking rate of PI*ZZ children at 18–20 years of age
was lower than that of age-matched peers [100]. 

Other preventive measures advocated by the World
Health Organization include occupational, environmental,
genetic counselling and immunization against influenza
and Pneumococcus infections [64]. Regarding environmental
exposures, kerosene heater use at home and agricultural
occupations have been associated with decreased lung
function in non-smoking PI*ZZ individuals [72]. 

Exogenous augmentation therapy

Evidence of biochemical efficacy
Augmentation therapy is the regular administration of
purified ΑΑΤ with the intent of repleting the patient’s
antielastase capacity. Criteria used to evaluate the efficacy
of augmentation therapy have been both biochemical and
clinical; the biochemical efficacy criterion is restoring levels
of ΑΑΤ in relevant components (e.g. blood, interstitium)
above a so-called ‘protective’ threshold value, which is the
lowest value necessary to eliminate the emphysema risk.

Treatment and prevention

In defining an endpoint for augmentation therapy, a 
protective serum AAT threshold level of 11 μmol (normal
20–53 μmol) has been established based on the levels separ-
ating PI*SZ individuals (levels 8–19 μmol), who have a
minimal risk of developing emphysema except in smokers
[56], from PI*ZZ individuals (levels 2.5–7 μmol), who have
a 65–90% risk of developing emphysema [29,30,101].
Using different preparations of pooled human plasma AAT,
Wewers et al. [102] and Stoller et al. [103] demonstrated
that intravenous infusion of AAT at a weekly dose of 
60 mg/kg produced serum levels generally exceeding the
protective threshold between dosing intervals. Similar
results were obtained by Stockley et al. [104], who demon-
strated a progressively increasing nadir from 10.7 μmol
before the second infusion, to 14.4 μmol by the end of the
4th week. Biweekly (120 mg/kg every 14 days) [105] and
monthly (250 mg/kg every 28 days) [106,107] schedules
for infusion were found to be safe but, in keeping with the
4–5 day serum half-life of exogenous AAT, did not consist-
ently maintain levels above 11 μmol. For instance, serum
levels were maintained above this protective threshold for
7–8 days of the biweekly infusion interval [105], and for
23–25 days out of a 28-day infusion interval [106,107].
Currently, the US Food and Drug Administration (FDA) has
approved AAT augmentation for weekly administration
alone.

A threshold of 1.3 μmol was also suggested for epithelial
lining fluid (ELF) levels based on the linear relationship
between serum and epithelial lining fluid AAT and by
extrapolating from the empirical 11 μmol serum threshold
[102]. Studies have shown that weekly administration
yielded ELF AAT levels that exceeded the ELF threshold
83% of the time [102]. In the monthly administration regi-
mens, ELF AAT levels averaged 2.35 μmol at day 28 [106].
Moreover, most studies have shown that intravenous aug-
mentation enhances the ability of the lung ELF to inhibit
neutrophil elastase [102,103,106].

Overall, the available evidence establishes the biochem-
ical efficacy of augmentation therapy, which was the basis
upon which purified pooled human plasma antiprotease
was approved by the US FDA in 1988.

Evidence of clinical efficacy
Several studies have addressed the clinical efficacy of 
augmentation therapy (Table 38.2) [104,107–112] using
diverse endpoints of success, including mortality [108], 
rate of FEV1 decline [107,108,111,112], rate of elastin
degradation based on urinary desmosine [109], loss of lung
tissue as assessed by CT scan [107], frequency of lung infec-
tions [110] and sputum inflammatory markers [104] (see
Table 38.2).

Two observational studies, one comparing treated German
patients with untreated Danish patients [111], and one
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study from the NHLBI Registry [108] comparing treated
with untreated patients, both showed that receipt of 
augmentation therapy was associated with a slowed rate 
of FEV1 decline (by more than 20 mL/year in the subset 
of patient with moderately to severely reduced FEV1) (see
Table 38.2) [108,111]. Similarly, in an observational study
by Wencker et al. [112] comparing the rate of decline of
FEV1 before and after weekly augmentation therapy in
patients with moderately reduced FEV1 (mean 41% pre-
dicted), the rate of decline was 49 mL/year before aug-
mentation and 34 mL/year after augmentation [112]. In
contrast to these observational studies, the single available
randomized controlled trial of intravenous augmentation
therapy showed no significant difference in the rate of
decline of FEV1 between recipients of placebo and active
drug (25.2 vs 26.6 mL/year, respectively) [107]. It is note-
worthy that the patients in this randomized trial received
monthly instead of weekly augmentation, and that the AAT
levels were maintained above the protective threshold for

23–24 days out of the 28-day infusion schedule [107]. At
the same time, this trial showed a trend toward a slower
loss of lung density among augmentation therapy recipi-
ents. Specifically, using CT densitometry as a measure of
lung density, augmentation therapy recipients showed a
yearly rate of loss of 1.5 vs 2.6 g/L/year in placebo recipients
(P = 0.07) [107]. This finding has increased enthusiasm to
consider CT densitometry as an outcome for assessing
emphysema progression in future randomized trials of aug-
mentation therapy [107].

Observational studies have addressed other clinical 
endpoints of augmentation therapy in patients with AAT
deficiency. In a Web-based questionnaire sent to users of 
an international Internet support group for individuals
with AAT deficiency, Lieberman [110] found that the per-
centage of individuals experiencing two or more lung infec-
tions per year was 18% in those receiving augmentation
therapy compared with 65% before initiating augmenta-
tion (P < 0.001) and 55% in those who never received 
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Table 38.2 Available studies on clinical efficacy of augmentation therapy.

Author(s) Infusion Outcome 
[Ref.] Date Design interval measures Main results

Seersholm et al. 1997 Observational  Weekly FEV1 decline In patients with FEV1 31–65% predicted, 
[111] cohort, concurrent augmentation slowed the decline of FEV1

controls by 21 mL/year (P = 0.04)

NHLBI Registry 1998 Observational  51.3% weekly FEV1 decline, In patients with FEV1 35–49% predicted,   
[17] cohort, concurrent 25.3% biweekly Survival augmentation slowed the decline of FEV1

controls 21.8% monthly by 27 mL/year (P = 0.03). In the whole
group, the risk ratio of death with    
augmentation was 0.64 compared with 
non-recipients (P = 0.02)

Dirksen et al. 1999 Randomized  Every 28 days FEV1 decline Loss of lung tissue was 2.6 g/L/year with 
[107] controlled trial Lung density placebo and 1.5 g/L/year with augmentation 

(CT) (P = 0.07). FEV1 decline was 59 mL/year in 
the augmentation group and 79 mL/year in 
the placebo group (P = 0.25)

Gottlieb et al. 2000 Descriptive Weekly Urinary Augmentation did not reduce the rate of 
[109] desmosine elastin degradation

Lieberman 2000 Observational 56% weekly Frequency of   The number of lung infections per year    
[110] (Web-based 36% biweekly lung infections decreased from 3–5 pre-augmentation to    

survey) 7% monthly 0–1 post-augmentation

Wencker et al. 2001 Observational Weekly FEV1 decline Rates of FEV1 decline pre- and post-
[112] (before–after) augmentation were 49.2 vs 34.2 mL/year,   

respectively (P = 0.019)

Stockley et al. 2002 Descriptive Weekly Sputum markers  Augmentation reduced sputum 
[104] of inflammation leukotriene B4

CT, computed tomography; FEV1, forced expiratory volume in 1 s; NHLBI, National Heart, Lung and Blood Institute.



augmentation (P < 0.001) compared with augmentation
recipients [110]. 

Finally, Stockley et al. [104] treated 12 patients with
intravenous augmentation therapy at a dosage of 60 mg/kg
weekly for four doses and repeatedly analysed the sputum
and serum samples over 8 weeks. The sputum AAT levels
were associated with an increase in the ability of secretions
to inhibit porcine pancreatic elastase and a significant
decrease in sputum leukotriene B4 [104]. This finding is 
of particular significance in that leukotriene B4 may be the
major mediator of neutrophil chemotaxis in AAT deficiency
[47,48] and of consequent accelerated lung destruction by
neutrophil elastase.

Emerging approaches

In the context that intravenous augmentation poses signi-
ficant difficulties, there is enthusiasm to develop altern-
ative treatment approaches. Specific examples of the 
disadvantages of intravenous augmentation therapy are 
the required frequency of use, the need for intravenous
infusion, drug inefficiency and cost [113]. Regarding the
efficiency of therapy, only 2–3% of intravenously adminis-
tered AAT is delivered to the deep lung [114]. Also, in a
recent analysis, augmentation therapy with AAT was found
to have less cost-effectiveness than other conventional health
interventions, with an incremental cost-effectiveness ratio
of up to $312 511 per quality-adjusted life-year, indicating
a need for more clinically and cost-effective therapy for
AAT deficiency [115].

Given these shortcomings of intravenous augmentation
therapy, attention has turned to new approaches, including
aerosolized AAT with both pooled human plasma antipro-
tease and recombinant-produced proteins.

Aerosolized AAT
Advantages of replenishing AAT by the aerosol route
include enhanced convenience, direct delivery to the target
organ and decrease in the amount of drug required. Still,
several issues remain to be resolved before this modality
becomes available, including bioengineering of the thera-
peutic aerosol, resolution of patient-dependent variability
in delivery technique, documentation of effective alveolar
deposition, and demonstration of clinical and biochemical
efficacy.

Several clinical studies have addressed the biochemical
efficacy of aerosolized AAT. In one study, 29 normal volun-
teers who inhaled 200 mg of AAT experienced an increase
in AAT concentration and antineutrophil activity in bron-
choalveolar lavage samples, with a half-time in the lungs
for AAT and antineutrophil elastase activity of 69.2 and
53.2 h, respectively [116]. In another study, administering
aerosolized recombinant AAT to deficient individuals at

single doses ranging from 10 to 200 mg augmented ELF
antineutrophil elastase defences in proportion to the dose
administered, and was detected in serum, suggesting the
protein had crossed the epithelial layer into the interstitium
[117]. In one study by Hubbard et al. [118], 100 mg of
pooled human AAT administered by aerosol every 12 h to
12 patients with AAT deficiency augmented ELF levels to a
mean of 5.86 μmol, well above proposed protective levels.

Other studies address factors that affect the alveolar
deposition of aerosolized AAT. Kropp et al. [114] studied
the patterns of deposition of 123I-labelled AAT administered
by aerosol to 18 patients with severe AAT deficiency, 
and found that peripheral deposition was significantly
improved in individuals with FEV1 of more than 40% 
predicted compared with those with more severe disease. 
In a study by Brand et al. [119], controlled slow and deep
inhalation allowed as much as 50% alveolar deposition in
12 patients with moderate to severe AAT deficiency. Other
studies suggest that high-intensity nebulization associated
with low ventilation enhances drug delivery to the lungs
[120].

Gene therapy
Several characteristics of AAT deficiency make it a theoretic-
ally attractive target for gene therapy, including the single
gene defect, a well-defined molecular biology and encoding
by the gene of a secreted product [43]. Additionally, only
partial expression of normal AAT may be necessary to
address the lung disease, despite persistence of the genetic
defect [121]. Studies have usually targeted the lung rather
than the liver for transfection with AAT encoded genes for
several reasons:
1 the unique susceptibility of the lung to the disease;
2 the alveolo-capillary membrane barrier;
3 the resultant large gradient between serum and ELF AAT
levels; and
4 technical limitations in the amount of gene material that
can be effectively transferred.
The vectors used to transfect the lung have included re-
combinant viruses, liposomes and receptor-mediated gene
transfer [43,122].

In the one human study to date, plasmid–liposome com-
plexes were used to transfect the nasal epithelium of five
AAT deficient individuals with a normal AAT gene, and
demonstrated an increase in the concentration of AAT in
nasal lavage compared with the control nostril [43]. This
study also showed that while nasal lavage AAT levels 
were much lower than with intravenous augmentation,
nasal interleukin 8 concentrations were reduced while 
the subjects were on gene therapy and not while receiving
augmentation. Thus, local expression of AAT, even at 
subtherapeutic levels, may confer advantages such as the
ability to interdict proteolytic activity and reduce markers

454 CHAPTER 38



of inflammation in areas not usually exposed to circulating
AAT [43]. Adenoviral vectors have also been shown to be
effective in animal models [123].

Disadvantages of these vectors include the paucity of
specific cell receptors on the surface of human respiratory
epithelium, and their ability to cause an inflammatory
response and trigger an immune response [43]. While there
are techniques to diminish the side-effects associated with
adenoviral vectors, alternatives such as adeno-associated
virus vectors have been explored. Nevertheless, use of
adeno-associated virus has disadvantages, including
impaired transduction to the lungs because of existing air-
way inflammation and the lack of specific receptors on the
apical surface of airway epithelial cells [124]. 

In another study, transfection of pulmonary macro-
phages in rats was achieved by targeting mannose receptors
to internalize plasmid DNA complexed with a mannose-
terminal molecular conjugate [122], suggesting this may 
be an alternative strategy.

Other emerging approaches
Characterization of AAT deficiency as a conformational dis-
ease and better understanding of the mechanisms of its
associated liver and lung disease have suggested other new
approaches to treatment.

Inhibition of intrahepatic polymerization has been one
such approach. In one study, a small peptide homologous
to the reactive centre loop was found to selectively bind to
the β-sheet of Z AAT and to inhibit polymerization in vitro
[125]. While this approach may increase secretion, it also
inactivates AAT and therefore supplementation may still 
be necessary for prevention of lung disease. However, it
clearly holds promise for treating liver disease [125]. 

Another study capitalizes on the putative mechanism 
of retention of polymerized AAT in the endoplasmic 
reticulum by providing cellular chaperones to reverse 
the process. Specifically, oral 4-phenylbutyric acid (PBA)
administered to mice transgenic for the human AAT gene
increased their blood levels of human AAT to 20–50% of
normal mouse and human levels [126]. This approach is
promising in that PBA has been safely used in children with
urea cycle disorders and, if successful, could prevent or
treat both liver and lung manifestations of the disease. A
pilot study of PBA is currently underway [127].

Recognizing the important role of neutrophil elastase in
the pathogenesis of lung disease in AAT deficiency, other
inhibitors of this enzyme also have promise. Some of these
agents include endogenous low molecular weight inhibitors
of neutrophil elastase (such as eglin C) and manufactured
compounds such as sivelestat (which has been predomin-
antly studied in acute lung injury) [128] and ONO-6818
[129]. The latter agent was found to inhibit the develop-
ment of neutrophil elastase-induced emphysema in rats

[129], but human phase II studies in subjects with AAT
deficiency were discontinued because of elevation of liver
enzymes.

Overall, such emerging approaches offer promise for new
and better therapies for severe AAT deficiency.
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CHAPTER 39

Body weight and systemic effects

Emile F. M. Wouters

Chronic obstructive pulmonary disease (COPD) is charac-
terized by the progressive development of airflow limita-
tion that is not fully reversible. The clinical syndrome of
COPD encompasses different disease conditions varying
from chronic obstructive bronchitis with obstruction of
small airways to emphysema characterized by enlargement
of airspaces and destruction of lung parenchyma, loss of
lung elasticity and closure of small airways. The association
of an abnormal inflammatory response of the lungs to 
noxious particles or gases with airflow limitation in COPD
indicates the critical role of the inflammatory process in the
pathogenesis of COPD [1]. 

Besides these primary effects of COPD in the lungs, there
is growing evidence in the literature that the clinical syn-
drome of COPD is often associated with significant extra-
pulmonary manifestations or systemic effects [2,3]. Weight
loss is a phenomenon that has long been recognized in the
clinical course of COPD patients. Fowler and Godlee [4]
first described this association in patients with emphysema
in the late 19th century. Attempts to describe different
COPD classifications retained body weight as an important
discriminator [5,6]. In the 1960s, several studies reported
that low body weight and weight loss are negative predic-
tive factors of survival in COPD [7]. At that time, weight
loss was considered to be an integral part of the clinical 
picture of chronic bronchitis, without adequate analysis 
of the underlying mechanisms or related functional con-
sequences. Nutritional depletion was considered as an
inevitable and irreversible terminal event related to the
severity of airflow obstruction. It was even hypothesized
that weight loss was an adaptive mechanism to decrease
oxygen consumption in these disabled patients.

Based on the emerging public health concern for COPD,
there is growing interest in defining treatment and treat-
ment strategies that make a difference in the outcomes of
patients. Goals of effective COPD management are widely
accepted and are largely related to the experienced symp-

tomatology of patients: relief of symptoms, improvement 
in exercise capacity, improvement in health status, pre-
vention of exacerbations and complications, prevention 
of disease progression and reduction of mortality [1]. In a 
heterogeneous disease condition such as COPD, selection of
appropriate outcome measures depends on the aspect of
the disease being addressed. This is particularly relevant for
COPD, as a variety of non-pharmacological treatment 
procedures are considered as evidence-based management
strategies despite any effect on specific measures such as
forced expiratory volume in 1 s (FEV1). In this paper, body
weight will be discussed as part of the multicomponent
pathology in COPD patients.

If the human body is considered as a single compartment,
the measurement of weight and height provides a simple
assessment of nutritional status. Generally, the subject’s
weight is compared with a reference parameter. Actual
body weight can be related to the ‘ideal body weight’ (IBW)
as derived from height, sex and frame size, based on the
Metropolitan Life insurances tables [8]. Low body weight is
generally and arbitrarily defined as body weight less than
90% IBW. Another approach is the use of indices of relative
weight such as the body mass index (BMI) or Quetelet index,
which is the ratio of body weight divided by height squared.

The US Department of Agriculture and the US Depart-
ment of Health and Human Services in their 2000 report 
on ‘Nutrition and Your Health’ proposed a BMI between 18.5
and 24.9 kg/m2 as a target for a healthy weight [9]. A BMI
lower than 18.5 kg/m2 is considered underweight, greater
than 25 kg/m2 connotes overweight and a BMI greater than
30 kg/m2 indicates obesity. However, it was stated in the
same report that weights above or below the healthy
weight range may actually be healthy and that weights
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inside the healthy weight range may not be healthy, stress-
ing the assessment of body composition even in normal
persons [9]. This is particularly important in clinical condi-
tions where standardization in the nomenclature of body
composition in weight loss is important [10]. Roubenoff 
et al. [10] suggested specific definitions for cachexia, wast-
ing and sarcopenia. In cachexia, the loss of body cell mass,
the total actively metabolizing and contracting tissue, is
greater than the loss of weight. In wasting, the decrease in
body cell mass and weight are parallel. Cachexia is always
accompanied by wasting, but wasting does not always lead
to cachexia. Sarcopenia refers to an involuntary general-
ized loss of skeletal muscle mass and strength [10].

In the absence of two-compartment analysis of body
composition, dividing body weight into a fat and a fat-free
compartment, depletion in fat-free mass (FFM) can be
masked by an increase in fat mass resulting in a normal
body weight, or a low body weight can be present with
preservation of FFM [11,12]. Therefore, especially in
patients with low body weight, further assessment of body
compositional changes has to be advocated.

Presence of low body weight is a frequent finding in
COPD patients. Hunter et al. [13] reported nutritional
depletion in 50% of hospitalized patients with a clinical
diagnosis of COPD. Among 779 men included in the
National Institutes of Health clinical trial of intermittent
positive-pressure breathing, 25% weighed less than 90%
IBW: 51% of the more obstructed group (FEV1 < 35% pre-
dicted) and 20% in the less obstructive patients (FEV1 >
47% predicted) [14].

Schols et al. [11] reported data of body weight and body
composition in a group of 255 patients with moderate to
severe COPD, consecutively admitted to a pulmonary re-
habilitation programme. An IBW of less than 90% predicted
was found in 27% of patients with a 35% predicted < FEV1

≤ 50% predicted, 41% of patients with a FEV1 less than
35% predicted and even 46% of patients with hypoxaemia
(PaO2 ≤ 7.3 kPa). This study indicates that low body weight
commonly occurs in COPD patients eligible for pulmonary
rehabilitation and that nutritional depletion significantly
contributes to the experienced functional impairment in
these patients [11]. Engelen et al. [12], studying body com-
position in relation to respiratory and peripheral skeletal
muscle function in a group of COPD outpatients, reported
weight loss in 17% of the study group.

Prevalence of malnutrition was studied in a cohort of
more than 4000 patients with COPD treated with long-term
oxygen therapy [15]. The prevalence of malnutrition, as
defined by a BMI of less than 20, was 23% in men and 30%
in women. The prevalence of low body weight was reported
to be very high in patients with acute respiratory failure and
in patients accepted for lung transplantation, with values
up to 60% and 72%, respectively [16,17].

Besides measurement of body weight or BMI, nutri-
tional status can be defined by unintentional weight loss.
Unintentional weight loss of more than 10% during the
past 6 months is categorized as severe malnutrition [18]. 
A recent prevalence study conducted in the Netherlands 
of 501 patients admitted to the pulmonary ward for non-
oncological illnesses reported more than 10% weight loss in
13% of patients and a 5–10% weight loss in 14% of patients.
A weight loss of 5–10% over a 6-month period is con-
sidered as a risk for malnutrition. Remarkably, a significant
number of patients had manifested unintentional weight
loss with BMI values within the normal range [19].

It can be concluded that low body weight and muscle
wasting is a common problem in COPD patients. Further
studies are needed to illustrate changes in body weight as
part of the natural history of the disease.

Different studies reported a relationship between low BMI
and the risk of COPD. In the Tecumseh Community Health
Study it was found that the incidence rate of obstructive 
airways disease, defined as FEV1 less than 65% predicted,
was highest in lean men and lowest in overweight men
[20]. The possibility that subjects who are susceptible to
COPD may be leaner than subjects who are not susceptible
was also raised by other authors [21]. Chen et al. [22]
reported that a BMI less than 20 among male subjects and a
BMI greater than or equal to 28 among female subjects
were associated with an increased prevalence of COPD. In
this cross-sectional study, no distinction was made between
emphysema and chronic bronchitis. Harik-Khan et al. [23],
using the Baltimore Longitudinal Study of Aging database,
examined if asymptomatic subjects with lower initial body
mass were at greater risk of developing COPD during subse-
quent follow-up. COPD was considered to be present if the
participants received any of the following diagnoses during
follow-up: emphysema, chronic bronchitis or chronic air-
way obstruction, or if FEV1 : FVC was less than 0.7 during
follow-up. These authors reported that middle-aged and
older men with low body weight, as measured by BMI, were
at a substantially higher risk of developing COPD even after
adjusting for other potential risk factors, including cigarette
smoking, age, FEV1 percentage of predicted, abdominal
obesity and educational status. This inverse association of
baseline BMI and subsequent COPD was significant. Guerra
et al. [24], using a nested case–control study from the lon-
gitudinal cohort of the Tucson Epidemiological Study of
Airways Obstructive Diseases reported that the association
between BMI and COPD is largely affected by the type of
diagnosis: emphysema was more associated with low BMI

BMI and the risk for development 
of COPD
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categories and chronic bronchitis with high BMI categories.
By combining patients with chronic bronchitis and patients
with emphysema in a single COPD category, these authors
reported a U-shaped risk trend, meaning that low and high
BMIs increase the risk for the disease [24].

The effects of food deprivation on normal lung structure
and function have not been well studied in any systematic
and detailed manner. One of the earliest pathological stud-
ies of human lungs was carried out by Stein and Fenigstein
[25] who reported 13.5% of emphysema cases in Warsaw
ghetto residents and that these emphysematous lesions
were found in all age groups from childhood to senility.
Keys et al. [26] described changes in physiology in normal
adult men after 24 weeks of semi-starvation. In this study,
the vital capacity was progressively diminished, most likely
the result of respiratory muscle weakness [26]. Reductions
in vital capacity are also described in female patients with
anorexia nervosa [27].

BMI and disease characterization

In the 1960s, Filley et al. [6] described two contrasting 
types of patients with chronic airway obstruction based on
clinical criteria and body weight: the ‘pink puffer’ and the
‘blue bloater’. The ‘pink puffer’, the emphysematous patient,
was more breathless with marked hyperinflation, thin in
appearance with major weight loss. The ‘blue bloater’ had
more severe central cyanosis and was frequently obese; this
blue bloating type has often been considered as the chronic
bronchitis subtype of COPD [6].

Several authors have attempted to correlate the degree of
weight loss with the presence and severity of emphysema.
A relationship between the ratio of residual volume to total
lung capacity and weight loss had already been reported in
the early 1960s [28]. Sukumalchantra and Williams [29]
reported that the disease progression in a 5-year follow-
up study of patients with severe COPD, as manifested by
reduction in maximum mid-expiratory flow rate and
increased airway resistance, occurred only in patients who
had lost more than 10% of their initial weight; further-
more, the reduction in diffusing capacity was also more
severe in patients who had suffered weight loss during the
study period. The relationship between nutritional status
and COPD subtypes was further evidenced in the paper of
Openbrier et al. [30], who demonstrated that patients with
emphysema were somatically depleted in comparison with
patients with chronic bronchitis. They found that in patients
with emphysema a good correlation was present with the
degree of airflow limitation as well as with the single-breath

Significance of body weight as 
outcome measure

diffusing capacity. Others reported that transfer coefficient
of diffusing capacity (Kco) was significantly lower in those
COPD patients with FFM depletion vs patients without
FFM depletion. Furthermore, 38% of the patients with a
Kco less than 60% predicted compared with 5% of the
patients with a Kco greater than or equal to 80% were con-
sidered depleted [12]. These data indicate that weight loss
and nutritional depletion is a particular problem in those
patients with impaired diffusing capacity. High-resolution
computed tomography (HRCT) is an imaging procedure
that allows direct assessment of the presence, extent and
severity of emphysema [31]. Engelen et al. [32] analysed
body weight and body composition in COPD patients, 
subdivided into an emphysematous group and a bronchitis
group based on HRCT. Body weight and BMI as well as FFM
and fat mass were significantly lower in emphysematous
patients compared with the bronchitis group.

Remarkably, these data were confirmed by studies 
focusing on fibre type redistribution in skeletal muscles.
Emphysematous patients have a more marked type I–IIX
fibre type redistribution in the vastus lateralis than non-
emphysematous patients and controls [33]. Further studies
are needed to unravel these muscular abnormalities espe-
cially in the emphysematous subgroup. At least, these data
support evidence for a relationship between COPD sub-
types and particular changes in body composition. 

Functional performance and health status

Dyspnoea and exercise intolerance are prominent symp-
toms in COPD patients. In addition to airflow limitation 
and impaired diffusing capacity, it became evident during
last decade that respiratory and skeletal muscle weakness
are important determinants of these symptoms [34,35].
Although muscle dysfunction is highly related to muscle
wasting [36,37], much of the literature demonstrates that
BMI can be considered as an indicator of functional disab-
ility. In underweight COPD patients, impaired respiratory
muscle strength has been demonstrated [11,38–41]. These
data are supported by autopsy data, which demonstrate
that body weight and muscularity profoundly affect
diaphragm muscle mass [42]. Changes in BMI associated
with muscle tissue depletion significantly impairs skeletal
muscle strength in COPD patients [37,43]. 

A close relationship between poor muscle condition,
reflected by reduction in percentage ideal body weight or
BMI, and maximal aerobic capacity has been observed in
several studies [36,44–46]. Furthermore, reduced body
mass has an independent negative effect on muscle aerobic
capacity in COPD patients, as manifested by a decrease in
maximal oxygen consumption, reduction in the lactate
threshold and slowing of oxygen consumption kinetics
[47]. Data regarding the relationship between walking 
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distance and BMI are rather conflicting. While some authors
have reported that in malnourished patients with stable
advanced disease the degree of weight loss bears no relation
to the work capacity at submaximal levels [44,48], others
have demonstrated a significant association between walk-
ing distance and body weight [45]. Positive outcomes on
peak exercise parameters as well as on walking distance
have been reported by nutritional intervention in depleted
COPD patients [49].

The functional consequences of being underweight and
particularly of FFM depletion have also been reflected as 
a decreased health status as measured by the St. George
Respiratory Questionnaire (SGRQ) [50]. In another study,
depletion of FFM had a greater impairment in the activity
and impact scores of the SGRQ, irrespective of body weight
[51]. Others reported that underweight COPD patients are
more dyspnoeic than normal-weight patients, partly as a
consequence of decreased respiratory muscle strength [41]. 

Health care utilization

There is growing evidence in the literature that nutritional
depletion in COPD is related to higher health care utiliza-
tion, especially of inpatient services. In a small group of
chronic hypercapnic patients, Vitacca et al. [51] reported
that basal body weight, the decline in FEV1 and the rate 
of deterioration of arterial blood gases were related to 
the necessity of intensive care unit (ICU) admission. Some
years later, the same group reported that underlying gen-
eral conditions such as malnutrition and a high physiology
score (APACHE II) were unfavourable indices of outcome for
acute exacerbation of COPD (AECOPD) treated with medical
therapy and that flow limitation as assessed by forced 
expiratory manoeuvres provides additional information.
The discriminant analysis showed, in decreasing order of
power, that nutritional prognostic index, APACHE II score,
FEV1 : FVC ratio, vital capacity (VC) (% predicted) and FVC
(% predicted) provided a significant distinction between
patients requiring mechanical ventilation and those who
could be treated with medical therapy only [52]. Kessler et
al. [53] reported that besides gas exchange impairment and
pulmonary haemodynamic worsening, the risk of being
hospitalized for COPD was significantly increased in patients
with a low BMI and patients with a limited 6-minute walk-
ing distance [53]. Nutritional depletion also increased the
risk of early non-elective readmission in patients previously
admitted for an exacerbation [54]. A prospective cohort
study of 1016 patients admitted to hospital for AECOPD
described that survival time after AECOPD was independ-
ently related to severity of illness, BMI, age, prior functional
status, PaO2, FiO2, congestive heart failure, serum albumin
and the presence of cor pulmonale [55].

In patients with emphysema undergoing lung volume

reduction surgery, a deficient nutritional status identifiable
by BMI was found in approximately 50% of patients. This
impaired nutritional status was associated with increasing
morbidity following lung volume reduction surgery (LVRS),
manifested by prolonged ventilatory support and increased
length of hospital stay [56]. Similar data were reported in
lung transplant candidates: duration of mechanical ventila-
tion and time spent in the ICU was significantly related to
initial body composition [17]. Furthermore, it was demon-
strated that lung transplant recipients with BMIs lower
than the 25th percentile, or less than 80% of the predicted
weight for a certain height, and/or those patients with 
lean body mass depletion have a worse survival rate fol-
lowing lung transplantation [17,57,58]. These findings are
confirmed by analysis of the impact of BMI on outcomes in
critically ill patients based on a large multi-institutional ICU
database. It was found that low BMI was associated with
increased mortality and worsened hospital discharge func-
tional status [59]. In patients with severe COPD treated
with home long-term oxygen therapy (LTOT), Chailleux 
et al. [15] recently reported that low BMI was the most
powerful predictor of duration and rate of hospitalization,
independently of blood gas levels and respiratory function.
The lowest hospitalization rates were observed in the obese
patients in this study.

BMI and COPD-related mortality

The relationship between weight loss and being under-
weight with mortality has been the subject of investigation
since the 1960s. Vandenbergh et al. [7] reported a signi-
ficant association between weight loss and survival in
patients with COPD: 5-year mortality was 50% in those 
losing weight, compared with only 20% in weight-stable
patients with COPD. Several retrospective studies using 
different COPD populations also provided evidence for a
relationship between low BMI and mortality, independent
of FEV1 [14,60,61]. Remarkably, a decreased mortality risk
was observed in overweight patients with COPD compared
with underweight patients and with subjects of normal
weight [14,61]. In COPD patients randomly allocated to
LTOT or medical treatment, Gorecka et al. [62] found that
BMI was a significant predictor of survival, independent of
FEV1. In a cohort of more than 4000 patients treated with
LTOT, Chailleux et al. [15] reported that low body weight
was an independent risk factor for mortality: the 5-year
survival rates were 24%, 34%, 44% and 59%, respectively,
for patients with BMIs of less than 20, 20–24, 25–29 and
greater than or equal to 30. The best prognosis again was
observed in overweight and obese COPD patients on LTOT.
In one study, weight gain after nutritional supplementation
was also related to decreased mortality independent of
FEV1, resting arterial blood gases, smoking, age and gender
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[61]. Studies describing factors associated with COPD
deaths also reported that being underweight is one of the
determinants of those patients who died with COPD
[63,64]. A Danish population study, including more than
2000 subjects and a 17-year follow-up, confirmed these
noted associations between body weight and mortality risk
[65]. Using normal-weight subjects (BMI 20.0–24.9 kg/m2)
as reference, the relative risk of death, adjusted for smok-
ing, chronic mucus hypersecretion, FEV1 and gender was
significantly increased in underweight subjects but decreased
in overweight and even obese subjects with airflow
obstruction. A similar but weaker association was observed
in subjects with mild and moderate disease. The specific
relationship between FFM and mortality was reported by
Marquis et al. [66], demonstrating that midthigh muscle
cross-sectional area obtained by CT scan and FEV1 were
found to be the only significant predictors of mortality. 

Therefore, it can be concluded that from the point of view
that improvement of prognosis is one of the management
goals in COPD, assessment of BMI is a good predictor of
mortality and outcome in these patients.

Weight loss, particularly loss of fat mass, occurs if energy
expenditure exceeds dietary intake. Muscle wasting is a
consequence of an imbalance between synthesis and break-
down of protein. Impairments in total energy balance can
occur simultaneously, but these processes can also be disso-
ciated because of altered regulation of substrate metabolism
[67]. Several studies have provided evidence for involve-
ment of systemic inflammation in the pathogenesis of 
tissue depletion in patients with COPD [68–71]. Systemic
inflammation could modify energy homoeostasis partly 
by interaction between cytokines and leptin metabolism.
Leptin is synthesized by adipose tissue and is the afferent
hormonal signal to the brain regulating fat mass [72,73].
Disturbances in the tightly regulated equilibrium between
protein synthesis and breakdown can also be induced by
systemic inflammation, at least by activation of the adeno-
sine triphosphate (ATP) dependent ubiquitin–proteasome
pathway [74,75]. Direct effects of tumour necrosis factor 
on differentiated skeletal muscles have been reported.
Treatment with this factor reduces the total protein and
myosin heavy-chain content in a manner dependent on
time and concentration [76]. Muscle wasting might also be
the result of a decreased number of fibres, resulting from
changes in the regulation of skeletal muscle regeneration or
activation of apoptotic pathways [77,78]. New insights into
the regulation of the processes of atrophy and hypertrophy
could provide opportunities for modulation of these pro-
cesses in the future [79].

Pathogenesis of weight loss
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CHAPTER 40

Lung connective tissue

Sarah E. Dunsmore and Geoffrey J. Laurent

The structural integrity of the lung and the biological activ-
ity of its resident cells are dependent on a diverse group of
connective tissue glycoproteins and proteoglycans.

Fundamental physical properties, such as the intrinsic
recoil of the lung, are governed by connective tissue, which
consists of cells and extracellular matrix and has the general
function of supporting and filling space between organs. 
In the lung, fibrous connective tissue is found throughout
the pulmonary interstitium and large airways. In addition,
cartilage, a specialized form of connective tissue, encircles
the trachea and large bronchi preventing collapse of these
structures. In this chapter, the individual components that
confer structure and function to lung connective tissue are
described.

Key concept Each type of connective tissue is uniquely organized 
to play a distinct part in normal lung function. Matrix 
components of lung connective tissue also regulate cell
phenotype, gene expression and motility via interactions
with integrins and other cell surface receptors (Fig. 40.1).
Following a brief discussion of cartilage, this chapter focuses
on the cells and matrix proteins found in the pulmonary
interstitium. The final section of this chapter provides an
introduction to the matrix-related pathology of COPD.

Hyaline cartilage lines the walls of the trachea and large
bronchi and is responsible for keeping these airways open
despite changes in intrathoracic pressure during breathing.

Cartilage
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Figure 40.1 Matrix protein
structure and organization.
Epithelial cells are linked to
connective tissue via a network
of matrix proteins. Laminin 5
connects hemidesmosomes on
the basal surface of epithelial 
cells to the type IV collagen
network in the lamina densa of
the basement membrane.
Anchoring fibrils composed of
type VII and type XV collagen
link the basement membrane 
to the interstitial matrix where
type I collagen, type III collagen
and elastic fibres are found.
Integrins located on the fibroblast
cell surface interact with many
matrix proteins including type I
collagen. (Reprinted from 
Gibson et al. [225], p. 83, with
permission from Elsevier.)



Chondroblasts produce the components of the cartilage
extracellular matrix: hyaluronan, collagen types II, VI, IX,
X, XI and XII, and aggrecan. Mature cartilage consists of
chondrocytes embedded in lacunae surrounded by a matrix
of proteoglycan aggregates and type II collagen fibres. In
one model of cartilage function, collagen fibres in the outer
layers oppose tensile forces and proteoglycans in the central
zone resist compression forces [1]. 

The connective tissue components of the pulmonary inter-
stitium are key determinants of lung function providing 
the mechanical scaffold that maintains structural integrity
during ventilation. Fibres of the matrix proteins, collagen
and elastin, form this scaffold [2–5] (Fig. 40.2). It has long
been recognized that devastating consequences result from
disruption of pulmonary interstitial matrix homoeostasis
[6]. Pulmonary fibrosis is a consequence of increased inter-
stitial matrix deposition, particularly of types I and III colla-
gen. In this disease, gas exchange is adversely affected by
the loss of capillary beds and decreased regional compliance
resulting from the thickening of the pulmonary interstitium.
Conversely, degradation of elastin is a characteristic of pul-
monary emphysema [7,8]. The reduction in elastin content
of the pulmonary interstitium adversely affects ventilation
by decreasing the intrinsic recoil of the lung [9–12]. 

Fibroblasts are omnipresent in lung connective tissue and
are responsible for production of the pulmonary interstitial

Cells of the pulmonary interstitium

The pulmonary interstitium

matrix. Under normal conditions, macrophages are the
only other cell type present to an appreciable extent in the
pulmonary interstitium. In the inflamed lung, however,
leucocytes, lymphocytes and mononuclear cells infiltrate
the pulmonary interstitium. In COPD, the normal inflam-
matory response to cigarette smoke appears to be amplified
by oxidative stress [13,14] and/or other mechanisms [15–
19] resulting in irreversible elastolysis in the pulmonary
interstitium. Much effort is being devoted to the develop-
ment of novel anti-inflammatory therapies for COPD. 

Matrix proteins have characteristic structures and functions.
Collagens and proteoglycans are ubiquitous components of
the extracellular matrix. Elastic fibres, on the other hand, are
specialized structures found only in tissues subject to mech-
anical stress. General aspects of the biology of the major
classes of matrix proteins are briefly reviewed in this section. 

Collagens

In simple terms, collagens may be thought of as the ‘struts’
of the lung – rod-like structures that limit lung deforma-
tion. Information contained within the collagen amino acid
sequence dictates formation of these precisely ordered, rod-
like structures. Collagens consist of three polypeptide chains
containing the amino acid sequence (Gly-x-y). Gly-x-y
sequences associate to form triple helices and, by definition,
all collagens contain at least one triple helical region [20].
Although x and y may be any amino acid, proline and
hydroxyproline predominate in these positions such that
approximately every third x is proline and every third y is
hydroxyproline. Hydroxyproline is not unique to collagen;
however, concentrations in collagen are much higher than
those in other proteins so hydroxyproline can be used as a
specific index of collagen synthesis and concentration. 

Collagen gene structure and organization
Genetic diversity arose during the metazoan radiation
largely as a result of the mechanisms of exon shuffling and
gene duplication. Human collagen gene structure reflects
these events [21]. A 54 base pair unit that encodes the char-
acteristic Gly-x-y repeat is thought to represent the ances-
tral collagen gene [22]. Evolution of collagens occurred 
by deletion, duplication and shuffling of Gly-x-y repeats
(i.e. in nine base pair units). Thus, many collagen genes
contain exons of 36, 45, 54, 63 and 108 base pairs [23].
Most collagen genes are composed of many exons, with 
14 genes consisting of 50 or more exons [23–25]. Five colla-
gen genes contain alternative transcription start sites; 16
are alternatively spliced [23,24,26,27]. 

Structure and function of interstitial
matrix proteins
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Figure 40.2 Pulmonary interstitium. At the gas exchange
interface alveolar capillaries and alveolar type I epithelial 
cells share a basement membrane. In other portions of the
alveolar wall, collagen fibrils and elastic fibres are the major
components of the pulmonary interstitium which also
contains fibroblasts and proteoglycans (not to scale).
(Reprinted from Gibson et al. [225], p. 83, with permission
from Elsevier.)



The 43 collagen genes are located on 17 different chro-
mosomes [23–27]. Several are found in close proximity 
on the same chromosome. The genes encoding the six
polypeptide chains that are constituents of type IV collagen
are clustered head-to-head [28–30] on chromosomes 13
(COL4A1 and COL4A2; 13q34), 2 (COL4A3 and COL4A4;
2q35-q37) and X (COL4A5 and COL4A6; Xq22). Collagen
genes are oriented tail-to-tail [31] on chromosomes 2
(COL3A1 and COL5A2; 2q14-q32) and 6 (COL9A1 and
COL19A1; 6q12-q14). COL12A1 is also positioned on chro-
mosome 6 [32] slightly over four mega base pairs from
COL9A1. Three collagen genes (COL6A1, COL6A2 and
COL18A1) map to the same cytogenetic location [33] on
chromosome 21 (21q22.3).

Transcription of collagen genes
Binding of a variety of transcription factors [34] to defined
motifs in the promoter region of collagen genes [35–53] is
the primary determinant of spatial and temporal collagen
expression [24,25,27,54–73]. Expression of some collagen
genes is also influenced by transcriptional regulatory ele-
ments located in introns [74–97] and in 3′ untranslated
regions of the genes [98]. Epigenetic mechanisms such as
DNA methylation restrict collagen expression to particular
cell types [99,100] and to precise developmental stages
[101,102]. In the event of tissue injury, cytokines such as
transforming growth factor β (TGF-β) and tumour necrosis
factor α (TNF-α) can affect collagen transcription by activat-
ing signalling pathways that lead to nuclear translocation of
DNA binding factors [103–112]. 

Posttranscriptional regulation of collagen gene expres-
sion occurs during the processes of translation initiation
and mRNA degradation. An evolutionarily conserved 5′
stem-loop structure which encompasses the AUG start
codon inhibits translation of collagen α1(I), α2(I) and
α1(III) mRNA transcripts [113]. Interactions of RNA bind-
ing proteins with this 5′ stem-loop structure [114,115] and
with a 3′ polypyrimidine rich region [116,117] protect col-
lagen α1(I) mRNA from deadenylation-dependent decay.
Inhibition of translation initiation which facilitates binding
of cytokine-regulated transcription factors [113] and delay of
procollagen mRNA degradation may be important mech-
anisms in the pathogenesis of fibrotic disorders [116]. 

Procollagen translational modifications
A series of co and posttranslational modifications of 
collagen polypeptide chains begins with cotranslational
cleavage of the signal sequence from preprocollagen.
Hydroxylation of proline and lysine residues is required 
for formation of stable triple helical regions in mature 
collagen [118–121]. Hydroxylation begins as a cotrans-
lational process and continues posttranslation until triple
helix formation is complete. Biochemical reactions are
accomplished by three enzymes: procollagenproline dioxy-

genase (EC 1.14.11.2), procollagenproline 3-dioxygenase
(EC 1.14.11.7) and procollagen-lysine 5-dioxygenase (EC
1.14.11.4) which recognize specific sequences (X-Pro-Gly,
Pro-4Hyp-Gly and X-Lys-Gly, respectively) in procollagen.
These enzymes require ferrous iron, 2-oxoglutarate, mole-
cular oxygen and ascorbate for activity.

Collagen triple helical structures are stabilized by 
glycosylation [122]. Glycosylation of procollagen is a 
cotranslational event. Two enzymes located on the inner
endoplasmic reticulum membrane, procollagen galacto-
syltransferase (EC 2.4.1.50) and procollagen glucosyl-
transferase (EC 2.4.1.66), link sugar residues to procollagen
hydroxylysines. A lysyl hydrolase isoform (lysyl hydrolase
3) possesses low levels of glucosyltransferase activity
[123,124] that appear to be necessary for type IV collagen
assembly [125]. Collagen propeptides also contain N-linked
oligosaccharides [126–131]. 

Trimerization of α chains and triple 
helix propagation
Collagen triple helix formation takes place in the endo-
plasmic reticulum. Sequences in the C propeptide region 
of secreted collagens mediate assembly of the appropriate
triad of procollagen chains [132,133]. Triple helix assem-
bly is more efficient when inter- [134] and intrachain 
disulphide bonds [135] are present. Protein disulphide-
isomerase (EC 5.3.4.1), one of the most abundant enzymes
in the endoplasmic reticulum, catalyses the formation 
of disulphide bonds in secretory proteins and maintains
disulphide isomerase activity [136] when it functions as 
the β subunit of prolyl 4-hydroxylase [136,137]. Protein
disulphide-isomerase also acts as a molecular chaperone by
binding to the C propeptide region of monomeric collagen
[138] in order to prevent the secretion of unassembled 
collagen chains [139,140]. Triple helix propagation of
secreted collagens proceeds from the C- to the N-terminal
[133,141,142]. For transmembrane collagens, triple helix
folding appears to be in the more typical N- to C-terminal
direction [143,144]. The cis-trans isomerization of peptide
bonds, which is catalysed by peptidylprolyl isomerase (EC
5.2.1.8), is the rate limiting step in collagen triple helix
assembly [141,145–147].

Fibrillogenesis and supramolecular 
structure assembly
Correctly folded procollagen traffics from the endoplasmic
reticulum to the Golgi stacks [148]. A collagen-specific
molecular chaperone, HSP47 [149,150], is involved in this
process. HSP47 binds to Gly-X-Arg repeats [151–154] in
triple helical collagen [154–156] and is necessary for colla-
gen secretion [157] which occurs via cisternal maturation
of the Golgi stacks [158]. Collagen function is dependent
upon the post-Golgi assembly of procollagen molecules into
fibrils and other supramolecular structures (Fig. 40.3). 
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Fibril
Types I, II, III, V and XI collagen

Open network
Type IV collagen

Beaded microfibrils
Type VI collagen

Hexagonal lattice
Types VIII and X collagen

Transmembrane
Types XIII, XVII, XXIII, XXV

Anchoring fibrils
Segment long spacing-like structures

Type VII collagen

FACIT
Types IX, XII and XIV collagen

Figure 40.3 Collagen supramolecular structures. (Reprinted from Laurent and Shapiro [226], p. 173, with permission 
from Elsevier.)

Fibril formation has been well characterized [148,159–
163]. Removal of N-terminal telopeptides by procollagen
N-endopeptidase (EC 3.4.24.14) and cleavage of C-terminal
telopeptide sequences by procollagen C-endopeptidase 
(EC 3.4.24.19) initiates fibrillogenesis [164–166]. Protein-
lysine 6-oxidase (EC 1.4.3.13) cross-links exposed telopep-

tide sequences to stabilize fibril structure. FACIT col-
lagens [167] form bridges between interstitial collagen
fibrils.

The macromolecular assembly of the open network
structure of type IV collagen, the principal non-fibrillar 
collagen, has been extensively studied [168]. Anchoring
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fibrils composed of type VII collagen associate with the type
IV collagen network in the cutaneous basement membrane
to stabilize the dermal–epidermal boundary [169]. Details
of the molecular assembly of other non-fibrillar collagens
into beaded microfibrils [170] and hexagonal lattices [168]
have been reported. Transmembrane collagens [171] form
homotrimers with the collagenous domain extracellularly
oriented.

Collagens in the lung
Fibrillar collagens (types I, II, III, V and XI) are the most
abundant proteins in the lung accounting for approxim-
ately 15–20% of the dry weight of the tissue [172]. Their
primary function is to confer tensile strength to all distens-
ible components of the lung such as the large airways, blood
vessels and alveolar interstitium. Types I and III collagen (in
a ratio of 2 : 1) represent approximately 90% of the colla-
gens in the adult human lung. These collagens are located
throughout the alveolar interstitium, in pulmonary blood
vessels, the visceral pleura and in the connective tissue
sheaths that surround the tracheobronchial tree. Type I 
collagen confers tensile strength and rigidity to tissues;
whereas type III, which forms a more reticular network 
of fibres, is more important in bestowing compliance.
Tensile strength of bronchial and tracheal cartilage is largely
determined by types II and XI collagen. Small amounts of
type V collagen are present in basement membranes. It is
also found in association with type I collagen in the inter-
stitium, alveolar walls and blood vessels. 

Type IV collagen is the most abundant non-fibrillar 
collagen found in the lung, constituting approximately 
5% of parenchymal collagen. Instead of forming fibrils, the
amino and carboxy terminal regions of the type IV collagen
molecule laterally associate to form open network struc-
tures which are thought to have a role in the structural 
and barrier functions of the basement membrane. Type 
IV collagen is responsible for the tensile strength of the
blood–gas barrier and plays a large part in preventing stress
failure of the pulmonary capillaries under normal condi-
tions [173]. 

Many other non-fibrillar collagens are present in the
lung. Type VI collagen is found in the pulmonary inter-
stitium and vasculature, as fine filaments associated with
types I and III collagen. Pulmonary arterioles and venules
contain type VIII collagen. Although information on local-
ization is lacking, expression of types IX and XII collagen in
the lung has been documented. Collagen types XV and
XVIII, which are also proteoglycans, are components of the
lung basement membrane. Although it has been speculated
that these other non-fibrillar collagens may have a role 
in determining tensile strength or in facilitating collagen
fibril assembly, their specific functions in the lung are not
known.

Elastic fibres

Simplistically, elastic fibres are the springs that snap the
lung back to resting volume following inflation. Elastic
fibres [174], assembled from fibrillin-rich microfibrils and
tropoelastin, are very stable structures; some may last for
the life span of the organism [175]. The relative proportion
of microfibrils to elastin, however, declines with increasing
age. Thus, the scaffold for elastic fibre assembly is only 
present for a limited period of time, and degradation of
elastin in the adult has been believed to lead to irreversible
pathology.

In the lung, elastic fibres are predominately found in the
parenchyma where, together with collagen fibrils, an integ-
ral fibre network that comprises the architectural skeleton
of the lung is formed. This fibre network is a key determin-
ant of the mechanical properties of the lung. Elastic fibres
encircle respiratory bronchioles and alveolar ducts in a 
helical fashion and appear as a fine mesh in alveolar walls.
In the walls of the pulmonary artery and arterioles, elastic
fibres are organized into concentric sheets or lamellae. 

Elastin

Elastin is a unique matrix protein that is capable of being
stretched several times its resting length under tension 
with a rapid recovery to its original size when the force is
released [176]. It is an insoluble protein composed mainly
of hydrophobic amino acids (44%), glycine (33%) and 
proline (10–13%). Two pentapeptides, Val-Pro-Gly-Val-Gly
and Pro-Gly-Val-Gly-Val, repeat frequently in the molecule
and are thought to form large spiral regions that contribute
to the distensibility of the protein [177]. Phylogenetic ana-
lysis indicates that the appearance of elastin in vertebrate
species coincides with the development of pulsatile blood
flow and closed circulatory systems [178].

Elastin is formed by cross-linking of lysine residues on 
its soluble precursor, tropoelastin [179]. Tropoelastin is
transcribed from a single gene located on chromosome 
7 [180,181]. The gene consists of 34 small exons (30–225
base pairs) interspersed between large introns [182,183].
Tropoelastin gene transcription is initiated from three
major and four minor sites [182]. Transcripts are subject 
to alternative splicing particularly in the region encoded 
by exon 33 [184,185]. Pre and posttranscriptional regu-
latory mechanisms of tropoelastin gene expression have
been described [186–188]. Posttranslational modification
of tropoelastin is minimal. Although proline hydroxylation
may occur, it is not necessary for tropoelastin secretion
[189]. Two molecular chaperones, BiP and FKBP65, are
important in the trafficking of tropoelastin from the endo-
plasmic reticulum to the Golgi apparatus [190]. It has been
proposed that a 67-kDa elastin-binding protein functions as
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an intracellular chaperone to prevent tropoelastin aggrega-
tion and degradation [191]. Newly secreted tropoelastin
forms globules on the cell surface [192]. These globules
then interact with microfibrils via regions in the carboxy
terminal of tropoelastin [193]. The process of cross-linking
of tropoelastin lysine residues [194], which is catalysed 
by protein-lysine 6-oxidase (EC 1.4.3.13), begins in the 
cell surface globules and continues on the elastic fibre
[195]. Cross-linking of tropoelastin to fibrillin-1 by protein-
glutamine gamma-glutamyltransferase (EC 2.3.2.13) fur-
ther stabilizes elastic fibre structure [196]. Molecules such
as fibulin-5 [197,198], which are found at the interface of
cell surface elastin globules and extracellular matrix elastic
fibres, are essential for elastogenesis. Impaired elastic fibre
assembly may contribute to the pathogenesis of COPD
[199].

Proteoglycans

The simplistic analogy for proteoglycans is ‘goo’. In the 
lung and other organs, proteoglycans are the primary
‘space-fillers’ of connective tissue. Proteoglycans are a
diverse family of large molecules in which a core protein 
is covalently linked to sulphated polysaccharides or gly-
cosaminoglycans (GAGs). GAGs may be divided into three
classes: chondroitin sulphate/dermatan sulphate, heparan
sulphate/heparin and keratan sulphate; a proteoglycan
may be comprised of GAGs from more than one class.
Hyaluronan, a non-sulphated GAG, is not a true proteo-
glycan because of its lack of a core protein. Proteoglycans
are synthesized by a variety of cell types and are multi-
functional components of most extracellular matrices and
plasma membranes. Because of their large hydrodynamic
volumes and charge characteristics, hyaluronan and pro-
teoglycans exert a profound influence on lung compliance
and fluid balance. 

Early studies used cationic dyes, which react with 
negatively charged regions of carbohydrates and GAGs, to
demonstrate the presence of proteoglycans in the lung.
More recent studies have utilized antibodies and cDNA
probes obtained from molecular cloning of various proteo-
glycans. These studies have demonstrated that the matrix
proteoglycans [200]: versican, perlecan, agrin, decorin,
biglycan, PRELP, lumican and fibromodulin are compon-
ents of the lung extracellular matrix. Versican is a member
of the hyalectan gene family which contains proteoglycans
that interact with hyaluronan and lectins. In pulmonary
fibrotic disorders, versican, a chondroitin/dermatan sulph-
ate proteoglycan, appears to form a provisional matrix 
in which myofibroblasts synthesize type I collagen [201].
Perlecan and agrin are referred to as basement membrane
proteoglycans and are predicted to function in determining
the filtration properties of the alveolar basement mem-

brane [202,203]. Both are heparan sulphate proteoglycans
and are also likely to function in sequestering growth 
factors. Agrin, because of its structural similarity to Kazal-
type serine protease inhibitors, may have a role in protect-
ing proteins from degradation [204].

Decorin, biglycan, PRELP, lumican and fibromodulin are
part of the family of small leucine-rich proteoglycans. This
family is divided into three distinct subclasses based on
genomic and protein organization. Decorin and biglycan,
which contain chondroitin sulphate/dermatan sulphate
GAGs, form one subclass. Both are primarily found in the
pulmonary interstitium. Levels of decorin and biglycan 
are increased in pulmonary fibrosis and decreased in 
pulmonary emphysema [205]. Decorin and biglycan are
hypothesized to function by sequestering growth factors
and by facilitating collagen fibril assembly. Exogenously
administered decorin is antifibrotic. This antifibrotic effect
is attributed to binding and inactivation of TGF-β.

PRELP, lumican and fibromodulin, which contain 
keratan sulphate GAGs, are part of another subclass of the
small leucine-rich proteoglycan family. In the lung, PRELP
has only been detected at the mRNA level. The walls of 
the pulmonary vasculature contain lumican. Expression of
fibromodulin is observed in animal models of lung injury.
Lumican and fibromodulin appear to be important in colla-
gen fibril assembly [206,207]. However, specific functions
of these proteoglycans in the lung are not known. 

Although destruction of elastic fibres in the lung interstitium
is regarded as the pathological hallmark of emphysema, it 
is clear that excess matrix protein deposition or fibrosis
often occurs in the airways of the COPD patient. Thus, the
response of lung connective tissue to intrinsic and extrinsic
factors associated with COPD is not uniform, and this
should be taken into account in the design of therapeutic
strategies for treatment of this disease.

Airway fibrosis

Deposition of collagenous and non-collagenous matrix 
proteins in the airways is part of a larger remodelling pro-
cess that also includes changes in smooth muscle and
mucus glands. Persistent inflammation in the small airways
leads to subepithelial deposition of fibronectin and tenascin
followed by fibroblast activation and production of collagen
types I and III. Although the functional consequences of
matrix protein deposition in the airways are not com-
pletely understood [208], excessive deposition of collagens
and other molecules will have profound effects on mech-
anical properties, metabolism, cell function and transport 

Matrix-related pathology of COPD
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properties of airways. It is possible that matrix protein
deposition in the airways is a teleological response to 
prevent airway collapse. However, excess matrix protein
deposition may contribute to narrowing of the airway
lumen and thus, in the long term, limit ventilation. 

Emphysema

There are two major forms of emphysema: panacinar and
centrilobular. Panacinar emphysema predominates in the
lower lung zones and occurs in people deficient in α1-
proteinase inhibitor, the serpin that blocks the activity of
neutrophil elastase. Uniform destruction of the alveolar
walls and permanent enlargement of the alveoli are observed.
As the disease progresses, all respiratory airspaces distal to a
terminal bronchiole are affected. Centrilobular emphysema
predominates in the upper lung zones and begins with
inflammation in the terminal and respiratory bronchioles
with subsequent enlargement of the alveoli and more distal
respiratory airspaces. It is thought to result as a conse-
quence of prolonged exposure to cigarette smoke. 

Treatment of COPD – a matrix perspective

Lung connective tissue is a dynamic structure. Fibroblasts,
in particular, are active in synthesis, organization and
degradation of extracellular matrix. Some matrix com-
ponents, such as recently synthesized collagens and pro-
teoglycans, are turned over quite rapidly while other 
components, such as elastic fibres, are very stable. Initial
attempts to understand the role of connective tissue in
COPD focused on regulation of matrix turnover and on
identification of the enzymes responsible for elastic fibre
destruction. Recently, more research effort has been
devoted to understanding the process of alveolar regen-
eration. Thus, from a matrix perspective, emphysema 
treatment may be viewed as limiting elastic fibre destruc-
tion and/or restoring function to damaged alveolar units.
Airway fibrosis also is frequently present in COPD patients
and may be a major cause of airflow limitation. It remains
unclear if specific treatments for airway fibrosis, which
remain to be developed, will improve COPD outcome. 

Protease inhibition

Since the first association of α1-antitrypsin deficiency with
emphysematous lung disease [209,210], much effort has
been focused on the design of neutrophil elastase inhibitors
for COPD treatment. Indeed, the elastase–antielastase
hypothesis has dominated COPD research for the past 
40 years. Although clinical use of neutrophil elastase
inhibitors is not common, many compounds have been
tested in animal models and in clinical trials [211]. A broad

spectrum of extracellular and intracellular proteases, many
with elastolytic capacity, is present in the COPD patient
[212]. Furthermore, data from animal models [213,214]
indicate that other proteases may be important in elastic
fibre destruction and COPD pathogenesis. Although it
appears that the protease–antiprotease hypothesis may be
more extensive than originally envisioned, effective inhibi-
tion of elastolytic proteases will continue to be an attractive
strategy for attenuating COPD progression.

Alveolar regeneration

To completely restore normal lung function to the COPD
patient, repair and regeneration of damaged alveolar units
is necessary. Although clinical implementation of regenera-
tive medicine remains a revolutionary and futuristic goal,
data from animal studies are providing evidence of some
critical components of this process. The complexity of alve-
olar development is exemplified by the reports of defective
alveogenesis in at least eight distinct ‘knock-out’ mice
[215]. Alveolar enlargement in mice deficient in TIMP-3
[216], surfactant protein D [217] and the β6-integrin sub-
unit [218] underscores the importance of these molecules
in regulating alveolar homoeostasis. Models in which
emphysema is induced by apoptosis of alveolar endothe-
lial [219] or epithelial cells [220] highlight the role of
parenchymal cell turnover in the maintenance of alveolar
structure. Perhaps the most promising finding from animal
studies is that in elastase-damaged lungs, alveolar function
and architecture can be restored by retinoic acid treatment
[221]. Translation of these animal studies to clinical prac-
tice represents one of the most promising and challenging
areas of COPD research. 

It has long been recognized that the fundamental physical
properties of the lung are determined by connective tissue.
More recently, it has been appreciated that matrix proteins
interact directly with receptors on the cell surface to initiate
signalling cascades with the capacity to regulate the major-
ity of cellular functions including proliferation, migration
and differentiation. Despite this knowledge, none of the
present clinical strategies for treating COPD directly target
matrix proteins. A better understanding of matrix protein
biology and new approaches for treating connective tissue
disorders are still needed. 

One long-term goal is the development of strategies that
will enable regeneration of normal lung in damaged areas.
The restoration of alveolar architecture in elastase-treated
rats by retinoic acid treatment [221] provides evidence that
extensive matrix damage can be repaired. Derivation of

Conclusions
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lung epithelium from embryonic [222] and bone marrow
derived stem cells [223,224] implies that various types of
precursor cells may be potentially useful in repopulating
damaged areas of the lung. Continual application of cutting
edge science to current issues in pulmonary medicine is 
our best hope for development of better treatments for 
lung disease and eventual realization of the goal of lung
regeneration.
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CHAPTER 41

Aerosols and delivery systems

Stephen P. Newman

The inhaled drug delivery route is recognized as having a
number of advantages over oral and parenteral routes, and
these are highly relevant for drug delivery in patients with
COPD. These advantages derive from the drug being deliv-
ered directly to the site in the body where it is required: the
airways of the lungs [1]. Because the drug is targeted direct
to the lungs, without having to undergo hepatic first-pass
metabolism, it is possible to use a lower dose of inhaled
bronchodilator than would be required by the oral route.
The onset of drug action is generally relatively rapid, and
the incidence of side-effects relatively low.

When drugs are given by inhalation, whether for thera-
peutic purposes, for bronchial provocation testing or for
medical diagnosis, they are delivered as aerosols [2–4]. An
aerosol is defined as a stable dispersion or suspension of
solid particles or liquid droplets in a gaseous medium [5].
Aerosols vary in size from very small particles such as those
in tobacco smoke (sometimes less than 0.1 μm diameter) 
to fog droplets and pollens exceeding 50 μm diameter, 
but those aerosols used in the treatment and diagnosis 
of pulmonary diseases are generally confined to the 
0.5–10.0 μm size range.

Particle size distributions

Particle or droplet size is the single most important aerosol
characteristic, because it is key to determining how much
aerosol can enter the patient’s lungs, and where within the
lungs deposition takes place [6,7]. Two additional proper-
ties are also important: density and shape. A particle or
droplet with greater than unit density behaves aerodynam-
ically as though it is larger than its physical size, while a 
particle or droplet with less than unit density behaves aero-
dynamically as though it is smaller than its physical size [8].

Aerosol properties

Aerosol particles are seldom perfect spheres; for instance,
drug particles delivered from inhaler devices are often
micronized crystals of highly irregular shape.

Density and shape are taken into account by defining an
aerodynamic diameter (Da) as 

Da = Dp × √ρ ,

where Da is the diameter of a spherical unit density (1 g/cm3)
particle or droplet, having the same settling velocity in air as
the particle or droplet in question; Dp is the physical dia-
meter of the particle or droplet; and ρ is the specific gravity,
i.e. its density relative to that of water.

Aerosol particle or droplet distributions may be termed
either monodisperse or heterodisperse. In a monodisperse
aerosol, all the particles or droplets are approximately the
same size, while in a heterodisperse aerosol, the particles or
droplets cover a spectrum of sizes [9]. Virtually all aerosols
delivered for the purposes of medical treatment or diagnosis
are heterodisperse in character. When considering hetero-
disperse size distributions, it is important to recognize that
the size distribution by number and the size distribution by
mass are very different, and that the latter will be more
important. Relatively little drug mass is carried by a large
number of small particles; for instance, 1000 1-μm particles
carry the same amount of drug as a single 10-μm particle.

The particle size spectra of medical aerosols are generally
complex, but can often be approximated as log-normal distri-
butions [9]. If the size distribution is plotted cumulatively,
then two commonly used parameters may be determined:
1 the mass median aerodynamic diameter (MMAD), which
is the size distribution such that half the aerosol mass is con-
tained in smaller droplets and half in larger droplets; and
2 the geometric standard deviation (GSD).
The GSD is dimensionless, one definition being as the ratio
of the 84% point on the cumulative distribution to the 50%
point (Fig. 41.1). In practice, medical aerosols often have
GSDs in the region of 2–3, while a size distribution that is 
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‘acceptably’ monodisperse has a GSD less than 1.22 [10].
Monodisperse aerosols can be produced by devices such as
the spinning disc generator or condensation aerosol gener-
ator [11]. While MMAD is a useful measure of the ‘average’
particle size, its relevance probably diminishes as the GSD
increases [12].

Measuring particle size

The regulatory authorities place great importance upon the
particle size distributions of aerosols delivered from inhaler
devices, and companies developing new inhaled drug prod-
ucts devote much time and effort to these measurements.
Most particle size data are obtained from cascade impactors
such as the Andersen Sampler and Multistage Liquid
Impinger, in which aerosol particles are collected on a series
of stages, according to their aerodynamic sizes [13,14]. In
these devices, each stage may be washed with a suitable 
solvent, so that the mass of drug associated with each size
band may be quantified by an appropriate analytical method.
The use of simulated breathing patterns [15], or the use of
inlets based on models of the human upper airways [16],
may improve the precision of impactor measurements.
Various optical methods, generally using laser light, may
also be used to determine aerosol size distributions [13,17].
While these optical methods may be quick and simple, they
measure aerosol particles and droplets irrespective of
whether they contain drug, and hence cannot distinguish
between drug and carrier particles, or between droplets
containing drug and those only containing diluent.

Effects of humidity

Aerosol particles and droplets may be influenced by hygro-
scopic effects [18]. Some drug and carrier materials are
highly water-soluble, and when particles enter the humid

environment of the lungs they may absorb moisture and
grow rapidly in size [19]. These effects are not confined to
solid particles. Liquid aerosols comprising hypertonic
droplets may absorb water in the lungs and increase in size,
in order to bring the droplets to the same tonicity as the re-
spiratory tract, while hypotonic droplets may shed water
and hence reduce in size [20].

Deposition of aerosols in the human respiratory tract takes
place by three main mechanisms: (i) inertial impaction; 
(ii) gravitational sedimentation; and (iii) Brownian diffusion.

Inertial impaction

Inertial impaction occurs in the upper airways (mouth and
pharynx), and at the bifurcations between the larger, more
central, airways in the lungs [6]. This process may occur
when the airway changes direction; if the aerosol particle
has too much inertia, then it may be unable to follow the
air-stream and may strike the airway wall where it becomes
deposited. The probability of inertial impaction is pro-
portional to the product of Da

2 × Q, where Da is the aero-
dynamic diameter and Q is the linear velocity of air. The
product Da

2 × Q is sometimes termed the ‘impaction para-
meter’ [6]. Experimental studies show upper airway deposi-
tion increases in proportion to this parameter [21].

Within the lungs, inertial impaction is confined mostly 
to the large central airways, because the total airway 
cross-section increases rapidly after the first few airway
generations [22]. Hence, the linear velocity of air (Q in the
impaction parameter) is much lower in the more peripheral
airways of the lungs. Impaction can occur both during
inhalation and exhalation. The effects of impaction may be

Deposition mechanisms
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Figure 41.1 Particle size spectrum of a heterodisperse aerosol. (a) Percentage of drug mass plotted versus aerodynamic diameter;
and (b) cumulative plot showing percentage of drug mass contained in particles smaller than the stated size. From the cumulative
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augmented by the creation of turbulent airflows within the
airways; for instance, the passage of air through the larynx
creates turbulence and an unstable airflow, which may
enhance deposition within the trachea [23].

Gravitational sedimentation

Gravitational sedimentation takes place in the small air-
ways and alveoli, when aerosol particles or droplets fall
under gravity onto the airway wall, either during breath-
holding, or during slow steady breathing. A particle settling
under gravity accelerates to a steady terminal settling 
velocity, at which the gravitational force is balanced by 
the resistance of the air through which the particle falls. 
The terminal settling velocity is directly proportional to the
square of the aerodynamic diameter (Da

2). The product 
Da

2 × T, where T is the residence time in the respiratory tract,
is sometimes called the ‘sedimentation parameter’ [6]. In
the peripheral regions of the lungs, the linear velocity of 
air is low and residence times are relatively long. Also, as
the lung periphery is approached, diameters of individual 
airways become narrower, so that particles settling under
gravity have a relatively small distance to fall. To give an
example, a 5-μm diameter unit density particle sediments
at a rate of 0.74 mm/s [24], so that in a 3-s breath-hold
pause, the distance fallen is 2 mm; this guarantees that par-
ticles of this size will deposit completely in small conducting
airways of diameter 2 mm, assuming they are able to pene-
trate this deeply into the lungs.

Brownian diffusion

Brownian diffusion is a very important deposition mech-
anism for submicronic particles, especially those less than
0.5 μm diameter, and is confined mostly to the alveoli,
although it can occur in other parts of the respiratory tract
[24]. Most of the mass of therapeutic aerosols is usually
contained in particles more than 1 μm diameter, so that 
for therapeutic aerosols, Brownian diffusion is generally
less important than inertial impaction and gravitational
sedimentation.

Electrostatic charge effects

Most aerosol particles and droplets become electrically
charged to some degree during their formation process, and
may be attracted towards airway surfaces, leading to greater
deposition than would be observed for an electrically neutral
aerosol [25]. Generally, however, the electrical charging of
aerosols appears to have a minor role in determining the
probability of aerosol deposition compared with the more
probable processes of inertial impaction and gravitational
sedimentation. Electrical charges accumulating on inhaler

devices may be important, as they may attract aerosol particles
onto the walls of the device, reducing the quantity of drug
available for inhalation, as will be described subsequently.

The quantity of aerosol deposited in the lungs, and site
within the lungs at which deposition occurs, depends on
three basic factors: (i) aerodynamic particle size; (ii) inhala-
tion mode; and (iii) airway anatomy.

Effect of particle size

The effect of particle size on deposition in the tracheo-
bronchial and alveolar regions of the lungs, and in the
upper airways, has been examined [26] using monodis-
perse sebacate oil droplets (Fig. 41.2). These data show that
as particle size increases, the likelihood of deposition by
inertial impaction in the upper airways also increases,
which explains why the size band below 5 μm is termed the
‘fine particle fraction’, or sometimes the ‘respirable frac-
tion’. The optimal size for alveolar deposition is smaller
than that for tracheobronchial deposition. Total deposition
in the airways decreases to reach a minimum around 
0.5 μm, but increases below this size as a result of Brownian
diffusion. The effect of particle size on distribution of
aerosols within the lungs has been shown in calculations
[27] of the amount of deposition taking place in different
generations of the Weibel model of the lungs [22]. Aerosol
particles of 7 μm diameter have their major deposition site
in the first few airway generations (by inertial impaction),
but particles of 3 μm diameter have their major deposition
site in the small conducting airways and alveoli (by gravita-
tional sedimentation).

Factors determining deposition patterns
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Effect of inhalation mode

The inhalation mode is also critically important. Because the
nose is a very efficient ‘filter’ for aerosol particles and droplets,
upper airway deposition is higher and lung deposition 
correspondingly lower, for nose breathing compared with
mouth breathing [28]. Hence, inhaled drugs targeted to the
lungs should be inhaled via the mouth and not via the nose.

The inhaled flow rate is generally the single most 
important inhalation parameter, because this determines
the likelihood of deposition by inertial impaction in the
oropharynx and large central pulmonary airways. Slow
inhalation is usually the preferred inhalation technique for
therapeutic aerosols in the treatment of COPD patients,
because this tends to reduce oropharyngeal deposition and
to increase penetration into the lungs [7]. However, inhala-
tion from dry powder inhalers is a major exception to this
rule, as is described later. Deep inhalation allows aerosol
particles and droplets to penetrate more peripherally into
the lungs, where they may undergo gravitational sedimen-
tation. For this reason, a period of breath-holding is gener-
ally recommended after inhaling a medical aerosol, and is
incorporated into the patient instruction leaflet for many
inhaled drug products [29].

Effect of airway anatomy

The airways of the subject inhaling an aerosol are also a
critical determinant of the deposition pattern. Even in
healthy subjects, there is wide intersubject variability in
aerosol deposition patterns, which represents the effect of
random variations in airway anatomy [30]. Upper airway
anatomy is especially variable, and can be altered at will, for
instance by changing the position of the tongue. In addi-
tion, there is a more systematic effect in patients with COPD
and other obstructive pulmonary conditions, in whom the
airways may be narrowed by the presence of oedema,
mucus hypersecretion and bronchospasm. Thus, the intra-
pulmonary deposition pattern is likely to be more ‘central’
than in healthy subjects [31]. Deposition in large central
airways of the lungs results in part from a turbulent airflow,
but turbulence can be minimized, and a more peripheral
deposition pattern produced, by inhaling drug particles in a
helium-oxygen mixture rather than in air [32]. Patients
with asthma and COPD may show greater total lung de-
position than healthy subjects, because a smaller fraction of
the aerosol may be exhaled [33]. Deposition patterns in
adolescents broadly resemble those of adults, but younger
children would be expected to show lower total lung de-
position and a more central deposition pattern within the
lungs [34]. These changes result primarily from the airways
in children being relatively narrow, but also from differ-
ences in breathing patterns between children and adults.

Measuring aerosol deposition

Deposition of medical aerosols can be measured in humans
using either radionuclide imaging techniques, or certain
pharmacokinetic methods [35,36]. Radionuclide imaging
techniques [37,38] consist of the two-dimensional imaging
method of gamma scintigraphy, or the three-dimensional
methods of single photon emission computed tomography
(SPECT) and positron emission tomography (PET). Either
the drug formulation, or occasionally the drug molecule
itself, is radiolabelled by a gamma-ray-emitting or positron-
emitting radionuclide, and the deposition pattern imaged 
in vivo [39–41]. Pharmacokinetic methods are based upon
either plasma concentrations or urinary excretion of drug;
for instance, utilizing the assumption that drug appear-
ing in the systemic circulation in the first few minutes 
after inhalation has been absorbed only via the lungs
[42–44]. Alternatively, oral charcoal may be used to elimin-
ate drug absorption from the gastrointestinal tract [45].
Pharmacokinetic methods have been made easier by the
development of analytical methods capable of quantifying
very low concentrations of drug in biological fluids. Taken
as a whole, these deposition methods have been used
extensively to improve our fundamental understanding of
the factors upon which the delivery of medical aerosols
depend, and to quantify the deposition of drugs delivered
from novel inhaler devices relative to already marketed
products. Aerosol deposition patterns have also been 
predicted in a variety of studies involving mathematical 
modelling [28,46–48], often showing good agreement 
with experimental data.

While particle size distributions of medical aerosols are
considered excellent laboratory measures of product per-
formance, in vitro parameters such as fine particle fraction
are not reliable indicators of lung deposition in vivo [49].
Fine particle fraction systematically overestimates lung
deposition, and may fail to predict accurately the relative
performance of two products in clinical practice [50].
Hence, both in vitro particle size data and in vivo deposition
data have important roles in documenting the delivery
characteristics of new inhaled drug products. Lung deposi-
tion data have been shown to correlate with the clinical
effects of drugs used in the treatment of asthma and COPD
[51,52].

Drugs given by inhalation are delivered as aerosol particles
or droplets. If inhalation therapies are to be effective, then
the right amount of drug must be delivered to the airways,
and inhalation devices that are efficient, reliable and effect-
ive are thus required. Pressurized metered dose inhalers

Aerosol delivery systems
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(pMDIs) and nebulizers have traditionally been the devices
of choice for delivering inhaled drugs to patients with
COPD, but these are now being augmented by novel 
dry powder inhalers (DPIs), and by new ‘soft mist inhalers’
containing aqueous or ethanolic liquid formulations. The
remaining sections of this chapter review the range of
inhaler technologies either available now, or likely to be
available in the near future. Each type of device has advant-
ages and disadvantages, as set out in Table 41.1.

Contents of pressurized metered dose inhalers

The first pMDI was introduced in 1956 by 3M Riker
Laboratories [53], initially to deliver non-selective β-agonists
such as adrenaline and isoprenaline. Subsequently, they
have been used for a range of bronchodilators including

Pressurized metered dose inhalers

AEROSOLS AND DELIVERY SYSTEMS 487

Table 41.1 Advantages and disadvantages of different types of inhaler device.

Device

pMDI

pMDI + Spacer

Nebulizer

SMIs

DPIs

DPI, dry powder inhaler; pMDI: pressurized metered dose inhaler; SMI: soft mist inhaler.

Advantages

Quick to use
Convenient
Compact
Portable

Multidose
Cannot contaminate contents
Relatively inexpensive

Quick to use
Relatively inexpensive
Easier to use than pMDI alone
Multidose
Can be used with facemask by infants
Large doses more convenient than by pMDI alone
Better lung targeting than for pMDI alone
May reduce local and systemic effects for inhaled steroids

Easy to use (relaxed breathing)
Suitable for all age groups
Suitable in severe COPD
Large doses can be given
Unusual drugs can be given
Oropharyngeal deposition low
No propellants needed

Quick to use
Generally very high lung deposition
Generally compact and portable
Multidose
No propellants needed

Quick to use
Most are breath-actuated
No propellants or electricity needed
Compact
Portable
Difficult to contaminate contents

Disadvantages

Difficult to use correctly
Propellants needed to generate aerosol
Delivery of large doses inconvenient
Usually low lung deposition/high oropharyngeal 

deposition
Only formulated for limited drug range

More bulky/less convenient than pMDI
Propellants needed to generate aerosol
Static charge may reduce drug delivery

Unit-dose
Treatments slow
Equipment bulky and inconvenient
Compressors may be expensive
Electricity supply may be needed
Easy to contaminate contents
Big variations between models

Little experience in clinical practice
May be more expensive than pMDI

Not all devices are multidose
Usually more expensive than pMDI
Maximum inspiratory effort usually needed
Only formulated for limited drug range
Capsule handling problems for elderly



salbutamol, terbutaline, salmeterol, formoterol and iprat-
ropium bromide, together with corticosteroids such as
beclometasone dipropionate, budesonide and fluticasone
propionate, for use by patients with obstructive airways 
disease. The drug substance is either a micronized suspen-
sion or a solution in propellants, and may be mixed with a 
surfactant  or other excipients [54]. Until recently, all pMDIs
contained a mixture of two or three chlorofluorocarbon
(CFC) propellants (CFC 12 with CFC 11 and/or CFC 114),
often known better by one of their tradenames (Freon).
Many pMDIs have now been reformulated with either
hydrofluoroalkane (HFA) 134a or HFA 227 (Table 41.2),
which do not contain chlorine and hence do not deplete
stratospheric ozone [55].

The key component of the pMDI is the metering valve,
which allows small quantities (25–100 μL) of the formula-
tion to be dispensed accurately as required. The vapour
pressure inside the canister varies from product to product,
but is typically 3–4 atmospheres. When the device is fired
(actuated), spray formation is a two-step process, consisting
of an initial rapid ‘flashing’ of some of the propellants in 
the dose, followed by slower evaporation of the remainder
[56]. The initial velocity at the actuator nozzle may exceed
30 m/s, and the initial propellant droplet MMAD may
exceed 20 μm [57], although rapid decreases in both velo-
city and particle size occur as the propellants evaporate.

Drug delivery from pressurized metered 
dose inhalers

The pMDI has many positive features, being compact, port-
able, convenient and multidose, and these features explain
why it has been so successful over almost half a century,
despite having changed relatively little (at least prior to the
introduction of HFA propellant formulations) during that
period [58]. However, the pMDI also has some significant
negative features. Most pMDIs are inherently inefficient at
delivering drug to the lungs, because the rapid velocity and
large size of the propellant droplets will cause most of the
dose to deposit by inertial impaction in the oropharynx
[59]. No more than approximately 10–20% of the dose
actually deposits in the lungs from most pMDIs [60], and
this percentage may be further reduced by poor inhaler
technique. Some patients cannot co-ordinate actuation with
their inhalation [61], and this may result in a reduced
amount of drug being deposited in the lungs (or even no
drug at all) compared with correct technique. Other patients
may exhibit the so-called ‘cold Freon’ effect, which makes
them stop inhaling as the evaporating propellant droplets
hit the back of the mouth [62]. If inhalation is resumed
quickly, then drug should reach the lungs, but some patients
stop inhaling entirely or inhale through the nose [63].

In order to derive optimal benefit from drugs delivered 
by pMDIs, patients need to use them correctly, and good

inhaler technique involves a number of components.
Coordination and avoiding ‘cold Freon’ problems are not
the only issues. The dose should be actuated during the
course of a slow deep inhalation, and this should be fol-
lowed by several seconds’ breath-holding [64]. This inhala-
tion mode makes sense, because slow deep inhalation
allows aerosol particles and droplets the maximum chance
of avoiding impaction in the oropharynx, while breath-
holding allows particles and droplets to deposit by gravita-
tional sedimentation at their furthest point of penetration
into the lungs. Some experts recommend an ‘open mouth’
inhalation technique, in which the pMDI is held several
inches away from the mouth to reduce impaction [60], but
placing the mouthpiece of the actuator between closed lips
is the method generally adopted. Priming the device (firing
doses to waste before use if the pMDI has not been used
recently) and shaking the can may also be required in order
to assure reproducible dosing. The canister should be held
upright with the valve downwards during use, or else the
metering chamber will not refill under gravity.

Reformulation with hydrofluoroalkane
propellants

Reformulation of drugs for asthma and COPD in HFA pro-
pellants is a complex and time-consuming undertaking.
HFA 134a has similar thermodynamic properties to CFC 12,
but it has not been possible to find direct replacements for
CFC 11 or CFC 114 [65], which have higher boiling points and
lower vapour pressures (see Table 41.2). Reformulation has
required the development of novel surfactants, novel valve
components and new filling methods [66], together with
conducting clinical studies to demonstrate that these products
are safe for administration to humans. To reflect these issues,
and in recognition of the importance of pMDIs to the wel-
fare of society, CFCs were granted an exemption under the
Montreal Protocol [67], allowing their use in pMDIs to con-
tinue temporarily even after other uses had been banned.
The introduction of HFA products is proceeding, but is not
yet complete, and seems to be most rapid in Europe. It is
likely that CFC-based pMDIs will linger on for several more
years in some parts of the world. While HFA propellants do
not deplete stratospheric ozone, they do have a significant
greenhouse warming potential (see Table 41.2).

Some companies have chosen to develop HFA products
that directly replace CFC products in equal doses, making a
‘seamless transition’ [68]. However, other companies have
recognized that it is possible, by manipulation of formula-
tion, metering valve and actuator nozzle, to make ‘better’
pMDIs, which deposit drugs in the more efficiently in the
lungs [69], and which are effective in smaller doses [70].
These activities have largely involved reformulation of 
corticosteroid products in which the drug is in solution,
with ethanol as a co-solvent, rather than taking the more
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common form of micronized particles. A formulation of
beclometasone dipropionate (Qvar®, 3M Healthcare) was
the first of these products, and others are under develop-
ment. They are intended to improve pulmonary targeting
of inhaled corticosteroids and to reduce systemic exposure.
Irrespective of whether or not their daily drug dose has
changed, patients must be educated appropriately when
being switched to HFA-based products, and made aware
that the spray will probably taste different and may well feel
different on the back of the throat [71]. 

Novel pressurized metered dose inhaler devices

Some recent developments in actuator technology can also
help to ensure efficient drug delivery. Breath-actuated
pMDIs such as Autohaler [72] and Easi-Breathe [73] fire
the spray automatically by a spring mechanism as the
patient breathes in, making them potentially very useful for
poor coordinators. Another device (Spacehaler) slows
down the spray before it leaves the actuator [74]. As well 
as reducing oropharyngeal deposition and increasing lung
deposition, devices like the Spacehaler (now known as
Neo-Haler) could also help to ensure drug delivery in
patients who experience ‘cold Freon’ problems. 

Types of spacer

Spacer devices are attachments or extensions to the mouth-
piece of a pMDI, aimed at placing some separation between
the pMDI itself and the patient’s mouth, so that the likeli-
hood of the spray impacting in the mouth is reduced [75].
The earliest spacer was an elongated mouthpiece on one

Pressurized metered dose inhalers with
spacer devices

model of the original 3M pMDI product [53], followed
almost two decades later by much larger homemade spacers
or holding chambers constructed from empty plastic bottles
[76]. Spacers have been available commercially since the
late 1970s, and are essentially of three types:
1 simple tube spacers, which have a volume of 50–200 mL;
2 holding chambers, which also vary in size, often being as
large as 750 mL, and generally incorporating a one-way
valve in the mouthpiece; and
3 ‘reverse-flow’ devices.
In the last type of device, the pMDI is actuated into the
spacer but in the opposite direction to the patient’s mouth;
on inhalation either the spacer collapses, or vents open so
that room air can be entrained via the device.

Drug delivery from spacer devices

The design of spacers (also known as add-on devices, exten-
sion devices, chambers, etc.) varies considerably, and hence
the drug delivery characteristics of each spacer are probably
unique [77]. Nevertheless, they have some common effects
on the drug delivery process. Oropharyngeal deposition
from pMDIs is always reduced by spacer devices, because
the ‘ballistic’ component of the spray impacts in the device
and not in the patient’s oropharynx. This may reduce 
both the systemic side-effects [78] and the local side-effects
[79] of inhaled corticosteroids. Lung deposition is often
increased, although this is not always the case. The clinical
effects of drugs delivered by spacers are likely to be
enhanced in patients with poor inhaler technique, but 
this may not occur in patients with good technique [80],
who may already be receiving adequate drug from a pMDI
alone. Spacers make pMDIs easier to use, because both
coordination and ‘cold Freon’ problems are reduced. This is
especially true for large volume holding chambers such as
the Nebuhaler and Volumatic, where the spray may be fired
into the spacer, and then inhaled subsequently, but it has
also been shown that coordination is less critical when a
simple tube spacer is used [81]. Spacer devices appear to be
a viable alternative to nebulizers for delivering large doses
of inhaled bronchodilators, both to patients with severe
acute asthma and to patients with chronic obstructive 
pulmonary disease [82]. It is possible to use spacers with
facemasks, which may be especially valuable in small 
children [83,84].

Correct use of spacers

While spacers reduce some of the problems of using pMDIs
correctly, it is still important that they should be used in the
right way. The manufacturer’s instructions often recom-
mend inhaling each dose from a spacer in a single deep
breath, but a satisfactory clinical response may often be
obtained by breathing tidally [85,86]. However, while it 
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Table 41.2 Properties of propellants used in pressurized
metered dose inhalers. (Thermodynamic data from
Pischtiak [65].)

VP (bars 
Propellant Structure ODP GWP BP (°C) at 20°C)

CFC 11 CCl3F 1 1 23.7 0.89
CFC 12 CCl2F2 1 3 −29.8 5.66
CFC 114 C2Cl2F4 0.7 3.9 3.6 1.82
HFA 134a C2H2F4 0 0.3 −26.1 5.72
HFA 227 C3HF7 0 0.7 −15.6 3.90

BP, boiling point; CFC, chlorofluorocarbon; GWP,
greenhouse warming potential relative to CFC 11; HFA,
hydrofluoroalkane; ODP, ozone depletion potential relative
to CFC 11; VP, vapour pressure.



is possible to fire multiple doses into spacers and inhale
them in a single breath, this will reduce delivery efficiency
compared with inhaling the same number of single doses in
single breaths [87]. Increasing the delay time between actu-
ation and inhalation also reduces the delivered dose [87].
Perhaps most critically of all, plastic spacers may accumu-
late static charge during handling, which causes aerosol 
to be attracted to the walls of the spacer and deposit there
prematurely. This may lead to reductions in respirable 
dose [88], lung deposition [89] and clinical response [90].
In order to reduce static charge build-up, washing a plastic
spacer in household detergent and allowing it to air-dry has
been recommended [91,92]. A lightweight metal spacer
(Nebuchamber) was recently introduced, and drug delivery
from this device is not susceptible to static charge effects
[89], as shown in Figure 41.3. Plastic spacers that do not
require static charge are now available [93].

Types of nebulizer

Nebulizers convert a drug solution or suspension into a
spray. The term ‘nebulizer’ is usually reserved for unit-dose
devices containing liquid volumes between 1 and 5 mL.
Novel multidose devices using the same or similar formula-
tions (‘soft mist inhalers’) are described in the following
section of this chapter. Most nebulizers use compressed gas,
which passes through a narrow Venturi, to form the spray,
and these are known as ‘jet’ nebulizers [94]. Owing to
evaporation, the temperature of the nebulizer solution

Nebulizers

decreases, and its concentration increases, during the 
nebulization process. Ultrasonic nebulizers, in which liquid
is atomized as it falls onto a piezoelectric crystal, are now
probably less common than a decade ago, partly because
sonification has been shown to damage some drug
molecules [95]. Some new models of nebulizer are based
upon the use of a vibrating mesh of micron-sized holes
[96,97]. An aerosol is formed when drug solution passes
through the mesh. These devices may overcome some 
of the limitations of conventional nebulizers, and could
replace them in clinical practice in due course.

Advantages and disadvantages of nebulizers

Compared with the pMDI, nebulizers have both advantages
and disadvantages. It is easy to use a nebulizer, because the
dose can be inhaled by normal relaxed breathing, via either
a mouthpiece or a facemask [98], without the need for co-
ordination or any specific inhalation manoeuvre. It is pos-
sible to deliver very large drug doses if required, for instance
up to 1 g of some antibiotics [99]. Nebulizers seem popular
with patients, and are often used at home with many hos-
pitals offering a nebulizer service [100]. Because solutions
of histamine or methacholine can easily be nebulized, they
are the devices of choice in bronchial challenge tests [4]. 

However, nebulizers have some significant disadvantages
or limitations [101]. Only a single dose may be placed in the
nebulizer chamber, and treatment times are relatively long,
with 10–15 min being needed typically to nebulize several
millilitres of solution. Nebulizer apparatus is bulky and
inconvenient, because an air compressor or power unit 
is required, in addition to the nebulizer itself. A range of
additives may be included in nebulizer formulations in
order to maintain sterility, and the potential of these addi-
tives to cause bronchoconstriction should be borne in mind
[102]. Nebulizers cannot compete with pMDIs and DPIs in
the portable inhaler market, but have their own niche uses,
for instance to deliver large doses of inhaled bronchodi-
lators to patients with acute asthma or severe COPD, who
might find difficulty using a pMDI successfully, or to deliver
less usual drugs such as inhaled antibiotics or inhaled 
α1-antitrypsin. However, as has already been described, a
pMDI plus spacer device may offer a viable alternative to 
a nebulizer in some situations [82].

Drug delivery from nebulizers

There are likely to be major differences between nebulizer
systems in their output characteristics [103,104] and
efficiency of delivery into the lungs [105,106], which
should be taken into account when selecting nebulizer
equipment. Factors affecting drug delivery from nebulizers
include the design and brand of nebulizer, volume fill, 
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Figure 41.3 Mean (SD) lung deposition (percentage ex-valve
dose) from two plastic spacers (Volumatic and Nebuhaler)
which were tested both with and without ‘priming’ to reduce
static charge accumulation. The data are compared with those
for a metal spacer (Nebuchamber) which had undergone
similar treatment. Priming was required to optimize drug
delivery from the two plastic spacers, but not from the metal
spacer. (Data from Kenyon et al. [89].)



compressed gas flow rate and whether a solution or suspen-
sion is used (solutions are generally easier to nebulize than 
suspensions). Droplet size of nebulized aerosol decreases 
as the compressed gas flow rate through the nebulizer 
is increased. Even when used under optimal conditions,
nebulizers are relatively inefficient. The majority of the
dose may be retained in the nebulizer as a ‘dead volume’,
lost on connecting tubing or vented during exhalation
[106]. The use of ‘active Venturi’ or ‘breath-enhanced 
output’ devices (Fig. 41.4), in which a system of valves is
used to control air flow and hence to increase aerosol 
output during the inhalation phase of breathing, helps to
maximize delivery efficiency [107]. Spacer devices attached
to nebulizers can be used to store aerosol generated during
the exhalation phase of breathing [108], but increase 
the bulk and complexity of the system. Nebulizers can 
be placed in ventilator circuits to treat intubated patients
[109], but very little of the dose is actually delivered to the
lungs [110]. Standards for testing nebulizers in the labor-
atory [111] have recently been set, and guidelines issued
for best nebulizer practice [112].

Novel nebulizer systems

Two recently introduced nebulizer systems have aimed to
exert greater control over the particle size and/or patients’
breathing patterns. In Adaptive Aerosol Delivery (AAD)
devices, a jet nebulizer is equipped with an inhalation mon-
itoring unit, so that the aerosol delivery is continuously
adjusted to coincide with the first half of each individual
patient’s inhalation [113]. This provides a means of con-
trolling more accurately the dose each patient receives, and
provides extremely reproducible deposition of drug in the
lungs, as well as enhancing patient compliance [114]. In
the AKITA system [115], both particle size and breathing
pattern are controlled, in order to target drugs as efficiently

as possible to specific lung regions. In one study involving
COPD patients, inhaled volume was adjusted for each 
individual patient, and inhaled flow rate was carefully con-
trolled [116]. AKITA-based devices provided the highest
and most reproducible deposition in the peripheral lung,
and minimized the time required to deposit a given drug
dose. The AKITA system was proposed for delivering
inhaled α1-antitrypsin to patients with emphysema, bear-
ing in mind that it is inherently difficult to achieve high
peripheral lung deposition in COPD, owing to the presence
of airways obstruction. 

Novel technologies

Multidose inhalers using liquid formulations are a relatively
new development in inhaler technology. These devices use
formulations similar to those in nebulizers, and yet can
compete in the portable inhaler market. They are not true
nebulizers, but should be considered as a new category 
of inhaler device [117,118]. These so-called ‘soft mist
inhalers’ have a variety of operating principles, including
forcing liquid through a narrow nozzle or nozzles under
pressure [119,120], ultrasonics [121], vibrating meshes
[122,123], electrohydrodynamics [124] and thermal inkjet
technology [125]. Soft mist inhalers have proved to be
amongst the most efficient of inhaler devices [126,127].
They may have their most important roles in the delivery of
expensive drug substances [128], targeting drugs intended
for systemic delivery via the lungs (such as insulin), and to
achieve a reduction in potential systemic side-effects for
inhaled corticosteroids.

Respimat® device

One soft mist inhaler (SMI) has particular relevance in the
treatment of COPD. Respimat® SMI (Boehringer Ingelheim)
is capable of containing more than 100 doses of an aqueous
or ethanolic-based formulation, each of which is delivered 
via a metering valve with a volume as low as 15 μL [129].
The device is actuated by the energy contained in a coiled
spring, and the spray is formed by a sophisticated nozzle
system (Fig. 41.5). Boehringer have used the opportunity
provided by the phasing out of CFC propellants to develop
an entirely novel way of delivering inhaled broncho-
dilators. Compared with a pMDI, the spray velocity from
Respimat® SMI is much reduced (hence the term ‘soft mist
inhaler’), so that less oropharyngeal deposition occurs. The
time taken to generate the spray is more than 1 s (compared
with approximately 0.2–0.4 s in a pMDI), and it is con-
sidered that this combination of factors makes it easier for

Soft mist inhalers
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Figure 41.4 Breath-enhanced output jet nebulizer device.
(From Knoch and Sommer [107] with permission.)



patient to coordinate actuation with their inhalation [130].
Respimat® SMI has been shown to deposit up to 50% of the
dose in the lungs (several times greater than that achieved
by CFC-based pMDI) [131,127], and clinical trials have
confirmed that it is possible to treat asthma and COPD
effectively with correspondingly smaller doses [132,133].
Respimat® SMI was the only SMI to have reached the 
market by the end of 2005.

Types of dry powder inhaler

The first DPIs to be introduced commercially were the 
single-dose devices containing drug powder in gelatine 
capsules. In 1969, Fisons introduced the Spinhaler [134],
and this was followed a few years later by the Rotahaler
(Glaxo) [135]. Subsequently, inhalers containing multiple
doses, either in individual blisters or in a bulk storage reser-
voir, have become the DPIs of choice for routine use by
patients with asthma and COPD [136]. Owing to the cohe-
sive nature of micronized drug particles, most dry powder
formulations also contain a carrier substance (usually large
lactose particles), which improves the flow properties of the
powder [137]. All currently marketed DPIs are ‘breath-
actuated’, using the patient’s inhalation to disperse the drug
powder, and to deliver it into the lungs [138]. This gives
DPIs two inherent advantages over pMDIs:
1 they do not require propellants to form the aerosol cloud;
and
2 it is not necessary for patients to ‘press and breathe’
simultaneously.

Dry powder inhalers

Several of the pharmaceutical companies most active in
inhaled drug delivery for asthma and COPD appear to 
be prioritizing DPI development over pMDIs at the present
time.

By 2005, more than 15 DPIs had been marketed in at
least one country, and a number of others were in develop-
ment (Table 41.3). New single-dose devices are still being
introduced, notably the Handihaler DPI for delivery of
inhaled tiotropium bromide [139]. However, most new DPIs
contain either multiple unit doses or powder reservoirs.
Multiple unit dose devices include the Diskus or Accuhaler
(GlaxoSmithKline) [140], while reservoir devices include
the Turbuhaler (AstraZeneca) [141]. The relative merits of
multiple unit dose and reservoir systems have been debated
[142]. Multiple unit dose devices have two potential advant-
ages over reservoir devices:
1 it is generally possible to fill individual doses into blisters
in the factory more accurately than doses can be dispensed
by the patient from a reservoir; and
2 doses contained in blisters should provide better protec-
tion for the powder against the effects of moisture.
However, it should be borne in mind that both multiple unit
dose and powder reservoir devices have an excellent track
record in clinical practice. Combination DPI products con-
taining both a bronchodilator and a corticosteroid are gain-
ing popularity, partly because of increased convenience of
giving two drugs concurrently, but also because of possible
drug synergies in the combined formulation [143].
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Figure 41.5 Respimat® soft mist inhaler. (Figure kindly
supplied by Boehringer Ingelheim Ltd.)

Table 41.3 Dry powder inhalers marketed somewhere in
the world in 2005.

Single dose (capsules, blisters)
Spinhaler (Fisons, now Sanofi Aventis)
Rotahaler (GlaxoSmithKline)
Aeroliser (Novartis; a.k.a. Cyclohaler, Pharmachemie)
Inhalator (Boehringer Ingelheim)
Handihaler (Boehringer Ingelheim)

Multiple unit dose (multiple capsules, blisters)
Diskhaler (GlaxoSmithKline)
Diskus (GlaxoSmithKline; a.k.a. Accuhaler)
E-haler (Sanofi Aventis)
Inhalator-M (Boehringer Ingelheim)

Multidose (metered from powder reservoir)
Turbuhaler (AstraZeneca)
Easyhaler (Orion)
Novolizer (ASTA Medica, now Viatris)
Pulvinal (Chiesi)
Twisthaler (Schering-Plough)
Clickhaler (Innovata)
Airmax (Ivax)
Jethaler (Ratiopharm)



Drug delivery from dry powder inhalers

DPIs either deposit drugs in the lungs with similar efficiency
to a pMDI, or with greater efficiency [144], thereby allow-
ing lower maintenance doses to be used [145]. However, as
in the pMDI, optimal drug delivery depends on inhalation
technique. While breath-actuation in DPIs is seen as an
advantage, it is linked to a disadvantage, because patients
should inhale with maximal inspiratory effort when using
most DPIs. Maximal inspiratory effort ensures optimal de-
aggregation of drug particles or of drug–lactose complexes,
and hence improves fine particle dose and deposition in 
the lungs. This may appear paradoxical, because increased 
respiratory effort would be expected to increase particle
deposition in the oropharynx, but the effect upon particle
deagglomeration seems generally to be greater. To give an
example, lung deposition from Turbuhaler DPI averaged
27% and 14% of the dose at a peak inhaled flow rates of 
60 and 30 L/min, respectively [146]. Other DPIs may show
greater [147] or less [148] dependence of lung deposition
on peak inhaled flow rate. Reduction in peak inhaled flow
rate through a DPI may lead to a lower clinical response
[149]. While achieving a high peak inhaled flow rate
through a DPI is important, it is also desirable that the time
taken to attain peak inhaled flow rate should be as short as
possible [150]. The magnitude of the peak inhaled flow rate
associated with maximal inspiratory effort various from
device to device. Turbuhaler has a fairly high resistance to
airflow, and a peak inhaled flow rate of 60 L/min through
this device approximately represents maximal inspiratory
effort. Higher flows can be achieved through other DPIs
with lower resistances, although there is no clear evidence
that devices with low resistance are inherently either super-
ior or inferior to those with high resistance. 

In order to minimize the inhaled flow rate dependence 
of DPIs, novel particle formulations, which can be dispersed
easily without using maximal inspiratory effort, have 
been developed [151,152]. Over 50% of the dose may be
deposited in the lungs using these formulations, a much
higher percentage than with conventional formulations.
Several ‘active’ DPIs, in which the powder is dispersed by
either compressed air [153] or an electric motor [154], have
been described. These very sophisticated formulations and
devices are likely to be relatively expensive, and may be
better suited to delivery of novel therapies such as inhaled
peptides and proteins, rather than to daily maintenance
therapy of obstructive airways disease.

The need to inhale from most DPI systems with maximal
inspiratory effort has raised concerns that some patients
with more severe disease might be unable to use them 
satisfactorily. Recent data suggest that some patients with
COPD may have difficulty attaining the required peak
inhaled flow rates through Turbuhaler DPI [155], although

in another study peak inhaled flow rates were similar 
in COPD patients to those reported in asthmatic patients
[156]. In a recent review, it was concluded that although
more data have been obtained in asthmatics than in pati-
ents with COPD, the peak inhaled flows attained via DPIs 
in both asthmatic and COPD patients are probably little 
different to those obtained in healthy subjects, and that
asthmatic children, adults with acute asthma and patients
with severe COPD can all use DPIs effectively, and gain
good clinical benefit [157]. It has been suggested to use
Turbuhaler DPI, rather than a nebulizer, to deliver high-dose
domiciliary terbutaline treatment in most patients with
severe COPD [158], but this suggestion is controversial.

The range of inhaler devices available is increasing,
although the rate of growth of new inhaler technology
brought about by the phase-out of CFC propellants now
appears to be slowing down. While the proliferation of new
inhaler devices with differing instructions for correct use
may cause confusion among patients if not carefully man-
aged, patients are now likely to be provided with a range of
devices that meet individual needs and preferences. Each
category of inhaler has advantages and disadvantages, so
that is unlikely that there will ever be a ‘perfect’ inhaler
device appropriate to all patients and to all circumstances.

Recent evidence-based guidelines concluded that while
each type of inhaler can be equally effective if used correctly,
choice of inhaler should consider a range of factors, includ-
ing likelihood of correct use, cost and preference [159].

The efficiency with which inhaler devices deposit drug 
in the lungs has increased dramatically over the last two
decades, from approximately 10–20% of the dose for most
CFC-based pMDIs and nebulizers, to more than 50% of the
dose for some novel devices and formulations. The devel-
opment of ‘formulation integrated dry powder inhalers’,
combining an efficient inhaler device with an easily dis-
persible formulation, may lead to further improvements in
device efficiency [160]. These technological advances may
be of limited value in the maintenance therapy of COPD
with inhaled bronchodilators, but are highly relevant for
other inhaled therapies in COPD including antibiotics and
alpha-1 antitrypsin. Taken as a whole, there is little doubt
that the use of inhaled drug therapy will have a major role
for the foreseeable future in patients with COPD.
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CHAPTER 42

Gastro-oesophageal reflux

John K. DiBaise

Gastro-oesophageal reflux disease (GERD) reflects a spec-
trum of disease that is among the most common gastroin-
testinal conditions seen in a variety of physician practices.
Its importance, however, lies not only in its prevalence but
also in its diversity of clinical presentations, potential for
morbidity and mortality, and high rate of health-care 
utilization. Much progress has been made in our under-
standing of the pathophysiology of GERD over the last two
decades and the recent introduction of potent antisecretory
agents and laparoscopic and endoscopic techniques to treat
GERD has resulted in increased interest in this disorder
from both lay and scientific communities.

GERD can have a major impact on pulmonary disease.
While the association between GERD and pulmonary dis-
ease has been best characterized in asthma, GERD has been
associated with a variety of other respiratory symptoms and
disorders, including chronic obstructive pulmonary disease
(COPD). This chapter is intended to provide a general
overview of GERD including its prevalence, pathophysio-
logy, presentation, diagnosis and treatment. In the process,
a more focused review of the association between GERD
and COPD is provided. 

Information regarding the prevalence of GERD in the gen-
eral population has been assessed in a number of epidemio-
logical studies that have typically used the classic symptoms
of GERD – heartburn and acid regurgitation – as indicators
of the disease. A recent survey of residents from Olmsted
County, Minnesota found that the prevalence of heartburn
or regurgitation occurring on a yearly, monthly and weekly
basis was approximately 60%, 40% and 20%, respectively
[1]. In contrast to other studies that suggest an increased
prevalence of GERD in males and with increasing age, no
significant differences were found relative to gender or age

Epidemiology and risk factors

in this study, although a trend was noted for an inverse
association between heartburn and increasing age. The
actual prevalence of GERD is probably even higher if those
patients with GERD but without heartburn or regur-
gitation are taken into account. Indeed, patients with 
so-called ‘extraoesophageal’ or ‘atypical’ presentations of
GERD are commonly encountered in clinical practice and
often do not complain of associated heartburn or regur-
gitation [2]. 

GERD is not unique to the USA as similar findings have
been reported in Europe [3]. Interestingly, GERD appears
to be less common in persons of Asian origin [4], suggesting
an influence by cultural factors. Nevertheless, it should be
noted that a study from China suggests a prevalence similar
to that of Western countries [5]. Certainly, these differ-
ences may be explained, at least in part, by differences in
the definitions of GERD that were used. Our knowledge of
GERD prevalence in minority populations within the USA
remains relatively poor. 

The role of genetic factors in GERD is unknown. Recently,
a gene for severe GERD in children was mapped to chromo-
some 13q14 [6]. A familial relationship to GERD has been
suggested as the prevalence of GERD increases substantially
in persons with first-degree relatives with Barrett’s oesoph-
agus or oesophageal adenocarcinoma, two complications of
GERD [7]. Interestingly, in this study, first-degree relatives
of patients with reflux oesophagitis were not more likely 
to have GERD compared with spouse control relatives, 
suggesting that there may be genetic predisposition to the
development of GERD in families of patients with Barrett’s
oesophagus and oesophageal adenocarcinoma, but that
environmental factors may be more important for uncom-
plicated reflux. A genetic influence is also supported by a
recent report showing an increased concordance for GERD
in monozygotic compared with dizygotic twins [8]. It was
concluded that genetic influences may account for approx-
imately 31% of the liability to GERD. 
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A number of risk factors for developing GERD have been
described (Table 42.1). For several of these putative risk 
factors the evidence supporting their role is weak, while for
others the mechanism(s) by which they act to cause reflux
remains unclear [9].

The fundamental prerequisite for the development of
GERD is movement of the gastric refluxate into the oesoph-
agus. A complete understanding of the pathophysiology of
GERD, which is multizfactorial and consists primarily of
both oesophageal and gastric factors (Table 42.2), requires
consideration of both the determinants of oesophageal acid
exposure and the defence mechanisms of the oesophageal
epithelium [10]. The major factor responsible for reflux is a
defect in the antireflux barrier, which is composed of the
lower oesophageal sphincter (LOS), diaphragm and sup-
porting ligaments. The integrity of the antireflux barrier has
been attributed to maintenance of intrinsic LOS pressure,
contribution by the crural diaphragm to the resting tone of
the LOS and its augmentation of this tone during inspira-
tion, preservation of the intra-abdominal location of the
LOS, the integrity of the phrenoesophageal ligament, and
maintenance of the angle of His which represents the angle
of entry of the oesophagus into the stomach. It seems likely
that it is an accumulation of abnormalities involving these
mechanisms that leads to incompetence of the antireflux
barrier and subsequent oesophageal acid exposure. 

The occurrence of inappropriate, non-swallow-related
LOS relaxation, also known as transient LOS relaxation
(tLOSR) rather than a hypotensive LOS or a hiatal hernia is
currently believed to be the most common cause of reflux
events in both healthy individuals and patients with GERD
[11]. Nevertheless, recent evidence suggests that the dom-
inant mechanism may vary depending upon the disease

Pathogenesis
severity, with tLOSR being the main mechanism with mild
disease and a hypotensive LOS or hiatal hernia dominating
with more severe disease [12]. Major differences between
tLOSR and swallow-induced LOS relaxation include that
tLOSR occurs without pharyngeal contraction, is not
accompanied by oesophageal peristalsis and persists longer.
Interestingly, not all tLOSR is accompanied by acid reflux.
The major stimulus for tLOSR is gastric distension and it is
now clear that tLOSR has a major role in the venting of gas
from the stomach (i.e. belching). 

A hypotensive LOS may result in either strain-induced
reflux or free reflux. Free reflux occurs when the LOS pres-
sure is very low, typically less than 4 mmHg, and is charac-
terized by a fall in intraoesophageal pH without a change 
in LOS or intragastric pressure. In contrast, strain-induced
reflux occurs when a more modestly hypotensive LOS, typ-
ically less than 10 mmHg, is overcome by a sudden increase
in intra-abdominal pressure. The crural diaphragm has an
important role in the competence of the oesophagogastric
junction by contributing to the resting tone of the LOS and
by augmenting this tone during inspiration [13,14]. A hiatal
hernia results in the absence of these additive effects on the
LOS and may also impair oesophageal emptying resulting
in the re-reflux of hernia contents by permitting retrograde
flow of gastric material during LOS relaxation. Recently, it
has been shown that the susceptibility to reflux correlates
with both weak LOS pressure and with hiatal hernia size
[13]; however, a hiatal hernia is neither necessary nor
sufficient for the development of reflux oesophagitis.
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Table 42.1 Potential risk factors for developing gastro-
oesophageal reflux disease (GERD).

Hiatal hernia
Obesity
Alcohol use
Cigarette smoking
Nasogastric intubation
Medications
Pregnancy
Hypersecretory states
Delayed gastric emptying
Connective tissue diseases
Helicobacter pylori

Table 42.2 Pathophysiology of gastro-oesophageal reflux
disease (GERD).

Antireflux barrier
Lower oesophageal sphincter

increased frequency of tLOSR
weak resting pressure

Crural diaphragm
Hiatal hernia

Oesophageal factors
Diminished oesophageal clearance

ineffective peristalsis
abnormal salivation

Impaired oesophageal mucosal resistance
Altered oesophageal mucosal sensitivity (?)

Gastric factors
Delayed gastric emptying
Production of acid and pepsin
Duodenogastro-oesophageal (non-acid) reflux (?)
Presence of Helicobacter pylori (?)

tLOSR, transient lower oesophageal sphincter relaxation.



In addition to the actual occurrence of reflux episodes,
oesophageal acid exposure is also related to the process of
oesophageal clearance. Therefore, defects in oesophageal
clearance mechanisms such as can occur with impaired
peristalsis, the presence of a hiatal hernia and impaired 
salivation increase the susceptibility to GERD. Another
oesophageal mechanism that may have a role in the patho-
genesis of GERD, particularly as it relates to tissue defence,
is altered oesophageal mucosal resistance. This includes
luminal factors such as the mucous layer and surface 
bicarbonate and elements within the epithelium such as 
the cell membrane and intercellular junctional complex
that limit damage during contact of the refluxate with the
oesophageal epithelium [15]. Abnormalities in oesophageal
epithelial resistance may provide an alternative explana-
tion for the development of GERD in patients with normal
oesophageal acid exposure on ambulatory pH testing, as
this would seem to imply normally functioning antireflux
and clearance mechanisms. Lastly, the contribution of
altered mucosal sensitivity to the pathogenesis of GERD
remains unclear.

Gastric factors also have a role in the pathogenesis of
GERD. The presence of gastric contents such as acid, pepsin,
bile salts and pancreatic enzymes in the oesophagus is neces-
sary for oesophageal injury to occur. While acid is clearly
important, in the vast majority of GERD patients, there is
no evidence of gastric acid hypersecretion. Bile salts and
pancreatic enzymes enter the stomach by what is referred
to as duodenogastric reflux. While the role of pepsin and
bile remains controversial [16], it is currently believed that
these substances may contribute to the injury and symp-
toms that occur as a consequence of gastro-oesophageal
reflux, but are unlikely to cause these problems without the
aid of acid. The rate of gastric emptying may also be of
pathophysiological importance in GERD. Delayed gastric
emptying exists commonly in patients with GERD [17] but
is suspected to be of pathogenetic importance in only a
small proportion. A final gastric factor that has generated
considerable interest recently in relation to the patho-
genesis of GERD is Helicobacter pylori. While there appears to
be no excess of H. pylori infection in GERD patients when
compared with age-matched controls, theory and accumu-
lating circumstantial evidence suggest that this infection
may be relatively protective against reflux when it produces
gastritis severe enough to cause a major reduction of gas-
tric acid secretion [18,19]. Similarly, when H. pylori infec-
tion is cured, a significant component of gastritis resolves,
acid secretion increases and, theoretically, GERD may be
provoked or worsened in the setting of a compromised antire-
flux barrier [20]. Because of the conflicting data regarding 
the role of H. pylori in GERD, the decision to test for and
treat H. pylori should be based on other clinical indicators
for eradication [21].

GERD is defined as symptoms or tissue injury resulting
from exposure of the oesophagus to gastric contents. While
a variety of tests are available to aid in the diagnosis of
GERD (Table 42.3), there is currently no diagnostic gold
standard for reflux disease. In the paragraphs that follow,
the tests most clinically useful to diagnose and evaluate
GERD are discussed.

The diagnosis of GERD is usually straightforward when
classic symptoms are present; however, uncertainty and
confusion may result when a patient presents with atypical
symptoms as both classic symptoms and oesophagitis are
frequently absent [2]. Additionally, not all patients with
GERD are symptomatic. For example, the elderly and those
with Barrett’s oesophagus may be completely asympto-
matic until they present with a complication. This may be 
a consequence of reduced sensitivity to oesophageal acid
[22]. Therefore, while symptom evaluation is extremely
important for diagnosis of GERD, its sensitivity falls far
short of a gold standard [23]. 

The role of direct visualization of the oesophagus by
means of endoscopy in the diagnosis of GERD is also lim-
ited because as much as two-thirds of reflux patients, even
with classic symptoms, will have a normal endoscopy, 
both grossly and microscopically [1,24]. Furthermore,
symptoms alone cannot reliably distinguish between GERD
patients with and without oesophagitis on endoscopy, and
the severity of GERD symptoms correlates poorly with
endoscopic findings.

Ambulatory oesophageal pH testing, while frequently
considered to be the gold standard, is also not so. While pH
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Table 42.3 Tests used in the diagnosis of gastro-
oesophageal reflux disease (GERD).

Clinically useful
Clinical history
Endoscopy
Ambulatory oesophageal pH test
Empirical trial of medication

Less or not useful
Bernstein test
Standard acid reflux (Tuttle) test
Barium oesophagram
Oesophageal biopsy
Scintigraphy
Oesophageal manometry
Bilirubin monitoring

Usefulness remains to be determined
Combined ambulatory pH-impedance test



testing has many theoretical advantages over other forms of
reflux testing, a persistent problem with this technique is
that there exists no absolute cut-off value that reliably
identifies the presence of GERD [25]. Its use is particularly
problematic in patients with atypical symptoms of sus-
pected GERD and endoscopy-negative reflux patients as
several studies have demonstrated considerable overlap in
oesophageal acid exposure times between asymptomatic
controls and patients with these conditions and the docu-
mentation of the presence of reflux does not prove causal-
ity of symptoms [24]. 

Recently, an empirical trial of antisecretory therapy has
been evaluated as a diagnostic test for GERD [26]. This
approach was made available by the introduction of a
potent class of antisecretory medications known as proton
pump inhibitors which profoundly reduce gastric acid 
production and the time to heal oesophagitis. With this
approach, when symptoms disappear with therapy and
return when the medication is stopped, the diagnosis of
GERD may be assumed. This approach has been shown to
have good sensitivity and specificity in patients presenting
with classical reflux symptoms and in patients with sus-
pected reflux-related non-cardiac chest pain [27,28] and
has shown economic benefits compared with upfront test-
ing in patients with non-cardiac chest pain and chronic
cough [28,29]. Nevertheless, while seemingly more tol-
erable and cost-effective than ambulatory pH testing or
endoscopy, the empirical medication trial approach does
not appear to offer any diagnostic superiority. The major
disadvantages of this diagnostic approach include false-
positive results brought about by a placebo effect from 
the medication and a lack of direct assessment of either 
the oesophageal mucosa or oesophageal acid exposure.

The evaluation of GERD depends upon the patient’s 
clinical presentation. Those with classic symptoms and no
alarm symptoms usually require no confirmatory testing
and should be treated empirically. Further testing should be
performed in the following situations: presence of alarm
symptoms (Table 42.4), lack of symptom response to med-
ical therapy, need for continuous therapy in a patient at risk
for Barrett’s oesophagus and prior to antireflux surgery.
Additionally, a more aggressive approach in the elderly is

warranted because their disease presentation is typically
more severe despite milder symptoms.

A number of tests are available to aid in the evaluation 
of patients with GERD. These tests should be applied selec-
tively to the individual, based upon the information desired
(Table 42.5). The barium oesophagram is useful when 
evaluating dysphagia, particularly with suspected oropha-
ryngeal or non-obstructive oesophageal (dysmotility)types.
It is also more sensitive than endoscopy in detecting subtle
mucosal (Schatzki) rings in the distal oesophagus that 
are associated with GERD and may result in intermittent
dysphagia. Suspected obstructive oesophageal dysphagia is
better off evaluated initially by endoscopy because, in addi-
tion to its overall higher diagnostic sensitivity and ability 
to biopsy, endoscopy allows therapeutic intervention [30].
The role of endoscopy in GERD patients without alarm
symptoms is more controversial. In the era of potent thera-
peutic options, routine endoscopy is not advocated in all
GERD patients prior to treatment and it remains an area 
of heated debate whether ‘once-in-a-lifetime’ endoscopy 
is necessary in patients with GERD symptoms for more
than 5 years in order to identify Barrett’s oesophagus, 
an important risk factor for oesophageal adenocarcinoma
[31–33].

Oesophageal manometry provides information on the
contractile activities of the oesophageal body and the upper
and lower oesophageal sphincters both at rest and during
swallowing. Oesophageal manometry is most helpful to
localize the lower oesophageal sphincter before oesophageal
pH testing and, possibly, to evaluate peristalsis prior to
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Table 42.4 Alarm symptoms suggesting need for further
evaluation.

Dysphagia
Odynophagia
Bleeding
Weight loss
Chest pain

Table 42.5 Tests used in the evaluation of gastro-
oesophageal reflux disease (GERD).

To assess suspected oesophageal injury*
Endoscopy
Barium oesophagram

To quantitate reflux†

Ambulatory oesophageal pH test
Combined ambulatory pH–impedance test

To correlate reflux with symptoms†

Ambulatory oesophageal pH test
Combined ambulatory pH–impedance test

To assess peristalsis prior to antireflux surgery
Oesophageal manometry
Combined stationary manometry–impedance test

* Patients with dysphagia or long duration of symptoms and
elderly patients.
† Patients with refractory symptoms or atypical presentations
and when the diagnosis is in doubt.



antireflux surgery [34], although this latter indication
remains controversial [35]. In this regard, the recent intro-
duction of a combined manometry–impedance catheter
system to more thoroughly assess oesophageal function
holds the potential to improve on our current ability to 
predict postoperative dysphagia in patients undergoing
antireflux surgery [36]. Oesophageal manometry is not
useful in the diagnosis of GERD or any of its complica-
tions [34].

Similarly, ambulatory oesophageal pH testing is most
useful to confirm GERD prior to antireflux surgery in
endoscopy-negative patients and to evaluate patients not
responding to medical therapy or with recurrent or persist-
ent symptoms after antireflux surgery [25]. An abnormal
test while on medical treatment suggests the need for more
aggressive therapy, while a normal test points toward an
alternative diagnosis. Oesophageal pH testing is not needed
in patients with existing or a known history of reflux
oesophagitis.

A therapeutic trial with a proton pump inhibitor, as
opposed to initial pH testing, seems to be more useful in
identifying a causal relationship between reflux and extra-
oesophageal or atypical presentations. Ambulatory pH 
testing while on medical therapy can then be reserved for
those patients not responding [37].

The concept that symptoms or complications of GERD
may be related to the reflux of non-acid contents has also
received recent attention. This is particularly true in the
group of patients whose symptoms, whether they are 
classic or atypical, persist despite aggressive antisecretory
therapy or those with symptoms thought to be brought
about by reflux but who have a normal pH test. Until
recently, there were no sufficiently sensitive tests to detect
duodenogastro-oesophageal or non-acid reflux. Two tests
are now available that may assist in the detection of non-
acid reflux: bilirubin monitoring and combined pH and
multichannel intraluminal impedance monitoring. 

Bilirubin monitoring is performed much like ambulatory
oesophageal pH testing; however, the catheter contains a
fibreoptic probe and a spectrophotometer measures the
absorption of certain wavelengths in order to detect bili-
rubin. The presence of bilirubin as a surrogate marker of
bile suggests the presence of duodenogastro-oesophageal
reflux. Because bilirubin reflux has been found to consist-
ently parallel acid reflux in patients with an intact stomach
[38], at the present time, bilirubin monitoring has demon-
strated little clinical utility and is used primarily as a
research tool. 

The combination of standard pH testing with multi-
channel impedance measurements in the same catheter
was recently approved for clinical use. This technique is
performed much like pH testing; however, the addition of
impedance technology allows for the detection of all types

of refluxate within the oesophagus, not just acidic [39–41].
While a promising technique, it remains to be seen whether
combined pH–impedance testing will be a clinically useful
tool or primarily a research tool.

The spectrum of GERD symptoms is diverse and ranges
from classic heartburn and acid regurgitation to the less
common oesophageal symptoms of dysphagia, odynopha-
gia, water brash, belching, nausea, hiccups and chest pain.
In addition, a multitude of extraoesophageal symptoms 
and conditions that seem to be related to reflux disease 
are being increasingly recognized (Table 42.6). Given the
prevalence of GERD, multiple oesophageal complications 
of the disease are frequently encountered in clinical prac-
tice. The major oesophageal complications of GERD include
varying degrees of oesophagitis, peptic stricture and Barrett’s
oesophagus. Non-cardiac chest pain is also sometimes con-
sidered in this category.

The prevalence of oesophagitis seen in patients who
undergo endoscopy for reflux symptoms varies consid-
erably; however, it appears to be less than 50%, and prob-
ably less than 25% [42]. Presenting symptoms typically
include a long history of heartburn and may also include
dysphagia, odynophagia, anorexia and chest pain. Reflux
oesophagitis is characterized endoscopically by beginning 
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Table 42.6 Extraoesophageal presentations of gastro-
oesophageal reflux disease (GERD).

Pulmonary
Asthma
Chronic cough
Aspiration pneumonia
Obstructive sleep apnoea
Chronic obstructive pulmonary disease
Sudden infant death syndrome

Ear, nose and throat
Hoarseness
Globus sensation
Chronic sinusitis
Pharyngitis
Vocal cord granuloma, ulcer, nodule
Laryngeal, subglottic stenosis
Laryngeal cancer
Otitis media

Oral
Dental erosions
Halitosis
Dysgeusia



at the oesophagogastric junction and progressing prox-
imally (Fig. 42.1). When severe, oesophagitis can obscure
underlying Barrett’s oesophagus. The incidence of brisk
bleeding as a consequence of oesophagitis, regardless of 
the severity, is uncommon. It has been suggested that the
elderly, those with chronic renal insufficiency and those
using anticoagulants or non-steroidal anti-inflammatory
drugs (NSAIDs) may be at increased risk of bleeding from
oesophagitis [43]. Another obscure and frequently over-
looked cause of gastrointestinal bleeding in GERD patients
may be seen in those with a large hiatal hernia. Cameron’s
erosion or ulceration occurs at the diaphragmatic hiatus 
of a large hiatal hernia and may result in brisk hemorrhage
or, more commonly, chronic occult blood loss and iron
deficiency anaemia [44].

Peptic strictures (Fig. 42.2) generally occur at the
squamocolumnar junction and may occur in up to 10% of
patients with GERD who receive medical care and approx-
imately 20% of patients with reflux oesophagitis. While
there are currently no reliable risk factors for the develop-
ment of peptic strictures, the incidence seems to increase
with age, those using NSAIDs and in Caucasian men
[45–47]. One curious aspect of peptic strictures is that they
often develop in patients who have few classic GERD symp-
toms. This further emphasizes the point that there is little
correlation between the severity of GERD symptoms and

severity of findings on endoscopy. Presenting symptoms
typically include dysphagia with solids and, less often,
odynophagia and food impaction. While either barium
oesophagography or endoscopy can be used to diagnose a
peptic stricture, endoscopy has the advantage of having
both diagnostic and therapeutic capabilities [30]. Barium
oesophagography can then be reserved for complex stric-
tures including those that do not allow passage of the endo-
scope. Peptic strictures can usually be effectively treated
and recurrence prevented by aggressive antireflux therapy
in the form of a proton pump inhibitor [48] or surgery com-
bined with intermittent dilatation as needed. The need for
redilatation varies markedly; some patients will require
only a single dilatation while others may need weekly
dilatations for several months and still others require less
frequent maintenance dilatations to avoid recurrent dys-
phagia or food impactions. For patients with strictures
refractory to repeated dilatation, oesophageal resection
may be necessary. For those who are poor surgical candid-
ates, oesophageal stenting has been proposed as an altern-
ative to surgery [49].

Barrett’s oesophagus is a condition in which specialized
columnar epithelium (with goblet cells), also referred to 
as intestinal metaplasia, replaces the damaged squamous
epithelium in the distal oesophagus (Fig. 42.3). It is now
generally accepted that this results from long-standing
severe GERD and is the single most important risk factor 
for oesophageal adenocarcinoma [50,51]. In this regard, it
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Figure 42.1 Endoscopic photograph of severe reflux
oesophagitis. Note the circumferential involvement 
and several linear erosions with overlying exudate and
surrounding erythema extending upward from the 
gastro-oesophageal junction.

Figure 42.2 Endoscopic photograph of a peptic stricture. 
Note the circumferential ulceration and narrowing at the
gastro-oesophageal junction.



should be noted that a large case–control study conducted
in Sweden recently found that there is a strong and prob-
ably causal relationship between GERD and oesophageal
adenocarcinoma, independent of the presence of Barrett’s
oesophagus (odds ratio 43.5; 95% confidence interval [CI],
18.3–103.5) in individuals with long-standing and severe
symptoms of reflux [52]. Because of the dramatic increase
in the incidence of oesophageal adenocarcinoma, estimated
at 300–500% over the last 30–40 years, these data under-
score the importance of early recognition and appropriate
management of GERD. Nevertheless, in 2002, only half of
the 13 100 anticipated oesophageal cancers are expected 
to be adenocarcinoma. Therefore, despite the increase 
in incidence, oesophageal adenocarcinoma remains an
uncommon tumour and thus represents a small risk for 
an individual patient [33].

The frequency of Barrett’s oesophagus varies depending
upon the population studied but usually ranges from 10 to
20% [53]. There is a strong male and Caucasian predom-
inance with an average age at diagnosis of approximately
55 years. The prevalence of adenocarcinoma in Barrett’s
oesophagus is approximately 10%, while the annual in-
cidence rate in those with known Barrett’s undergoing
surveillance is approximately 0.5% [54]. Endoscopic sur-
veillance for cancer and dysplasia, the precursor to cancer,
is currently considered the standard of care; however, its
usefulness and cost-effectiveness remains highly controver-
sial [33]. While surveillance is unlikely to be effective for
the GERD population as a whole, endoscopic screening of

all persons with GERD would seem to be infeasible and 
cost-prohibitive. Nevertheless, a recent cost–utility ana-
lysis concluded that screening for Barrett’s oesophagus 
in a high-risk population of 50-year-old white men with 
symptoms of GERD is cost-effective compared with other
accepted medical interventions [55]. Recent recommenda-
tions suggest endoscopy for all persons with typical GERD
symptoms for at least 5 years, particularly middle-aged
Caucasian men, to screen for Barrett’s [31]. Alternative
methods of screening for Barrett’s oesophagus such as cyto-
logic sampling via a transoral balloon-tipped catheter in an
unsedated patient, much as is performed in China when
screening for squamous cell oesophageal cancer, are cur-
rently undergoing investigation in humans [56]. In order 
to improve our existing screening and surveillance strat-
egies, much investigation is currently being directed at the
discovery of biomarkers other than dysplasia that have 
an improved degree of predictability for the subsequent
development of cancer. 

The management of patients with Barrett’s oesophagus
consists of treatment of the associated GERD symptoms,
endoscopic surveillance to detect and follow-up dysplasia,
and treatment of dysplasia [32]. It remains controversial
whether aggressive antireflux therapy, medical or surgical,
will lead to regression of Barrett’s or dysplasia, or prevent
the development of cancer. While techniques exist to ablate
the metaplastic and dysplastic epithelium such as photo-
dynamic therapy, argon plasma coagulation and multipolar
electrocoagulation, their complication rates are substantial,
their overall benefit remains unclear and, as such, these
methods are considered investigational [32,33].

The oesophagus may be implicated in almost half of those
patients with non-cardiac chest pain. Several mechanisms
have been postulated including GERD, dysmotility, ischaemia
and abnormal oesophageal sensation or perception. Primary
oesophageal motor disorders are very uncommon in these
patients [57]. While recent studies suggest that GERD is by
far the most common cause of non-cardiac chest pain, opin-
ion seems to be shifting more toward sensory or perception
dysfunction. In general, after exclusion of a cardiac source,
which is usually not possible based upon historical informa-
tion alone, it may be reasonable to proceed with an empir-
ical trial of high-dose antisecretory therapy in these patients,
particularly if they have typical reflux symptoms [28].
Further evaluation can then be reserved for those without
improvement.

Physicians are becoming increasingly aware that GERD
may have respiratory and ear, nose and throat manifesta-
tions (see Table 42.6). Unfortunately, a direct relationship
between GERD and these conditions has been difficult to
establish. Other factors contributing to this dilemma include
the findings that approximately 40% of these patients will
deny any classic reflux symptoms and reflux oesophagitis is
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Figure 42.3 Endoscopic photograph of Barrett’s oesophagus.
Note the mucosa extending upward from the gastro-
oesophageal junction.



generally absent [58,59]. Indeed, the high prevalence of
absence of concomitant classical GERD symptoms or oeso-
phagitis in patients with these conditions has led some indi-
viduals to refer to this condition not as GERD, but rather 
as laryngopharyngeal reflux. Two mechanisms have been
implicated in the pathogenesis of these extraoesophageal
presentations: direct acid contact as a consequence of reflux
of gastric contents through the upper oesophageal sphinc-
ter (reflux theory) or a vagally mediated reflex initiated 
by acid exposure in the oesophagus (reflex theory) [60].
Evidence supporting these mechanisms is rather scanty and
generally indirect. The degree of importance each of these
proposed mechanisms has in causing the various extraoeso-
phageal manifestations remains unclear but probably dif-
fers depending upon the condition. Data from our motility
laboratory do not support the hypothesis that the nature of
the clinical presentation of GERD is related to different pat-
terns of oesophageal acid exposure or oesophageal motility
as measured by conventional manometry and dual-channel
pH testing [61]. The role of tLOSR in the pathophysiology
of extraoesophageal complications of GERD remains un-
known at this time.

Ambulatory oesophageal pH testing has been considered
to be the best diagnostic tool for identifying extraoeso-
phageal complications of GERD. This technique offers the
best opportunity to document the amount and proximal
extent of acid reflux. Nevertheless, continuing controversy
exists regarding a number of issues related to this tech-
nique including the need for single versus multichannel 
pH monitoring, the optimal position of the proximal probe
(pharyngeal versus upper oesophagus) if used, the lack of
well-established normal values, poor reproducibility and
the occurrence of artefacts involving the proximal pH sen-
sor. There also seems to be a tendency for false-negative
tests; thus, a negative test may not confidently exclude the
diagnosis. Lastly, and perhaps most importantly, a positive
test only confirms that an abnormal amount of gastro-
oesophageal reflux is present and does not prove a causal
relationship. This can only be assured with confidence
when the atypical symptom of suspected GERD shows sus-
tained, dramatic improvement following aggressive treat-
ment of GERD. Therefore, at the present time, there are no
sufficiently reliable diagnostic tests that can accurately pre-
dict which patients have GERD-related extraoesophageal
complications. As a consequence, controlled therapeutic
trials may be the only method currently available to answer
this question.

While there is sufficient evidence showing an association
between GERD and chronic cough and asthma [62], GERD

GERD and COPD

may also have a role in many other common pulmonary
disorders. The close anatomical relationship and common
embryonic origins of the oesophagus and tracheobronchial
tree may aid in the explanation of this association. There is
a small body of data to suggest a relationship between
GERD and COPD. A recent retrospective case–control study
from 172 Veterans Administration hospitals involving more
than 200 000 discharges found that patients with a dia-
gnosis of oesophagitis or oesophageal stricture had a higher
likelihood of having a number of pulmonary diseases than 
a control group without oesophageal disease, including
COPD (odds ratio 1.22; 95% CI, 1.16–1.27) [63]. Another
prospective study examined the relationship between
hiatal hernia and reflux oesophagitis hospitalization and a
subsequent hospitalization with respiratory outcomes in
persons free of respiratory disease at baseline and at their
first hospitalization [64]. They found odds ratios of 1.8
(95% CI, 1.2–2.7) for chronic bronchitis and 2.9 (95% CI,
1.5–5.5) for emphysema. Similar to the increased preval-
ence of COPD in patients with GERD, a recent prospective
study evaluated the prevalence of GERD in patients with
COPD using a validated symptom questionnaire [65]. 
They found an increased prevalence of frequent heartburn
and/or regurgitation (19 vs 0%), dysphagia (17 vs 4%) and
antireflux medication use (50 vs 27%) in COPD patients
compared with a control group. Therefore, the current 
evidence suggests that patients with GERD have a higher
prevalence of COPD than patients without GERD and
patients with COPD have a higher prevalence of GERD than
those without COPD.

The role of GERD in the pathogenesis of COPD remains
poorly understood. In contrast to asthma patients,
oesophageal acid perfusion does not seem to alter airway
responsivity in patients with COPD [66,67]. Aspiration
related either to GERD [68] or to alterations in oropharyn-
geal swallowing [69,70] has been suggested as a contri-
butory factor in the pathogenesis of chronic bronchitis.
Additional research is needed on oropharyngeal dysfunc-
tion in patients with COPD and its relationship with aspira-
tion and COPD exacerbations.

There have been no controlled studies examining the
effect of GERD treatment on the pulmonary outcome in
patients with COPD. However, a recent study assessed 
respiratory symptoms in patients with chronic bronchitis
treated with either a proton pump inhibitor (n = 89) or
antireflux surgery (n = 119) and found that, although
patients treated medically did not experience symptom
relief, those who underwent surgery had a pronounced
reduction in symptoms [69]. Further research is needed in
this area.

Lung transplantation has emerged as a viable treatment
option for patients with a variety of end-stage pulmonary
disorders, including COPD. Upper gastrointestinal tract 
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dysmotility and GERD appear to occur commonly following
lung transplantation [71,72] and GERD-related aspiration
has been suggested to be a potential contributing cause of
chronic allograft rejection (bronchiolitis obliterans) [73,74].
Antireflux surgery has recently been shown to improve
both reflux symptoms and lung function following lung
transplantation [75]. The role of antireflux medications in
this clinical scenario remains undefined.

The major acute and long-term goals of GERD therapy 
are to relieve symptoms and to heal oesophagitis, thereby
preventing complications. The primary treatment options
include lifestyle modifications, pharmacological agents and
antireflux surgery (Table 42.7). Recently, several endo-
luminal treatments have also been added to the therapeutic
armamentarium (see Table 42.7). The vast majority of
reflux patients never seek medical care and instead self-
medicate using over-the-counter agents such as antacids,
alginate and H2-receptor antagonists on an as needed basis.
For those who do seek medical care, the traditional (step-
up) approach has been to start with lifestyle modifications
and progress to medications and then surgery for persist-
ent symptoms. A more recent alternative (step-down)
approach is to start with the most potent and effective med-
ical therapy and, when symptoms are controlled, to attempt

Treatment

to change therapy to a less potent or less costly agent. The
better overall approach remains hotly debated; however, it
has been suggested that the step-down approach is more
cost-effective [76]. Ultimately, deciding whether a step-up
or step-down approach is most appropriate should be based
on a case-by-case evaluation.

Lifestyle modifications, which minimize reflux and max-
imize acid clearance, are listed in Table 42.6. Patient com-
pliance with such changes is often poor. While the scientific
evidence supporting these adaptations is generally weak,
there may be some patients who benefit and do not require
any pharmacological therapy as a result. In addition, many
of these measures are useful in treating other diseases and
in maintaining overall body health.

A number of pharmacological agents are available to
treat GERD (see Table 42.7). In general, the main classes 
of medications are aimed at either improving the under-
lying motility disorder (prokinetics) or reducing the noxi-
ous effects of the gastric refluxate (antisecretory agents).
Mucosal protectants such as sucralfate have demonstrated
limited clinical efficacy in GERD and are uncommonly
used. Antacids, which briefly neutralize acid, and alginic
acid, which mixes with saliva to form a viscous layer that
floats on the surface of the gastric pool acting as a mechan-
ical barrier, are useful for treating mild and infrequent
reflux symptoms. They do not, however, heal oesophagitis.
Nevertheless, a large proportion of GERD patients can be
adequately treated with such easily available over-the-
counter therapies. 

When approved in the late 1970s, H2-receptor antagon-
ists (H2RAs) achieved the first real breakthrough in the
treatment of GERD [77]. H2RAs interfere predominantly
with the histamine receptor at the level of the parietal and
enterochromaffin-like cells, ultimately inhibiting one path-
way of parietal cell activation. All four available H2RAs are
equally effective and act to decrease gastric acid production.
While symptomatic improvement can be achieved in up to
60% of patients using these agents, healing of oesophagitis
occurs less commonly. The over-the-counter doses of
H2RAs, although longer lasting, are generally equivalent to
antacids. Higher and more frequent doses of H2RAs do not
seem to be more effective than standard doses in improving
severely symptomatic patients [78] and become less cost-
effective than a single daily dose proton pump inhibitor.
This may be related, at least in part, to the development of
tachyphylaxis. In contrast, H2RAs are highly efficacious in
decreasing nocturnal acid secretion and may be the pre-
ferred agent in those patients with persistent symptoms
despite twice daily proton pump inhibitor therapy and a pH
test demonstrating nocturnal acid breakthrough [79].

Prokinetic agents may work by a number of mechanisms
which include increasing LOS pressure, reducing tLOSR
frequency, improving oesophageal peristalsis, increasing
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Table 42.7 Available treatments of gastro-oesophageal
reflux disease (GERD).

Lifestyle modifications
Elevate head of bed 10–15 cm (4–6 inches)
Eat smaller meals with less fat content
Avoid recumbency for 3 h after eating
Weight reduction
Avoid smoking and alcohol
Avoid adverse medications and foods
Avoid wearing tight clothing

Pharmacological therapy
Antacids, alginate, over-the-counter H2-receptor antagonists
H2-receptor antagonists
Prokinetic agents
Proton pump inhibitors

Surgery
Laparoscopic (or open) fundoplication

Endoscopic/endoluminal therapy
Transoral delivery of radiofrequency energy
Transoral suturing system
Transoral injection of inert substance



salivary flow and improving gastric emptying. In general,
the overall efficacy of prokinetic agents has been similar to
H2RAs. A prokinetic agent may be most useful in patients
with typical reflux symptoms plus associated bloating and
early satiety suggesting dysmotility. The most useful of 
the prokinetic agents was cisapride, a 5-HT4 agonist that
exerted its prokinetic action through the indirect release of
acetylcholine in the myenteric plexus. Because of concerns
over its safety, specifically because of several reports of fatal
cardiac dysrhythmias associated with the combination of
cisapride and several medications and medical conditions,
cisapride was withdrawn from the market in July 2000. As
a consequence, there is currently no suitable prokinetic
agent available for long-term use. Metoclopramide, a
dopamine antagonist, is currently the only prokinetic agent
available for use in the USA but has, at best, modest effi-
cacy in relieving symptoms, no proven efficacy in healing
oesophagitis and a significant incidence of side-effects. The
results of ongoing clinical trials evaluating the efficacy and
safety of new prokinetic agents are eagerly awaited. 

Proton pump inhibitors (PPIs) profoundly diminish acid
secretion by inhibiting the H+-K+ ATPase (proton pump),
the final step in acid production. Given that the primary
determinants of oesophageal healing and symptom relief
are the duration of treatment and the proportion of time
the intraoesophageal pH is maintained at over 4, it is no
wonder that PPIs are more effective than H2RAs [80].
While some differences exist, the five currently available
PPIs seem to be equally effective with regard to symptom
improvement and healing of oesophagitis. PPIs have been
shown to be highly effective in both symptom reduction
and healing rates of oesophagitis (up to 90%). Indeed, they
are currently considered first-line treatment in complicated
GERD cases. The timing of PPI ingestion seems to be import-
ant. These agents seem to be most effective at reducing 
gastric acid secretion when taken in the morning at least 
30 min before breakfast. PPIs do not completely eliminate
acid production. Dose escalation is often necessary, particu-
larly in those patients on the more severe end of the GERD
spectrum and in those with extraoesophageal complica-
tions. When administered twice daily, these drugs should
be ingested at least 30 min before the morning and even-
ing meals in order to maximize pump inhibition. Acute
side-effects include headache, abdominal cramping and
diarrhoea. Side-effects of long-term use are uncommon;
concerns over development of gastric carcinoid tumours
and atrophic gastritis have not been realized in studies fol-
lowing patients on high-dose omeprazole for over 12 years.
Finally, while the use of a prokinetic agent in combination
with an H2RA has recently been shown to have an additive
effect on maintenance of healing of reflux oesophagitis, the
combination of a prokinetic agent with a PPI does not seem
to provide much advantage over a PPI alone [81].

Since the introduction of laparoscopic fundoplication 
in the early 1990s, there has been renewed interest in
antireflux surgery. While PPIs can effectively treat the most
severe forms, GERD can only by cured by surgery. With the
availability of the laparoscopic approach, the morbidity of
antireflux surgery is greatly reduced compared with open
fundoplication. The main indications for antireflux surgery
include the refractory GERD patient, those who will not or
cannot afford to take a daily medication long-term, and the
young patient who would otherwise require a very long
course of medical treatment. Because the availability of
PPIs has made the truly refractory GERD patient rare, a
search for an alternative diagnosis in such patients should
be entertained prior to proceeding with antireflux surgery.
Indeed, it is those patients who respond well to medical
therapy who seem to have the best outcome following 
fundoplication [82]. In experienced hands, laparoscopic
fundoplication is safe and highly effective; however, the
long-term success rate for the laparoscopic approach is
unknown and certain side-effects, such as dysphagia and
the gas–bloat syndrome, may be more frequent. Current
data suggest that PPI therapy and antireflux surgery are
approximately equal for maintaining remission in GERD
[83]. Indeed, available evidence suggests that antireflux
surgery has no clear advantage over medical therapy for
GERD in terms of symptom control, oesophageal healing,
efficacy in preventing complications, safety and cost [84].
Ultimately, the decision to undergo surgery should be
determined on an individual basis taking into account the
goals, expectations and risks involved.

Recognizing the importance of tLOSR in the pathogene-
sis of GERD, there is now substantial interest in the devel-
opment of treatments that modulate tLOSR as potential
therapy for GERD. Several recent reports indicate that a
number of pharmacological agents such as a loxiglumide,
baclofen, morphine and atropine can reduce the frequency
of tLOSR in healthy individuals and patients with GERD
[85]. While none of the agents tested thus far are suit-
able for long-term clinical use, this remains an intriguing
area likely to see major developments in the treatment of
GERD.

Three novel transoral endoluminal approaches to the
treatment of GERD have recently become available for 
clinical use. One utilizes a suturing system attached to the
tip of the endoscope, the second delivers thermocouple-
controlled radiofrequency energy to the region of the 
gastro-oesophageal junction via a bougie catheter delivery
system, and the third method involves the endoscopic
implantation of a biocompatible non-biodegradable liquid
polymer to the same region. Preliminary studies have
demonstrated encouraging results for all three techniques
[86–88]. Where these therapies will fit into the overall
treatment strategy remains to be determined.
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Figure 42.4 illustrates a suggested approach for managing
the patient with classic GERD symptoms. Initially, these
patients should be evaluated for the presence of alarm
symptoms. If present, further diagnostic evaluation, usually
endoscopy, is necessary. If absent, empirical therapy guided
by symptom severity should be commenced. In those who
require long-term therapy for severe symptoms, endoscopy
should be considered, even in those with good symptom
relief and without alarm symptoms, in order to evaluate 
for the presence of Barrett’s oesophagus. If the patient
responds poorly to therapy, further diagnostic testing
should be considered. In this setting, endoscopy may be
useful to evaluate for other potential aetiologies of the
symptoms and oesophageal pH testing, while on therapy,
may be useful to assess its adequacy. The management 
of oesophagitis without Barrett’s oesophagus, endoscopy-
negative GERD and Barrett’s oesophagus is based primarily
on symptom relief. Finally, at the present time, patients
with Barrett’s oesophagus should be enrolled into an endo-
scopic surveillance programme.

Practical approach to evaluation and
management

A similar approach to the management of patients with
atypical manifestations of GERD, including chest pain, 
pulmonary and ear, nose and throat symptoms, is illustrated
in Figure 42.5. Management of these conditions tends to
require higher doses of antisecretory agents for prolonged
periods of time [2]. At this time, there are insufficient 
data to declare any one approach as best. Previously, early
oesophageal pH testing, particularly in those patients 
who did not have concomitant classic GERD symptoms,
was recommended as the best initial test for identifying
abnormal oesophageal acid exposure and correlating these
symptoms with reflux episodes. However, as addressed 
earlier, several problems arise when oesophageal pH test-
ing is used to identify the potential role of reflux in patients
with suspected atypical GERD-related conditions. As a
result of the complex relationship of symptoms, presence of
GERD and causality, the use of aggressive therapeutic trials,
typically with a twice daily PPI, has been advocated to iden-
tify patients with true GERD-related atypical symptoms.
This approach has been supported by recent reports 
suggesting that an empirical trial of a twice daily PPI for 
2–3 months may be more cost-effective than early testing
[29,89]. If no response is seen after this extended thera-
peutic trial, oesophageal pH testing, while on therapy, is 
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Classical GERD symptoms

Alarm symptoms present
Yes

Endoscopy

Normal

Symptom-
based

therapy*

Oesophagitis

Long-term
therapy
with PPI 

Peptic
stricture

Dilation as
needed;

long-term
therapy
with PPI

Barrett’s
oesophagus

Long-term
therapy
with PPI;

endoscopic
surveillance

Oesophageal
adenocarcinoma

Staging
evaluation;
treatment

Empiric therapy*

Poor response

Consider pH testing while
on medication; consider

endoscopy

Intensify therapy

Abnormal pH test Normal pH test

Consider alternative
diagnosis

Good response

Titrate maintenance
therapy; consider

endoscopy†

No

Figure 42.4 Algorithm for the acute and long-term management of the patient with classical gastro-oesophageal reflux disease
(GERD) symptoms. Alarm symptoms include dysphagia, odynophagia, weight loss and bleeding. PPI, proton pump inhibitor. 
* Guided by symptom severity. † To evaluate for Barrett’s oesophagus.
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suggested in order to assess its adequacy. For those who 
do respond, gradual titration of the therapy downward is
recommended.

GERD is a common condition with a diversity of clinical
presentations, potential for morbidity and mortality, and 
a high rate of health-care utilization. On the basis of its
pathophysiology, GERD is most appropriately considered 
to be an upper gut motility disorder. Nevertheless, it is 
acid and possibly other factors present within the gastric
refluxate that cause GERD symptoms and oesophageal
inflammation. The goals of GERD therapy are to relieve
symptoms, heal oesophagitis and prevent complications.
Acid suppression is now established as first-line therapy,
with antireflux surgery being considered in selected 
circumstances. While those with classical symptoms and 
without alarm symptoms may be treated empirically,
endoscopy may be useful to identify Barrett’s oesophagus
even in those who respond well to therapy. Atypical symp-
toms that fail to respond to PPI therapy and poorly respon-
sive classic symptoms are best evaluated by ambulatory
oesophageal pH testing while on therapy. The role of 
combined multichannel intraluminal impedance testing
with oesophageal manometry and pH testing in the evalu-
ation of oesophageal function and non-acid reflux remains
to be determined. Further study regarding the optimal cost-
effective diagnostic and therapeutic strategies in GERD 
is needed.

Conclusions
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Figure 42.5 Algorithm for the management of the patient
with suspected atypical gastro-oesophageal reflux disease
(GERD) symptoms with or without concomitant classical
GERD symptoms. * To evaluate for Barrett’s oesophagus.
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CHAPTER 43

Upper airway diseases

Maria Rappai and Richard deShazo

Histologically similar respiratory epithelium extends pos-
teriorly from the nasal septum and the lateral walls of the
nasal fossa to the nasopharynx, larynx, trachea, bronchi
and bronchioles. There is increasing evidence that the nose,
sinus and lower airway have similar physiology and func-
tion and are indeed, one airway [1]. However, for the 
purposes of discussion, we will define the upper airway as
the nose and sinuses. The clinical relationships between the
upper and lower airway will be a theme of this chapter.

Rhinosinusitis and asthma are comorbidities, linked by
epidemiological, pathological and physiological charac-
teristics and by a common classification and therapeutic
approach. Although not universally accepted, the term
‘allergic rhinobronchitis’ has been proposed to link the
association between allergic asthma and rhinitis. Some
have even suggested that asthmatic individuals are a 
subgroup of the population of patients with rhinitis [2].
Because of the impact of rhinitis on asthma, allergic rhinitis
has been reclassified to reflect the classification of asthma
(Table 43.1) [3].

Rhinitis is a common condition that may occur on an
allergic or non-allergic basis. Of all patients with rhinitis,
43% have allergic rhinitis, 23% have non-allergic rhinitis
and 34% have combinations of the two [4]. Allergic rhinitis
accounts for at least 2.5% of all physician visits; 2 million
lost school days per year, 6 million lost workdays and 
28 million restricted workdays per year. Rhinitis occurs 
in more than 75% of subjects with allergic asthma and 80%
of those with non-allergic asthma [5].

Sinusitis is the most common chronic disease in adults 
in the USA. It results from infectious and non-infectious
causes of inflammation and is almost always associated
with obstruction of the osteomeatal complex [6]. Rhino-
sinusitis is a more appropriate term than sinusitis, as sinu-
sitis is inevitably associated with coexistent rhinitis [7].

In this chapter we discuss rhinosinusitis and its relation-
ship to asthma, some other common diseases that involve
both the upper and lower airways and newer information
on the relationship between the swallowing reflex and
obstructive lung disease. 
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Table 43.1 Classification of allergic rhinitis by frequency and severity.

Frequency Severity

Intermittent Persistent Mild Moderate–severe

< 4 days/week > 4/week Absence of disruption of sleep,  Sleep disturbance, impairment of   
< 4 weeks/year > 4 week/year no impairment of school or work, daily activity, leisure and/or sport, 

daily activity, leisure or sport impairment of school and work
Troublesome symptoms

Classification of allergic rhinitis according to frequency and severity of symptoms parallels the classification of asthma. Therefore
allergic rhinitis may be mild intermittent, mild persistent, moderate intermittent, moderate persistent, severe intermittent or
severe persistent using this classification.



The nasal cavity is divided into two separate air passages 
by the nasal septum. The lateral nasal wall has three
turbinates: the superior, middle and inferior turbinates
(conchae), which divide the nasal cavity into meati. During
quiet breathing, the nasal airflow is predominantly directed
around the inferior turbinate along the floor of the nasal
cavity (Fig. 43.1). The superior meatus drains the posterior
ethmoid air cells and the sphenoid sinus. The area under
the middle meatus into which the frontal, maxillary and
anterior ethmoid drain is the osteomeatal complex. The
inferior meatus receives drainage from the nasolacrimal
duct (Fig. 43.2).

The biological function of the nose is still debated, but 
the physiology of the nose has been studied extensively.
The nose is lined by pseudostratified epithelium resting on 
a basement membrane, which separates it from deeper
(submucosal) layers. Mast cells are present in both layers.
The submucosa contains mucous, seromucous and serous
glands [8]. Small arteries, arterioles and arteriovenous

Anatomy and physiology of the nose 
and sinuses

anastamoses determine regional blood flow. Capacitance
vessels, consisting of veins and cavernous sinusoids, deter-
mine nasal patency. The sympathetic nervous system 
regulates the venous capacitance vessels. The cavernous
sinusoids lie beneath the capillaries and venules, are most
dense in the inferior and middle turbinates, and contain
smooth muscle cells that are also regulated by the sym-
pathetic nervous system. Loss of sympathetic tone or, to a
lesser degree, cholinergic stimulation causes this sinusoidal
erectile tissue to become engorged and leads to nasal obstruc-
tion. Cholinergic stimulation causes arterial dilatation and
promotes the passive diffusion of plasma proteins into
glands and the active secretion by mucous glands in cells.

The classic mediators of immediate hypersensitivity and
novel neurotransmitters, including substance P, calcitonin
gene-related peptide and vasointestinal peptide, have been
detected in nasal secretions after nasal allergen challenge 
of patients with allergic rhinitis [9]. Antidromic stimulation
of sensory nerve fibres in the nose can release a variety of
neurotransmitters including substance P, a mediator of
increased vascular permeability. Because neurotransmitters
also produce changes in regional blood flow and glandular
secretion, their role in rhinitis may be important.
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Figure 43.1 Airflow through 
the nasal air passages. Turbulence
of airflow at higher velocities of
inspiration leads to impaction of
particles in the inspired air on the
nasal mucosa. (From Howarth
[99], with permission from
Elsevier’s Health Sciences,
Philadelphia.)

Frontal sinus

Ethmoid bulla

Middle meatus

Inferior meatus

Ethmoid air cells

Olfactory cleft

Middle turbinate

Maxillary sinus

Inferior turbinate
Figure 43.2 The structure of 
the sinuses.



The upper and lower airway share common features over
and above the respiratory epithelium. This includes the
ability to entrap particles and irritants in the mucociliary
blanket and the nitric oxide system. The nasal airway and
sinuses are especially effective in warming and humidi-
fication of inspired air and serves a protective function for
the protection of the lower airway. For instance, children
with mild to moderate asthma had lower decreases in
forced expiratory volume in 1 s (FEV1) while breathing
through their nose compared with those breathing orally
during exercise [10]. The upper airway influences the
lower through the nasobronchial reflex, drainage of
inflammatory material and through systemic propagation
of mediators of nasal inflammation. The nasobronchial
reflex provides a direct pathway for interaction between
the upper and lower airway. Animal studies demonstrate
reflexes arising from nose and nasopharynx, mediated by
the afferent sensory components of the trigeminal and glos-
sopharyngeal nerves and efferent bronchoconstrictor fibres
to the vagus nerve. Human studies have shown increased
airway resistance after nasal insufflation of silica, an effect
prevented by premedication with atropine [11], bronchial
hyperresponsiveness after intranasal allergen challenge
[12] and significant falls in FEV1 after nasal insufflation of
histamine [13], further supporting the nasobronchial reflex
theory. Lower airway remodelling has also been demon-
strated in non-asthmatic patients with allergic rhinitis, 
further supporting the interaction of upper and lower 
airways [14].

Nitric oxide serves important functions in both the upper
and lower airway. These include antiviral and bacteriostatic
activity, bronchodilatory effects, vasodilatation, improve-
ment in oxygenation and modulatory effects on lower air-
way responsiveness [15]. Data on the roll and function of
nitric oxide in upper airway inflammation are conflicting.
Patients with uncontrolled asthma have increased expirat-
ory nitric oxide [16] concentrations while patients with
sinusitis have been reported to have decreased nitric oxide
concentrations [17].

Sinobronchial syndromes

The sinobronchial syndromes have simultaneous upper
and lower airway involvement and may be classified as
congenital or acquired (Table 43.2). The most recently
described syndrome is sinobronchial allergic bronchopul-
monary mycosis, the SAM syndrome [18]. This syndrome
occurs in patients with concomitant allergic fungal sinusitis
and allergic bronchopulmonary mycosis.

Mechanisms by which the upper airway
influences the lower airway

Allergic fungal sinusitis results from a hypersensitivity
response to inhaled fungal allergens in the paranasal sinuses
much like allergic bronchopulmonary mycosis. It shares
many clinical features with sarcoidosis with concomitant
upper and lower airway involvement including chronic
sinusitis, nasal polyposis, obstructive airway disease and
response to corticosteroids [19]. Both require histopatho-
logical evaluation to confirm the diagnosis.

Syndromes of rhinitis may be divided into allergic, infec-
tious, perennial non-allergic and miscellaneous categories
(Table 43.3) [20]. Allergic rhinitis should be differentiated
from other forms of rhinitis because the approach to 
management is different. A working knowledge of the
aeroallergens present in the patient’s geographical location
and the allergens in the patient’s home and work areas 
is essential in clinical differentiation of these conditions
(Table 43.4).

Allergic rhinitis

Symptoms of allergic rhinitis include paroxysms of itching
of the eyes, nose and palate, sneezing, clear rhinorrhoea
and nasal obstruction. Postnasal drip, cough, irritability,
disordered sleep and fatigue are also common [20–22].
Symptoms develop when persons inhale airborne antigens
(allergens) to which they have previously been exposed
and against which they have made immunoglobulin E (IgE)
antibodies.

Episodic allergic rhinitis results from episodic exposure 
to inhaled allergens, such as cat dander, that can provoke
acute allergic symptoms. If allergen exposure is seasonal,
and symptoms are predictable and reproducible, seasonal
allergic rhinitis may be diagnosed by the history. Perennial
allergic rhinitis is associated with nasal symptoms for more
than 2 h/day more than nine months of the year [20]. 
The latter usually reflects allergy to indoor allergens such 
as dust mites, cockroaches or animal dander, although
aeroallergens may cause perennial rhinitis in tropical or

Syndromes of rhinosinusitis
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Table 43.2 Sinobronchial syndromes.

Congenital Acquired

Cystic fibrosis Wegener granulomatosis
Kartagener syndrome Relapsing polychondritis
Immotile cilia syndrome Sarcoidosis
Young syndrome Sinobronchial allergic 

mycosis (SAM)



subtropical climates. This form is common in subtropical
regions with long pollinating seasons and ever-present
mould and dust mite allergens, and with occupational 
allergen exposure [23]. Perennial allergic rhinitis may be
difficult to distinguish from non-allergic forms and can
require diagnostic testing for accurate diagnosis.

Eleven per cent of patients with rhinitis have seasonal
symptoms, 33% have perennial symptoms with seasonal
exacerbation and 56% have perennial symptoms alone
[24,25]. Seventy eight per cent of patients with seasonal
symptoms have an apparent allergic cause, and 68% of
patients with perennial symptoms with seasonal exacerba-
tion have a probable allergic cause. Fifty per cent of patients
with rhinitis and perennial symptoms alone have allergic
rhinitis.

Immunological mechanisms of allergic 
airways disease
Allergic rhinitis has an autosomal dominant pattern of
inheritance with incomplete penetrance. Allergic indi-
viduals demonstrate physiological dominance of the Th2 
subpopulation of helper T cells in immune responses with
the production of interleukin 4 (IL-4), IL-5 and IL-13, and

other cytokines that favour the production of IgE and mast
cell dependent, eosinophil-rich, allergic inflammation [9].
Cross-linking of two or more molecules of IgE by allergen
on the mast cell surface leads to rapid degranulation and
mediator release, which occurs in a calcium-dependent
process. The stored (histamine) and generated (leukotrienes
and prostaglandins) mast cell derived mediators stimulate
epithelial cells, blood vessels, nerves and glands to cause the
clinical manifestations of allergic rhinitis and feedback to
other elements of the immune system to perpetuate the
process. Mast cells release a variety of stored mediators
immediately after exposure to allergen within minutes.
However, experimental nasal insufflation of histamine
reproduces all of the symptoms of acute allergic rhinitis.
Generated mediators are released 6–8 h later and pro-
duce a second wave of symptoms and an eosinophil-rich
inflammatory response called the late phase allergic reac-
tion (Fig. 43.3).

The inflammatory response noted in the mucosa of
patients with allergic rhinitis is often present in the sinuses,
even when symptoms are not present [9]. The ethmoid
sinus appears to have a higher expression of RNA for 
IL-4 than the maxillary sinus, thus promoting eosinophil
infiltration by increased expression of endothelial VCAM-1
in such subjects. The final common pathway by which
allergic inflammation causes symptoms of rhinosinusitis is
the production of mucosal oedema and hypertrophy and
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Table 43.3 Classification of rhinitis.

Allergic rhinitis
seasonal
perennial
occupational
episodic

Infectious rhinitis
Acute: viral, bacterial
Chronic: bacterial, fungal, associated with 

immunodeficiency (antibody deficiency, cystic fibrosis, 
ciliary abnormalities, etc.)

Perennial non-allergic rhinitis
eosinophilic forms

non-allergic rhinitis with nasal eosinophilia (NARES)
non-allergic rhinitis with blood eosinophilia (BENARS)

non-eosinophilic forms
Idiopathic: vasomotor rhinitis
Hormonal: pregnancy, hypothyroidism, oestrogen 

replacement treatment
Drug-induced: associated with aspirin respiratory 

sensitivity, rhinitis medicamentosa (vasoconstrictor 
nose sprays), antihypertensives, antidepressants

Food associated: gustatory, immunoglobulin E-mediated
Atrophic rhinitis (Klebsiella ozaenae), post-surgical
Mechanical: hypertrophied turbinates, deviated nasal 

septum, foreign body, nasal polyps
Granulomatous: Wegener granulomatosis, sarcoidosis, 

midline granuloma

Table 43.4 Allergens commonly associated with allergic
rhinitis.

Allergen Season Examples

Seasonal aeroallergens (outdoor)
Weed pollen Fall Ragweed
Grass pollen Late spring Rye, Bermuda, Bahia, 

Johnson
Tree pollen Spring Mountain cedar, Elm, 

Oak, Birch
Mould spores Spring and Alternaria,

summer Cladosporium sp.

Perennial allergens (indoor)
Insects
House dust mite Dermatophagoides farinae,

D. pteronyssinus

Cockroach
Pets Cat saliva, rat urine
Moulds Aspergillum and

Penicillium sp.

Occupational
Latex
Laboratory animals



increased mucous production resulting in obstruction to air
flow. In the sinuses, this often obstructs the osteomeatal
complex and disables mucociliary clearance mechanisms
(Fig. 43.4) and sinusitis occurs.

Risk factors
A host of risk factors for allergic rhinitis have been
identified [26]. These include a family history of atopy,
male sex, birth during the pollen season, firstborn status,
early introduction of formula and food, early use of anti-
biotics, maternal smoking exposure in the first year of life,
exposure to indoor allergens such as animal dander, a
serum IgE of more than 100 IU/mL before age 6 and the
presence of allergen-specific IgE. Cord blood mononuclear
cells of infants who subsequently develop allergic diseases
in the first year of life secrete lower levels of γ-interferon,
when compared with those who do not. γ-Interferon
inhibits the expansion of Th2 lymphocytes and thereby 
limits production of IgE. There is some evidence that 
allergic diseases result from specific genetic abnormalities 
of normal γ-interferon production [27].
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Figure 43.3 Pathophysiology
of the allergic rhinitis. GM-CSF,
granulocyte-macrophage
colony-stimulating factor; 
IgE, immunoglobulin E; 
IgM, immunoglobulin M; 
IL-4, interleukin 4; IL-5,
interleukin 5; IL-9, interleukin 9,
IL-13, interleukin 13; 
LTB4, leukotriene B4;
LTC4, cysteinyl leukotriene;
MHC-Ag, major
histocompatibility complex
antigen; PAF, platelet activating
factor; PGD2, prostaglandin D2;
TCR, T-cell receptor; 
TNF-α, tumour necrosis factor α.
(From deShazo [100], with
permission from Elsevier’s Health
Sciences, Philadelphia.)

Orbit

Frontal lobe

Frontal sinus

Osteomeatal
complex

Middle
turbinate

Haller cell

Maxillary
sinus

Inferior
turbinate
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Signs and symptoms
Patients with allergic rhinitis most often complain of nasal
pruritus and rhinorrhoea while patients with non-allergic
rhinitis complain more of nasal obstruction. In univariant
statistical analysis, purulent rhinorrhoea, purulent postnasal
drip and pain in a maxillary tooth are the only features of
the history that have a high sensitivity and specificity for
culture-proven rhinosinusitis [28].

In patients with active rhinitis, application of a topical
decongestant spray (oxymetazoline) is often required in
order to visualize the nasal mucosa well. The pale blue–grey
mucosa common in seasonal allergic rhinitis contrasts to
the boggy red mucosa often present with non-allergic 
rhinitis. In patients older than 5 years, flexible fibreoptic
rhinoscopy may facilitate examination. It allows inspection
of the nasal cavity for septal deviation or other anatomical
abnormalities, the inspection of middle meatus to exclude
purulent discharge associated with sinusitis, and the detec-
tion of polyps, tumours or foreign bodies.

Diagnosis
The diagnosis of allergic rhinitis is made on clinical grounds
by the history, the presence of the symptoms and signs and
the detection of allergen-specific IgE by skin tests or in vitro
methods. In the most severe cases, there is intense nasal
itching associated with nose rubbing, excoriation of the
external nares, pushing the tip of the nose up with the hand
(the allergic salute) and a transverse nasal crease [29]. Both
infraorbital oedema and darkening resulting from sub-
cutaneous venodilatation (allergic shiners) and accentuated
lines or folds below the lower lids (Denie–Morgan lines)
suggest concomitant allergic conjunctivitis. While adults
and older children frequently blow clear mucus from their
noses, young children have persistent rhinorrhoea and
often snort, sniff, cough and clear their throats. Some
scratch their itchy palates with their tongues producing a
clicking sound (palatal click). Clear rhinorrhoea may be vis-
ible anteriorly or, with nasal obstruction, dripping down a
posterior pharynx that resembles cobblestones and reflects
lymphoid hyperplasia. Giemsa or Hansel’s stains of these
nasal secretions show cell populations to be predominately
eosinophils. A highly arched palate, mouth breathing and
dental malocclusion are common, especially in children.
Symptoms are reproducible on exposure to allergens to
which the patient has been sensitized. Most patients have
strong family histories of allergic disease.

Allergen-specific IgE may be demonstrated by immedi-
ate hypersensitivity skin tests using commercial allergic
extracts or in vitro assays such as the radioallergoabsorbent
test (RAST). Sensitization may occur at allergen levels
below those that provoke symptoms. Positive tests indicate
sensitization but not necessarily allergy, as symptoms do
not always occur on re-exposure to allergens causing 

sensitization to allergen [20]. For research purposes, allergic
rhinitis may be diagnosed with standardized nasal provoca-
tion tests using allergen to which the patient has specific
IgE. Because such large numbers of patients with allergic
rhinitis have an additional non-allergic contribution to
their allergic rhinitis (mixed rhinitis), increasing attention
has been focused on syndromes of non-allergic rhinitis
[30]. Fortunately, topical nasal steroids [31] and topical
antihistamines (e.g. azelastine) have been shown to be
effective in the treatment of both allergic and perennial
non-allergic rhinitis in controlled trials [32]. Thus, a posi-
tive response to a therapeutic trial of either does not estab-
lish a diagnosis of allergic rhinitis.

Perennial non-allergic rhinitis may be subdivided into
eosinophilic and non-eosinophilic forms. Non-allergic
rhinitis with nasal eosinophilia syndrome (NARES) occurs
in as many as 15% of patients with rhinitis and is charac-
terized by perennial symptoms, an older average age than
in patients with allergic rhinitis (39 versus 25 years), and
milder symptoms of nasal itching and sneezing [33]. The
clear nasal secretions contain more than 25% eosinophils,
but the role of eosinophils in the disorder is unclear. Fifty
per cent of patients with NARES have sinusitis, 33% have
nasal polyps and 14% have asthma. IgE to inhalant aller-
gens is usually absent but anaphylactoid reactions to aspirin
may occur. Blood eosinophilia–non-allergic rhinitis syn-
drome (BENARS) is a variant of NARES [25].

Patients with vasomotor rhinitis complain of chronic
nasal congestion intensified by rapid changes in tempera-
ture and relative humidity, odours or alcohol. A hyper-
secretory variant with persistent rhinorrhoea exists [25].
Several lines of evidence suggest that patients have nasal
autonomic nervous system dysfunction [34]. They have 
little nasal itching or sneezing, but headaches, anosmia 
and sinusitis are common. A family history of allergy or
allergic symptom triggers is uncommon. Positive immedi-
ate hypersensitivity skin tests to inhalant allergens and
nasal eosinophilia are unusual.

Atrophic rhinitis is a syndrome of progressive atrophy 
of the nasal mucosa in elderly patients who report chronic
nasal congestion and constantly perceive a bad odour.
Mucosal colonization with Klebsiella ozaenae has been asso-
ciated with this condition. This condition also occurs in
patients who have undergone multiple sinus surgeries and
lose normal mucosal ciliary function. Rhinitis medica-
mentosa is a complication of chronic use of vasoconstrictor
nasal sprays or intranasal cocaine abuse. Chronic nasal
obstruction and nasal inflammation develop and are mani-
fested as swollen, beefy red nasal membranes on physical 
examination.

Rhinitis of pregnancy and rhinitis associated with birth
control pills or hypothyroidism reflect nasal obstruction
that occurs because of the influence of hormones. Nasal
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obstruction may also be a side-effect of antihypertensive
drugs. Unilateral rhinitis or nasal polyps are uncommon in
uncomplicated allergic rhinitis. Unilateral rhinitis suggests
the possibility of nasal obstruction by a foreign body,
tumour or polyp.

The presence of nasal polyps suggests NARES, chronic
bacterial sinusitis, allergic fungal sinusitis, aspirin hyper-
sensitivity, cystic fibrosis or primary ciliary dyskinesia
(immotile cilia syndrome). Prolonged use of neuroleptics,
certain antihypertensives including β-blockers, anti-
convulsants and some antidepressants may also contribute
to rhinitis syndromes.

Sinusitis

Sinusitis is inflammation of one or more of the para-
nasal sinuses. Acute sinusitis is defined as the presence of
symptoms for less than 4 weeks’ duration, subacute for
4–12 weeks and chronic as the presence of symptoms 
for longer than 12 weeks. Recurrent sinusitis refers to re-
peated episodes of acute sinusitis three times or more per
year [35].

Sinusitis remains a clinical diagnosis and there is no con-
sensus on diagnostic criteria, classification or treatment.
Sinus aspiration with culture is the gold standard for diag-
nosis of bacterial sinusitis, but is impractical. Aspiration 
can be associated with complications and without biopsy,
lavage or special culture technique does not exclude viral or
non-infectious inflammatory mechanisms such as Wegener
granulomatosis. Computed tomography (CT) imaging is
useful in following chronic sinusitis, but has a high false-

positive rate in acute sinusitis [36]. Rhinoscopy with sterile
antral aspiration and culture has promise as a diagnostic
technique, but requires further evaluation [37]. Moreover,
not all sinusitis is bacterial.

Acute sinusitis is more often associated with purulent
nasal discharge or postnasal drip, fever or facial pain.
Chronic sinusitis is associated with anosmia, fatigue, facial
fullness, persistent halitosis, exacerbation of asthma or no
obvious symptoms [38]. Nasal smears show sheets of poly-
morphonuclear cells and bacteria. When air fluid levels are
present (acute sinusitis) or mucosal thickening is greater
than 8 mm (chronic sinusitis), plain X-rays of the sinus cor-
relate with antral punctures confirming bacterial infection;
sinus opacification is seen with either [39]. This correlation
is clinically useful in children over 1 year of age, although
less so in adults. Unfortunately, plain X-rays provide little
detail of the osteomeatal complex, obstruction of which is
usually the root cause of the problem. Limited (coronal) CT
studies of the sinuses provide more information, less radi-
ation and generally cost no more than a standard series 
of plain films [40]. Cautious interpretation of sinus CT is
required as temporary opacificiation of the sinuses and
obstruction of the osteomeatal complex are common with
upper respiratory tract infections (Fig. 43.5) [41].

Most sinusitis, including non-allergic sinusitis, is asso-
ciated with mucosal eosinophilia of varying degrees. The
syndrome of chronic nasal polyposis, aspirin intolerance,
asthma and (sinusitis) is called Samter’s triad (Tetrad) and
usually occurs in individuals with no identifiable allergic
sensitivity.

Some investigators have suggested that chronic fungal
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(a) (b)

Figure 43.5 Sinus computed tomography (CT). (a) Coronal CT of the paranasal sinuses in patient with rhinosinusitis
demonstrating diffuse mucoperiosteal thickening with opacification of the right maxillary sinus. (b) CT of the same patient after
6-week trial of topical corticosteroids and antihistamines, showing near-complete resolution of the mucoperiosteal thickening.
(From Orlandi and Kennedy [102], with permission from Lippincott-Raven Publishers, Philadelphia.)



infection may be the underlying cause of all chronic rhino-
sinusitis, a hypothesis not supported by available data.

Rhinosinusitis and other conditions
Although allergic rhinitis has not been shown to cause
asthma, there is evidence for a causal association (Table
43.5). Conditions commonly associated with rhinosinusitis
include asthma, nasal polyposis, lower respiratory tract
infection, dental malocclusion, sleep disorders [30,42] and
anosmia. Allergic rhinitis is strongly associated and is a con-
tributing factor to eustachian tube dysfunction causing con-
comitant serous and acute otitis media [43]. Allergic rhinitis
often occurs concomitantly with other common allergic
conditions, including allergic conjunctivitis, allergic asthma
and atopic dermatitis (eczema). Twenty-eight to 50% of
patients with asthma and up to 30% with eczema have
allergic rhinitis. The genetic predisposition to develop these
conditions has been termed ‘atopy’ and patients who have
them are often called ‘atopic’.

Rhinosinusitis and asthma
Non-specific bronchial hyperreactivity on bronchial chal-
lenge with methacholine, histamine or cold air is present 
in individuals with allergic rhinitis with no symptoms of
asthma and normal spirometry. Treatment of asthmatic
children treated with topical nasal steroids for perennial
rhinitis decreases non-specific bronchial hyperreactivity
and nocturnal asthma symptoms [26]. Several mechanisms
have been proposed to explain the association between 
rhinosinusitis and asthma:
1 Nasal inflammation causes bronchospasm via the naso-
bronchial reflex.
2 Increased expression of intracellular adhesion molecules
(ICAM-1) associated with nasal inflammation increases the

frequency of viral infections including rhinovirus which
binds directly to ICAM-1.
3 Inflammatory nasal cytokines from the nose are aspirated
into the lower airway inducing bronchial inflammation.
4 Nasal inflammation contributes to T-cell homing to the
lower respiratory tract where these lymphocytes foster
inflammation [44].
The persistent inhalation of cold dry air because of mouth
breathing may also contribute [20,45].

Acute sinus infection can worsen asthma and therapy for
sinus disease can improve asthma when the two conditions
coexist. Sinusitis is present in 40–75% of patients with
asthma. As in asthma, eosinophilic mucosal infiltration 
and deposition of major basic protein is present in chronic
sinusitis [46] and the same inflammatory mediators identi-
fied in allergic rhinitis have been identified in sinusitis. 
The cultures obtained from the maxillary sinus of asthmatic
patients with maxillary sinus radiographical abnormalities
often grow no organisms, suggesting that the eosinophilic
inflammation present may cause chronic obstruction of 
the osteomeatal complex without bacterial superinfection.
The role of the eosinophil in this process is under intense
investigation.

No clear association has been established between sinus
disease and chronic obstructive pulmonary disease (COPD).

General

The treatment of rhinosinusitis centres on decreasing nasal
inflammation and maintaining patency of the osteomeatal
complex [47]. Consensus guidelines have been published

Management of rhinosinusitis
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Table 43.5 Evidence of a causal association for allergic rhinitis asthma.

Observation References

1 Perennial rhinitis is an epidemiological risk factor for asthma 84,85
2 Increased prevalence of asthma in patients with allergic rhinitis (28–85%) 86–89
3 Increased prevalence of allergic rhinitis in patients with asthma (19–50%) 86–89
4 Increased prevalence of bronchial responsiveness in patients with allergic rhinitis 88,90

Seasonal allergic rhinitis: 11–32% out of season
48% during season

Perennial allergic rhinitis: 50%
5 Nasal allergen challenge increases bronchial hyperresponsiveness 11
6 Treatment of rhinitis with topical nasal steroids decreases bronchial hyperresponsiveness 91–93
7 Bronchial allergen challenge increases nasal inflammation 94
8 Treatment of rhinits with topical nasal steroids or antihistamines in patients with coexistent asthma decreases 91,93,95–97

asthma symptoms
9 Treatment of asthma with leukotriene inhibitors decreases symptoms of allergic rhinitis 98



for the management of allergic rhinosinusitis [20,48]. The
approach to management is based on differentiation of
allergic from non-allergic causes of rhinosinusitis. Sinusitis
should be suspected in all cases of rhinitis refractory to the
usual management. In such cases, rhinoscopy or CT should
be considered.

Treatment of non-allergic rhinitis

Because non-allergic rhinitis is usually perennial, the use of
topical nasal steroids is the treatment of choice. Although
the topical antihistamine Astelin® is effective in the treat-
ment of these conditions, oral antihistamines have little
salutory effect. Leukotriene inhibitors often improve symp-
toms in the subset of patients with nasal polyposis and
aspirin hypersensitivity and may inhibit polyp growth.

Treatment of allergic rhinitis

Allergen avoidance
The first step in the treatment of allergic rhinitis is allergen
avoidance, when possible and practical. This may be facilit-
ated by maintaining the relative humidity at 50% or less to
limit house dust mite and mould growth and avoiding
exposure to irritants such as cigarette smoke. Appropri-
ately maintained air conditioners decrease concentrations
of pollen, mould and dust mite allergens in indoor air.
Removing carpets and furry pets may diminish allergic
symptoms to house dust mite faeces. Covering mattresses,
box springs and pillows with plastic, and washing bedding
in water hotter than 54.4°C (130°F) once weekly may be
helpful although the data supporting these are limited 
and conflicting. Ordinary vacuuming and dusting has little
effect, although vacuum cleaners with high-efficiency 
particulate air (HEPA) filters may be useful [49]. HEPA air
cleaners may reduce airborne animal allergen, but are not
helpful in the reduction of dust mite allergens, which settle
too rapidly for capture. 

Pharmacological treatment of allergic rhinitis
If allergen avoidance is not adequate, drug therapy is the
next step. Corticosteroids given orally or parenterally 
abolish symptoms of allergic rhinitis, but are unacceptable
for long-term or frequent use. Topical intranasal steroid
therapy is the most effective single maintenance ther-
apy and causes few side-effects at recommended doses
(Table 43.6). Topical nasal steroids are more effective than
cromolyn, second-generation antihistamines and leuko-
triene inhibitors in treating allergic rhinitis and improve 
the symptoms of seasonal asthma in patients with con-
comitant seasonal allergic rhinitis and seasonal allergic
asthma [50,51]. Topical nasal corticosteroids are more
effective than antihistamines in reducing nasal blockage
because of their vasoconstrictor effects but are not effective
in reducing symptoms of allergic conjunctivitis. 

Antihistamines help control sneezing, rhinorrhoea and
itching associated with the early nasal reactions but may
not provide adequate relief from nasal obstruction asso-
ciated with the late phase reaction. First-generation anti-
histamines commonly produce sedation and other central
nervous system symptoms that may adversely affect 
learning in children and may cause drying of the mouth
and urinary hesitancy. Adverse effects on driving include
decreased performance on tests of divided attention, 
working memory, vigilance and speed (Table 43.7). These
effects occur less commonly with second-generation anti-
histamines other than cetirizine and azelastine [52].

Nasal decongestant sprays are not recommended in the
treatment of allergic rhinitis as tachyphylaxis develops after
3–7 days and rebound nasal congestion results. Continued
use causes rhinitis medicamentosa. They may occasionally
be helpful for periods of a week or less when used just prior
to the administration of topical nasal steroids for patients
with severe nasal obstruction.

Cromolyn and nedocromil decrease allergic inflamma-
tion by inhibiting the intermediate conductance chloride
channel pathways of mast cells, eosinophils, epithelial and
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Table 43.6 Intranasal steroids available in the USA.

Name (Trade name) Dose approved

Flunisolide (Nasalide, Nasarel) 2 sprays (50 μg) in each nostril b.i.d.–t.i.d.; max 400 μg/day
Beclometasone dipropionate 1 spray (42 μg) in each nostril b.i.d.–q.i.d.; max 336 μg/day

(Beconase, Vancenase, Beconase AQ, Vancenase AQ)
Triamcinolone acetonide (Nasacort) 2 sprays (110 μg) in each nostril once a day; max 440 μg/day
Budesonide (Rhinocort) 2 sprays (64 μg) in each nostril once a day; max 256 μg/day
Fluticasone (Flonase) 2 sprays (100 μg) in each nostril once a day; max 200 μg/day
Mometasone furoate monohydrate (Nasonex) 2 sprays (50 μg) in each nostril once a day; max unclear

b.i.d., twice daily; max, maximum; t.i.d., three times daily; q.i.d, four times daily.



endothelial cells, fibroblasts and sensory neurons [53].
They inhibit mast cell mediator release. Cromolyn but not
nedocromil is available in the USA. 

Ipratropium is more useful in non-allergic rhinitis with
predominant rhinorrhea as it does not block sneezing, 
pruritus or nasal obstruction. The positive effects of iprat-
ropium may be mediated in part by its ability to decrease
the release of substance P, a congener of atropine in a
0.03% nasal solution [54].

Antileukotrienes such as montelukast provide effects
similar to that of loratadine and has been approved for use
in allergic rhinitis. It appears to have additive benefits in the
combination with non-sedating antihistamines [55] but the
combination appears no more effective than topical nasal
steroids alone [56,57].

Allergen immunotherapy
Allergen immunotherapy involves the subcutaneous
administration of increasing doses of therapeutic vaccines
of allergens to which a patient is known to be allergic. It  is
maintained at an arbitrary ‘maintenance’ dose [58]. There
is increasing evidence that administration of allergens by the
oral route may be effective as well. A number of allergenic
vaccines have been standardized and are available in the 
USA and are dispensed as bioequivalent allergy units (BAU).

Immunotherapy should be considered when avoid-
ance of allergens and pharmacotherapy fail to resolve the
symptoms of allergic rhinitis or when pharmacotherapy
produces unacceptable side-effects or is not cost effective.
High-dose immunotherapy for allergic rhinitis has been

shown in controlled studies to relieve symptoms of allergic
rhinitis effectively [59]. It should be strongly considered 
in patients with perennial symptoms, perennial rhinitis
with seasonal exacerbations, constitutional symptoms (such
as severe fatigue) or in patients with associated sinusitis,
allergic conjunctivitis or asthma.

Immunotherapy modulates the immune response to
allergen. It decreases IL-4 and IL-5 production by CD4+ T
lymphocytes, generates IgE-modulating CD8+ T lympho-
cytes, increases allergen-blocking IgG antibodies (particularly
of the IgG 4 class) and reduces the movement into and the
number of mast cells and eosinophils in nasal inflammatory
reactions [60]. Immunotherapy blunts the seasonal rise of
allergen-specific IgE, decreases up to 75% of the release of
mast cell mediators in allergen challenge studies [61] and
the expression of messenger RNA for interferon on nasal
allergen challenge. These findings reflect a shift away from
a Th2 type response associated with allergic inflammation.
The clinical result in the inhibition of both the immediate
and late nasal allergic response increases [62,63].

Treatment of sinusitis

Treatment studies of sinusitis reflect an empirical diagnosis
and empirical treatment based on the most probable infec-
tious agents. Streptococcus pneumoniae, Moraxella catarrhalis
and Haemophilus influenzae have been associated with acute
sinusitis and most studies and suggest these organisms plus
anaerobic bacteria have been implicated in chronic sinusitis
[35]. However, the role of antibiotics in the treatment 
of clinically diagnosed acute sinusitis is not presently 
evidence-based. The choice of antibiotics is dictated by local
patterns of microbial sensitivity because antibiotic resist-
ance to these common microbes is a growing problem.

A course of appropriate antibiotic therapy for 7–10 days
for acute and 21 days for chronic allergic sinusitis plus full
dose of topical nasal corticosteroids appears appropriate.
Three to five days of a topical nasal decongestant to 
facilitate the entry of corticosteroids into the upper airway
is often helpful. Use of oral or nasal antihistamines or oral
decongestants may be useful but has not been substanti-
ated. Treatment of sinusitis should be followed by radiolo-
gical or rhinoscopic studies to establish that the infection
has been cleared and the osteomeatal complex is open.
Traditionally, patients who fail a single course of treatment
have a second prolonged course of appropriate antibiotics
and topical nasal steroids. Consultation with an otolaryn-
gologist is appropriate if infection persists. Individuals with
recurrent acute sinusitis or chronic sinusitis should receive
an allergy evaluation and be considered for immuno-
deficiency evaluation and allergen immunotherapy.

We feel that treatment of concomitant allergic inflamma-
tion in the nose and sinus is essential to successful treatment
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Table 43.7 Adverse effects of antihistamines and
decongestants.

Antihistamines Decongestants

Anticholinergic Dry mouth and eyes Urinary 
Impotence hesitancy
Urinary hesitancy Irritability
Glaucoma

Central Sedation Heachache
nervous Stimulating rare Insomnia
system (children) Nervousness

Confusion and   Nausea
cognitive impairment
in older patients

Miscellaneous Weight gain
Prolonged QT interval
Ventricular arrhythmias

Cardiovascular Palpitation
system Hypertension

Tachycardia



of sinusitis in allergic individuals. In some individuals, 
anti-inflammatory treatment alone results in radiologically
demonstrable clearing of the sinuses. However, there are
limited data to substantiate that treatment of allergic
inflammation associated with allergic sinusitis produces a
better result than treating the associated infection alone. In
a study of patients with allergic rhinosinusitis randomized
to treatment with antibiotic for 14 days versus antibiotic
with loratadine, oral corticosteroids or placebo for 28 days,
patients treated with loratadine had less nasal obstruction
and sneezing at day 28 but were otherwise similar [64]. In
another study, patients with either acute or chronic sinu-
sitis were treated with 3 weeks of antibiotics plus flunis-
olide or placebo for 7 weeks. The time to resolution of 
overall symptoms and normalization of radiological abnor-
malities in the two groups were similar although patients
receiving flunisolide had less nasal obstruction [65].

Results of treatment of coexistent rhinosinusitis
and asthma
A number of uncontrolled studies have shown that suc-
cessful medical treatment of rhinosinusitis in patients 
with coexistent asthma and rhinosinusitis is associated with
improvement of asthma [66]. The uncontrolled studies
have reported that surgical treatment of chronic sinusitis 
by functional endoscopic techniques or sphenoethmo-
idectomy improves coexistent asthma. In one such study 
of 79 patients with intractable sinusitis who had func-
tional endoscopic sinus surgery (FESS) procedures, 86%
had improvement of rhinosinusitis and 80% had improve-
ment of coexistent asthma [67].

Novel treatments for allergic rhinosinusitis

Theoretically, inhibitors of production or depletion of these
cytokines associated with allergic inflammation should
improve allergic symptoms. A recent trial of a monoclonal
antibody to IL-5 in asthmatic patients resulted in depletion
of circulating eosinophils but had no effect on bronchial
response to allergic challenge [68]. Recombinant human
monoclonal antibody to IgE (rhuMAb-E-25) binds circulat-
ing IgE and prevents the interaction of IgE with surface
receptors on mast cells. Controlled studies of anti-IgE ther-
apy have been shown to lower IgE levels, decrease early
and late phase reactions to allergen challenge, and to
improve allergen rhinitis and allergic asthma [69].

Phosphodiesterase-4 (PDE4) inhibitor agents are presently
under investigation in both allergic rhinitis and asthma. 
A recent blinded cross-over study of roflumilast has shown
favourable effects in rhinitis. The role of a PDE4 inhibitor in
asthma and COPD is also under investigation [70]. Other
therapies under consideration include tryptase inhibitors
and chemokine and adhesion receptor inhibitors [71].

The association between pulmonary parenchymal diseases,
including COPD, and oropharyngeal function is of increas-
ing interest. Swallowing is a complex physiological process
and shares a close anatomical and developmental associ-
ation with the airway and gastrointestinal tract. The swal-
lowing reflex is co-ordinated by the medulla and involves
oral preparation followed by an oral voluntary phase, 
followed by an involuntary pharyngeal and oesophageal
phase [72]. Timing and co-ordination of swallowing is 
crucial for transfer of food into the oesophagus and for air-
way protection, and involves complex interactions between 
various muscles and nerves. Both respiration and swallow-
ing are under complex voluntary and involuntary control.
Alterations in the harmonic relationship between respira-
tion and swallowing can result in dysphagia and aspiration.
Microaspiration may cause bronchoconstriction or the
introduction of bacteria into the upper airway [73].

Techniques for evaluation of swallowing

Many techniques have been used to evaluate swallowing,
so many as to suggest that present studies leave much to be
desired. The gold standard for evaluation of swallowing 
is video fluoroscopy. Quantification of pharyngeal cont-
ractile forces, incomplete upper oesophageal sphincter (UOS)
relaxation and intrabolus pressure during swallowing
requires pharyngeal and upper oesophageal manometry.
Use of manometry with video fluoroscopy is optimal for a
comprehensive approach. Manometry assesses pharyngeal
muscle contraction, UOS relaxation and relative timing 
and coordination of the pharyngeal muscles and UOS 
relaxation events [74].

Nasal endoscopy visualizes the tongue base, epiglottis,
superior pharyngeal wall and the laryngeal vestibule below
the epiglottis [73], and can also be used for the evaluation
of initiation of pharyngeal swallowing and residue if
microaspiration is suspected. Indirect signs of aspiration
include accumulated oropharyngeal secretions and dye
staining of the subglottic airway [75].

Other techniques that may be useful include:
1 air pulses to assess supraglottic and pharyngeal sensation
[76];
2 monitoring of the onset of swallowing with a submental
electromyogram (EMG) of the myohyoid–geniohyoid 
muscle complex;
3 evaluation of chewing with an EMG of the masseter
muscle [77]; and
4 oesophageal pressure manometer and inductance
plethysmography for evaluation of the relationship of swal-
lowing to respiration and respiratory effort [78].

Swallowing
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Available data on swallowing and COPD

Additional research is required to determine whether
COPD is associated with altered function of the oropharynx
leads to episodes of microaspiration and if these episodes
have a role in COPD exacerbations and lung function
decline (Table 43.8). One study demonstrated cricopharyn-
geal dysfunction in COPD patients with frequent exacerba-
tions and improvement with cricopharyngeal myotomy
[79]. Co-ordination of swallowing with the phases of respira-
tion can be altered during exacerbations in COPD patients
[80]. Patients with COPD were shown to use spontaneous
protective swallowing manoeuvres more frequently than
controls, but no increase in aspiration during stable stage of
COPD [81] was demonstrated. When present, treatment of
hiatal hernia and gastro-oesophageal reflux with fundoplica-
tion and diaphragmatic crural repair showed improvement
in cough in a group of patients with chronic bronchitis [82].
Smokers have been shown to have an increased threshold
volume for the initiating of the pharyngo-UOS contractile
reflex. Active smoking results in further increase of the
threshold volume although aspiration has not been shown
[83].

1 Inflammation in the upper airway is associated with
inflammation in the lower airway and vice versa.
2 Patients with asthma should be evaluated for coexistent
rhinosinusitis and, if present, rhinosinusitis should be
treated.
3 Topical nasal corticosteroids are the most effective drugs
for the treatment of non-infectious rhinosinusitis.

Key points

4 A few studies suggest that abnormal oropharyngeal func-
tion and swallowing may have a role in COPD.
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Table 43.8 Available studies on swallowing in COPD.

Study population Abnormality Comments Reference

Moderate–severe COPD Dysphagia, GERD,  Cricopharyngeal myotomy decreased excerbations 80
with frequent exacerbations cricopharyngeal dysfunction Medication, sex and age were confounding factors

Smokers vs non-smokers Increased threshold for Overinflation of lungs and laryngeal elevation 78
swallowing initiation in smokers may have impact on swallowing in COPD

COPD vs normal controls Swallowing is coupled with Swallowing co-ordination during exacerbation 81
expiration in normals but altered abnormal
in COPD during exacerbation

COPD vs controls COPD patients used spontaneous  No obvious aspiration noted 82
protective manoeuvres during 
swallowing

GERD, gastro-oesophageal reflux disease.
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CHAPTER 44

Acute pulmonary embolism

Victor F. Tapson

Venous thromboembolism (VTE) represents the spectrum
of disease including deep venous thrombosis (DVT) and
pulmonary embolism (PE). While other substances such as
tumour cells, fat, air and carbon dioxide can embolize to the
lung, our focus is on VTE. Issues involving the interrela-
tionship of VTE and chronic obstructive pulmonary disease
(COPD) are emphasized. 

Chronic cardiopulmonary disease, including COPD or
congestive heart failure, are often present in patients with
VTE, and the resulting reduced mobility is very likely a key
underlying predisposition. Pulmonary embolism accounts
for 100 000–200 000 deaths per year in the USA, but occurs
worldwide. Patients often present with fatal PE as the initial
presentation, and the poor sensitivity and specificity of the
history and physical examination often lead to diagnostic
and therapeutic delays. Autopsy studies emphasize the high
frequency with which PE has gone unsuspected and thus
undetected [1]. Specific risk factors are generally present 
in patients developing VTE, but the disease may appear 
to be idiopathic [2–4]. In the latter cases, an underlying
thrombophilia may be present, although yet undescribed.
Prophylaxis continues to be dramatically underutilized [3].

Over 150 years ago, Rudolf Virchow described the triad of
stasis, hypercoagulability and intimal injury, and one or
more of these is present in most all patients [5]. Deep vein
thrombi frequently originate in the calf veins and propagate
proximally before embolizing. Emboli may occasionally
originate directly from calf vein thrombi, but more than
95% of thrombi that embolize to the lungs detach from a
proximal deep vein of the lower extremities (including and
above the popliteal veins). Pulmonary embolism may ori-
ginate from an axillary subclavian source. 

When PE occurs, its physiological effect depends upon

Pathophysiology

the embolic load and the resultant cross-sectional area of
the pulmonary arterial bed that is occluded. The presence
or absence of underlying cardiopulmonary disease also
contributes. A patient with COPD and a forced expiratory
volume in 1 s (FEV1) of 30% is less likely to tolerate massive
emboli than a patient with milder disease. More than 
50% obstruction of the pulmonary arterial bed is usually
present before there is substantial elevation of the mean
pulmonary artery pressure [6]. When the extent of obstruc-
tion of the pulmonary circulation approaches 75%, the
right ventricle must generate a systolic pressure in excess 
of 50 mmHg and a mean pulmonary artery pressure of
greater than 40 mmHg to preserve pulmonary perfusion. 
A normal right ventricle is rarely able to achieve this and
hence fails. Death from PE is caused by right ventricular
failure.

COPD is a common comorbidity and/or risk factor for VTE.
In DVT-Free, a 5451 patient DVT registry, 668 (12.3%) had
COPD as a comorbid condition [3]. The risk of VTE during
acute exacerbations of COPD appears to be substantial 
[7,8]. The DVT rate in 196 COPD patients admitted to a 
respiratory intensive care unit was 10.7% but it was likely 
underestimated by the poor sensitivity of ultrasound for
asymptomatic DVT. Pulmonary embolism accounts for
approximately 10% of deaths in stable COPD patients on
chronic oxygen therapy [9]. The frequency of PE during
acute COPD exacerbations has not been evaluated by large
randomized clinical trials, but it may be as high as 29% [10].

Plasma fibrinogen increases have been reported in COPD
exacerbations [11]. The increase compared with baseline
has been shown to be significant (P = 0.001) and the in-
creased levels of fibrinogen were associated with purulent
sputum, increased cough, a higher baseline fibrinogen and

COPD and pulmonary embolism
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Table 44.2 Signs of acute pulmonary embolism. The clinical
signs listed were based upon data from the Prospective
Investigation of Pulmonary Embolism Diagnosis (PIOPED)
study [14,15] and modified from tables presented in 
Stein [16].

No previous 
All patients cardiopulmonary 
(%) disease (%)
(n = 383) (n = 117)

Tachypnoea (20/min) 73 70
Crackles 55 51
Tachycardia

(> 100/min) 30 30
Leg swelling 31 28
Loud P2 23 23
DVT 15 11
Wheezes 11 5
Diaphoresis 10 11
Temperature

(≥ 38.5°C) 7 7
Pleural rub 4 3
Fourth heart sound – 24
Third heart sound 5 3
Cyanosis 3 1
Homans’ sign 3 4
Right ventricular lift – 4

DVT, deep venous thrombosis; P2, pulmonic component of
second heart sound.

age. This correlation is not surprising but the statistical
significance does not verify that the demonstrated increase
of 0.36 g/L is clinically significant. Of interest, however, is
that plasma levels of fibrinogen increased further with
exacerbations in association with raised interleukin 6 (IL-6)
levels [11]. In view of the procoagulant effect of IL-6, it is
possible that this represents an important link to VTE.
While it seems possible that elevated levels of fibrinogen
may contribute to an increased rate of VTE, the nature of
the relationship between smoking and elevated fibrinogen
levels appears much clearer. Indeed, it would appear that
cigarette smoking is the strongest known environmental
influence on plasma fibrinogen concentration and has con-
sistently been linked to elevated plasma fibrinogen levels [12].
A dose–effect relationship between the number of cigarettes
smoked per day and plasma fibrinogen concentration has
been reported [13]. Conversely, cessation from smoking
results in a rapid reduction in plasma fibrinogen [12].

History and physical examination

The history and physical examination are insensitive and
non-specific for both DVT and PE, making the clinical diag-
nosis difficult [14,15]. Patients with lower extremity DVT
may not have erythema, warmth, pain, swelling or tender-
ness. When present, these symptoms are non-specific, but
may still merit further evaluation. Pain with dorsiflexion of
the foot (Homans’ sign) may be present in the setting of
DVT but this finding is neither sensitive nor specific. The
most common symptom of acute PE is dyspnoea which is
often sudden in onset. Pleuritic chest pain and haemoptysis
occur more commonly with pulmonary infarction resulting
from smaller, peripheral emboli. Palpitations, cough, anxi-
ety and lightheadedness are among the non-specific symp-
toms of acute PE and may result from a number of other
entities, contributing to the difficulty in making the dia-
gnosis. Syncope and/or sudden death may occur with mas-
sive PE. Tachypnoea and tachycardia are common signs 
of pulmonary embolism but are non-specific. Dyspnoea,
tachypnoea and hypoxaemia in patients with concomitant
cardiopulmonary disease (such as congestive heart failure,
pneumonia or COPD) may be caused by the underlying dis-
ease or be a result of superimposed acute PE. Symptoms
and signs consistent with PE (Tables 44.1 and 44.2) [16]
should be particularly heeded in the setting of risk factors
for VTE such as reduced mobility [17], the hospitalized
medical setting [18], trauma or the postoperative state
[19,20], concomitant malignancy [21], recent prolonged
travel [22] or pregnancy [23].

Clinical manifestations of venous
thromboembolism
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Table 44.1 Sympoms of acute pulmonary embolism. 
The symptoms listed were based upon data from the
Prospective Investigation of Pulmonary Embolism 
Diagnosis (PIOPED) study [14,15] and modified from 
tables presented in Stein [16].

No previous 
cardiopulmonary

All patients (%) disease (%)
(n = 383) (n = 117)

Dyspnoea 78 73
Pleuritic chest pain 59 66
Cough 43 37
Leg pain 27 26
Haemoptysis 16 13
Palpitations 13 10
Wheezing 14 9
Angina-like pain 6 4



Laboratory tests and electrocardiography

Hypoxaemia is common in acute PE. Some individuals, par-
ticularly young patients without underlying lung disease,
may have a normal arterial oxygen tension (PaO2) and even
rarely a normal alveolar–arterial difference [14,15].

The diagnostic utility of plasma measurements of circu-
lating D-dimer (a specific derivative of cross-linked fibrin) in
patients with acute PE has been extensively evaluated
[24,25]. A normal enzyme-linked immunosorbent assay
(ELISA) appears sensitive in excluding PE, particularly
when the clinical suspicion is relatively low. A D-dimer level
of 500 μg/L or greater may have a sensitivity for PE as high
as 96–98% but the specificity is much lower. A positive 
D-dimer test means that DVT or PE is possible, but it is by 
no means proof. Similarly, while a negative D-dimer may
strongly suggest that VTE is absent, a high clinical suspicion
should not be ignored. 

The use of clinical probability scores based upon simple
clinical parameters have been used together with a negative
D-dimer to help exclude PE. In a recent prospective clinical
trial, the SimpliRed D-dimer test (a rapid red blood cell
agglutination D-dimer assay) was used together with simple
scoring parameters readily available in the emergency
department [25]. Of the 437 patients with a negative D-
dimer result and low clinical probability in this study, only
one developed PE during follow-up (Table 44.3).

Both cardiac troponin T and troponin I levels have been
found to be elevated in acute PE [26,27]. This enzyme is
specific for cardiac myocyte damage, and the right ventricle
appears to be the source of the enzyme elevation in acute
PE and, in particular, in more massive embolism in which
myocyte injury resulting from right ventricular strain might
be expected. Troponin levels cannot, however, be used like
D-dimer testing; they are not sensitive enough to rule out
PE when clinical suspicion is relatively low without addi-
tional diagnostic testing. Brain natriuretic peptide levels
may be increased in acute PE. Preliminary data suggest that
elevated levels may predict or indicate right ventricular
dysfunction in acute PE [28]. While electrocardiographic
findings are present in the majority of patients with acute
PE, they are non-specific. Only one-third of patients with
massive or submassive emboli have manifestations of acute
cor pulmonale such as the S1–Q3–T3 pattern, right bundle
branch block, P-wave pulmonale or right axis deviation
[15].

Chest radiography

The chest radiograph is often abnormal but is nearly always
non-specific in acute PE. Atelectasis, pleural effusion, 
pulmonary infiltrates and mild elevation of a hemi-
diaphragm may be present [15]. Findings of pulmonary

infarction such as Hampton’s hump or decreased vascularity
(Westermark’s sign) are suggestive, but uncommon. A 
normal chest radiograph in the setting of severe dyspnoea
and hypoxaemia without evidence of bronchospasm or
anatomical cardiac shunt is strongly suggestive of PE.
Neither symptoms, signs, radiographical findings, electro-
cardiography nor the plasma D-dimer measurement can 
be considered diagnostic of DVT or PE. When suspected,
further evaluation is necessary. 

Deep venous thrombosis

While venography has been the time-honoured gold stand-
ard test, ultrasound has a sensitivity of greater than 90% 
in the setting of symptomatic DVT and is by far the most
common technique utilized for suspected DVT. Magnetic
resonance imaging (MRI) has proven extremely sensitive
for both acute and chronic DVT, although it is generally not
necessary [29]. It is very reasonable to consider MRI in the

Specific radiographical imaging for
venous thromboembolism

530 CHAPTER 44

Table 44.3 Determining pretest probability of acute
pulmonary embolism using point system and D-dimer
result [25].

Variable Points

DVT symptoms/signs 3.0
PE as or more likely* 3.0
HR > 100 beats/min 1.5
Immobilization/surgery† 1.5
Previous DVT or PE 1.5
Haemoptysis 1.0
Malignancy 1.0

Total score Pretest probability‡

< 2.0 Low
2.0–6.0 Moderate
> 6.0 High

DVT, deep venous thrombosis; HR, heart rate; PE, pulmonary
embolism.
* PE as likely or more likely than an alternative diagnosis.
Physicians were told to use clinical information, along with
chest radiography, electrocardiography and laboratory tests.
† If in previous 4 weeks.
‡ Of the 437 patients with a negative D-dimer result and low
clinical probability, only one developed PE during follow-up;
thus, the negative predictive value for the combined strategy
of using the clinical model with D-dimer testing in these
patients was 99.5%.



setting of suspected DVT when ultrasound cannot be 
effectively utilized. A major limitation of ultrasound is its
reduced sensitivity in the setting of asymptomatic DVT.
Thus, it is not generally used as a screening test. 

Pulmonary embolism

The ventilation–perfusion (V/Q) scan had historically been
the most common diagnostic test utilized when PE was 
suspected. A normal perfusion scan rules out the diagnosis
with a high enough degree of certainty that further diag-
nostic evaluation is almost never necessary [30]. Low or
intermediate probability (non-diagnostic) scans are com-
monly found with PE and in such situations further evalu-
ation with pulmonary arteriography is often appropriate. 
In the Prospective Investigation of Pulmonary Embolism
Diagnosis (PIOPED) when the clinical suspicion of PE was
considered very high, it was present in 96% of patients with
high probability scans, 66% of patients with intermediate
scans and 40% of patients with low probability scans [14].
The diagnosis of PE should be rigorously pursued even
when the lung scan is low or intermediate probability if the
clinical setting strongly suggests the diagnosis.

Pulmonary arteriography remains the accepted gold
standard technique for the diagnosis of acute PE. It is an
extremely sensitive, specific and safe test [31]. Complica-
tions of pulmonary arteriography among 1111 patients 
suspected of PE in the PIOPED included death in 0.5% 
and major non-fatal complications in 1% [14]. It is utilized
when PE must be diagnosed or excluded, but preliminary
testing has been non-diagnostic. It is being used less fre-
quently as CT has increasingly been employed.

Spiral computed tomography (CT) scanning is replacing
V/Q at many centres. Some clinical trials have suggested
very good sensitivity and specificity but others have been
less favourable. Retrospective reconstructions can be per-
formed. A contrast bolus is required for imaging of the pul-
monary vasculature. A number of clinical trials have been
conducted with somewhat variable sensitivity, and a recent
large prospective Swiss study revealed a sensitivity of 70%,
suggesting that a negative CT scan may not absolutely rule
out smaller emboli [32]. Data from a large multicentre trial
(PIOPED II) in the USA and Canada comparing CT (chest
and legs) with V/Q scanning is currently being analysed.
Spiral CT has the greatest sensitivity for emboli in the main,
lobar or segmental pulmonary arteries. For subsegmental
emboli, spiral CT appears less accurate. The outcome of
selected patients with a negative CT in the setting of sus-
pected PE appears to be good in published trials thus far [33].
An advantage of spiral CT over V/Q scanning and arterio-
graphy includes the ability to define non-vascular struc-
tures such as lymphadenopathy, lung tumours, emphysema
and other parenchymal abnormalities as well as pleural and

pericardial disease. Patients with significant renal insufficiency
cannot be scanned without risk of renal failure.

Magnetic resonance imaging has been utilized to evalu-
ate clinically suspected PE but at present the excellent 
sensitivity and specificity for the diagnosis of DVT is the
main advantage of MRI in this disease process [29,34].

Echocardiography in acute pulmonary embolism

Echocardiography can often be obtained more rapidly 
than other diagnostic tests and may reveal findings that
strongly support haemodynamically significant PE [35].
Unfortunately, because these patients often have under-
lying cardiopulmonary disease such as COPD, neither right
ventricular dilatation nor hypokinesis can be reliably used
even as indirect evidence of PE in such settings. In the 
setting of documented acute PE, echocardiographical evid-
ence of right ventricular dysfunction has been suggested as
a means by which to determine the need for thrombolytic
therapy [36]. Such cases need to be individualized and
severe right ventricular dysfunction should lower the
threshold for thrombolytic therapy once contraindications
have been considered. Intravascular ultrasound imaging
has been shown in both the experimental and clinical 
setting to image large emboli adequately and may be 
performed at the bedside [37]. Published guidelines are
available for the diagnostic approach to acute PE, and these
suggest that clinicians need to be given a certain degree of
flexibility in this regard [38].

Options for therapy of acute DVT and PE have evolved con-
siderably over the past decade. Each approach has specific
indications as well as advantages and disadvantages.

Heparin and low molecular weight heparin

Unfractionated heparin and low molecular weight heparin
(LMWH) exert a prompt antithrombotic effect by accelerat-
ing the action of antithrombin III, preventing thrombus
extension. These drugs do not directly lyse thrombus or
emboli, but enable the fibrinolytic system to proceed un-
opposed and more readily reduce the size of the throm-
boembolic burden. There are substantial advantages of
LMWH preparations over unfractionated heparin [39,40]
and, because of these, use of the latter has decreased.

When VTE is strongly suspected, anticoagulation should
be promptly initiated unless there are contraindications.
Confirmatory diagnostic testing should soon follow. When
standard unfractionated intravenous heparin is initiated,
the activated partial thromboplastin time (APTT) should 

Treatment
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be followed at 6-h intervals until it is consistently in the
therapeutic range of 1.5–2.0 times control values, corres-
ponding to a heparin level of 0.2–0.4 U/mL as measured by
protamine sulphate titration. Achieving a therapeutic APTT
within 24 h after the onset of treatment of PE has been
shown to reduce the recurrence rate. Heparin can be
administered as an intravenous bolus of 5000 units followed
by a maintenance dose of at least 30 000–40 000 units per
24 h by continuous infusion [41]. The lower dose is admin-
istered if the patient is considered at high risk for bleeding.
At least 5 days of intravenous heparin or LMWH overlap with
warfarin is recommended. Heparin should be maintained 
at a therapeutic level until two consecutive therapeutic
international normalized ratio (INR) values of 2.0–3.0 have
been documented at least 24 h apart (Table 44.4).

The LMWH preparations have tremendous advantages
over unfractionated heparin and have dramatically changed
treatment of thromboembolic disease. Greater bioavailab-

ility of the LMWH than standard heparin (with more pre-
dictable dosing) [39,40], the lack of need for an intravenous
infusion (all indications are once or twice daily by the sub-
cutaneous route) and the lack of need for monitoring of 
the APTT are among the important differences. The re-
duced frequency of heparin-induced thrombocytopenia
with LMWH relative to unfractionated heparin is a very com-
pelling reason to use LMWH instead of the latter whenever
possible. A number of clinical trials as well as meta-analyses
have strongly suggested the efficacy and safety of LMWH
for treatment of established acute proximal DVT using
recurrent symptomatic VTE as the primary outcome meas-
ure [42–45]. The incidence of DVT and recurrent bleeding
in these trials indicate that LMWH preparations are at least
as effective and as safe as unfractionated heparin. Meta-
analytic data suggest that the use of LMWH might reduce
bleeding as well as mortality compared with unfractionated
heparin for treatment of established proximal DVT [44,45].

Anti-factor Xa levels appear reasonable to monitor in 
certain settings such as in morbidly obese patients, very
small patients (less than 40 kg), pregnant patients and those
with renal insufficiency. Because these drugs are renally
metabolized, monitoring is important, particularly when
the creatinine clearance less than 30 mL/min. With severe
renal insufficiency, standard heparin should be considered.
There is not clear agreement on a weight limit above which
LMWH should not be used, but some feel that an upper 
limit of approximately 120–150 kg is reasonable, with intra-
venous standard heparin being used in larger patients. It is
unnecessary to monitor other patients with anti-factor Xa
levels. One LMWH, enoxaparin, now has specific recom-
mendations for therapy when the creatinine clearance is
below 30 mL/min. The dose is changed from 1 mg/kg every
12 h to 1 mg/kg once daily. Unfractionated heparin should
be used when there are rapid, significant changes in renal
function.

In the USA, at the present time, two LMWH preparations
(enoxaparin and tinzaparin) are FDA-approved for use to
treat patients presenting with DVT with or without acute
PE. The most widely used LMWH, enoxaparin, is approved
for both inpatient and outpatient use at a dose of 1 mg/kg
subcutaneously every 12 h, or at 1.5 mg/kg once daily for
inpatient use. Outpatient therapy is increasing and has
proven safe in selected patients [46,47]. There is also ex-
perience with LMWH for treatment of patients presenting 
with PE [43]. Recently, the pentasaccharide (‘ultra-low
molecular weight heparin’), fondaparinux, has been
approved for use in patients with acute DVT and PE [48]. It
should be noted that the prophylactic doses of these agents
differ from the doses used for treating active disease. The
characteristics of LMWH compared with standard unfrac-
tionated heparin are shown in Table 44.5.

Documented proximal DVT or PE should be treated for
3–6 months. Treatment over a more extended interval 
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Table 44.4 Initiation of low molecular weight heparin for
therapy of acute deep venous thrombosis and/or
pulmonary embolism.

• Determine appropriateness of outpatient therapy*
• Begin LMWH by subcutaneous administration†

• Determine whether monitoring needed (extremes of
weight, renal insufficiency, pregnancy)
• Warfarin from day 1; initial dose 5–10 mg, adjust according
to INR
• Check platelet count between days 3 and 5‡

• Stop LMWH after ≥ 5 days of combined therapy, and when
INR is ≥ 2.0 for 2 consecutive days
• Anticoagulate with warfarin for ≥ 3 months (goal INR
2.0–3.0)§

DVT, deep venous thrombosis; INR, international normalized
ratio; LMWH, low molecular weight heparin; PE, pulmonary
embolism.
* Potential outpatients should be medically stable without
severely symptomatic DVT. They should be compliant,
capable of self-administration (or have a family member or
visiting nurse for administration), at low risk of bleeding and
reimbursement should be addressed. 
† Enoxaparin (Lovenox), tinzaparin (Innohep), and
fondaparinux (Arixtra), are US Food and Drug
Administration (FDA)-approved for treatment of acute
venous thromboembolism. These preparations are often used
for acute PE as well as acute DVT, and while clinical trials
support these uses, the FDA-approvals read ‘established DVT
with or without PE’ except for fondaparinux which is
approved for patients presenting with either.
‡ Heparin-induced thrombocytopenia.
§ The duration of warfarin therapy should be at least 
6–12 months in patients with idiopathic venous
thromboembolism.



is appropriate when significant risk factors persist, when
thromboembolism is idiopathic or when previous episodes
of VTE have been documented. 

Direct thrombin inhibitors

Unlike heparin and LMWH, which require antithrombin 
III as a cofactor, direct thrombin inhibitors are efficacious
against fibrin-bound thrombin. Ximelagatran, an oral direct
thrombin inhibitor, was studied extensively in hopes of
simplifying the treatment of acute VTE. The oral delivery,
rapid onset, lack of significant drug and food interactions,
and lack of need for monitoring were among the advant-
ages over warfarin. It proved effective [49,50] but several
issues prevented FDA-approval in the USA. These included
abnormal liver function tests resulting from the drug, 
and an increased incidence of rebound thrombotic events
occurring after total joint replacement. Other direct throm-
bin and direct factor-Xa inhibitors are currently being 
studied. While ximelagatran is associated with transient
elevation in hepatic transaminases between approximately
8 and 12 weeks, this is generally transient and reversible
even with continued exposure to the drug. Liver function
test monitoring will be recommended, at least temporarily.

The oral delivery, rapid onset, lack of significant drug and
food interactions, and lack of need for INR monitoring are
among the advantages over warfarin.

Heparin-induced thrombocytopenia (defined as a platelet
count less than 150 000/mm3) typically develops 5 or more
days after the initiation of heparin therapy, occurring in
approximately 5% of patients [51]. The syndrome is caused
by heparin-dependent immunoglobulin G (IgG) antibodies
that activate platelets via their Fc receptors. If a patient 
is placed on heparin for VTE and the platelet count pro-
gressively decreases to 150 000 mm3 or less or to less than
50% of the initial platelet count, heparin-induced thrombo-
cytopenia should be considered. The formation of heparin-
dependent IgG antibodies and the risk of thrombocytopenia
is lower with LMWH than with standard heparin [52].

Argatroban and lepirudin are FDA-approved for use in
the setting of VTE with heparin-induced thrombocytope-
nia. The half-life of argatroban is prolonged in patients with
hepatic dysfunction. Lepirudin is excreted by the kidneys 
so the dosage must be reduced in renal insufficiency. This
drug has a short circulating half-life of 1.3 h in patients with
normal renal function but it may be as long as 2 days in
patients with advanced renal failure. A detailed discussion
of heparin-induced thrombocytopenia is beyond the scope
of this chapter. 

Vena cava interruption

Inferior vena cava (IVC) filter placement can be performed
to prevent lower extremity thrombi from embolizing to the
lungs. The primary indications for filter placement include
contraindications to anticoagulation, recurrent embolism
while on adequate therapy and significant bleeding compli-
cations during anticoagulation [52]. Filters are sometimes
placed in the setting of massive PE when it is believed that
any further emboli might be lethal, particularly if throm-
bolytic therapy is contraindicated. Filters can be inserted 
via the jugular or femoral vein. These devices are effective
and complications including insertion-related problems and
migration are unusual. More recently, temporary filters are
being placed in patients in whom the risk of bleeding
appears short-term. Most of these devices can be removed
up to 2 weeks later, and some may remain in place even
longer with subsequent removal.

Thrombolytic therapy

Thrombolytic agents activate plasminogen to form plasmin
which then results in fibrinolysis as well as fibrinogenolysis.
These agents can dramatically accelerate clot lysis in acute
PE (and DVT) clinical trials have culminated in the approval
of streptokinase, urokinase and recombinant tissue-type
plasminogen activator (t-PA) for the treatment of massive
PE [53,54].
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Table 44.5 A comparison of low molecular weight heparin
with unfractionated heparin.

Characteristic UFH LMWH

Mean molecular 12 000–15 000 4000–6000
weight

Protein binding Substantial Minimal*
Anti-Xa activity Substantial Substantial
Anti-IIa activity Substantial Minimal
Administration Intravenous Subcutaneous

(treatment)
Administration Subcutaneous Subcutaneous

(prophylaxis)
Monitoring during aPTT every 6 h None in most 

treatment settings†

Outpatient therapy Difficult Simplified
Incidence of HIT 3–5% < 1%
Reversibility with Complete Partial

protamine

aPTT, activated partial thromboplastin time; HIT, heparin-
induced thrombocytopenia; LMWH, low molecular weight
heparin; UFH, unfractionated heparin.
* This implies significantly superior bioavailability of LMWH
relative to UFH.
† LMWH requires monitoring in renal insufficiency
(creatinine clearance < 30 mL/min), significant obesity 
(> 150 kg), very small patients (< 40 kg), and pregnant
patients. Anti-Xa levels are followed, and not the aPTT.



The clearly accepted indication for thrombolytic therapy
has been PE with haemodynamic instability (hypotension)
for the past several decades. Those with severely com-
promised oxygenation should also be considered. While
thrombolytic therapy may result in rapid improvement 
of right ventricular function in patients with acute PE, 
there has been controversy as to whether or not patients
with echocardiographic right ventricular dysfunction but
without hypotension should receive this form of treatment.
A recent clinical trial offered further evidence to support
this concept, indicating a less frequent need for escalation
of treatment when thrombolytic therapy was used in the
setting of PE with right ventricular dysfunction [55]. The
method of delivery of thrombolytic agents has also been
investigated. While standard or low-dose intrapulmonary
arterial thrombolytic infusions have been utilized in order
to deliver a high concentration of drug in close proximity 
to the clot, intravenous therapy appears adequate in most
cases [56]. More direct techniques, such as catheter-
directed administration of intraembolic thrombolytic 
therapy have been utilized in small clinical studies but the 
data are inadequate to formulate recommendations [57,58].
Evolution of interventional techniques will encourage
additional clinical trials. The use of thrombolytic therapy 
in patients with proximal occlusive DVT associated with
significant swelling and symptoms is increasing. Catheter-
directed techniques are often employed [59]. In DVT, 
such aggressive therapy with thrombolytics may reduce the
frequency of postphlebitic syndrome.

Bleeding is the primary concern with thrombolytic ther-
apy. Both lysis of haemostatic fibrin plugs and fibrinogeno-
lysis can lead to bleeding complications which commonly
occur at sites of invasive procedures such as pulmonary
arteriography or arterial line placement. Invasive proced-
ures should be minimized as much as possible. The most
devastating complication associated with thrombolytic
therapy is the development of intracranial haemorrhage
which occurs in less than 1% of patients. Retroperitoneal
haemorrhage may result from a vascular puncture above
the inguinal ligament and may be life-threatening. The
main contraindications to thrombolytic therapy include
active bleeding, surgery within the previous 1–2 weeks
(depending on specific procedure), intracranial pathology
or previous surgery. When patients appear to be at extra-
ordinary risk of rapid death from PE, clinical judgment
should be individualized with regard to contraindications.

Management of unstable haemodynamics 
in massive PE

Once massive PE associated with hypotension and/or severe
hypoxaemia is suspected, supportive treatment is immedi-
ately initiated. With hypotension intravenous saline should

be infused rapidly but cautiously because right ventricular
function is often markedly compromised. Dopamine or
noradrenaline (norepinephrine) appear to be the favoured
choices of vasoactive therapy in massive PE and should be
administered if the blood pressure is not rapidly restored
[60]. Because death in this setting results from right 
ventricular failure, dobutamine may offer benefit. A vaso-
pressor such as noradrenaline combined with dobutamine
might offer optimal results and further exploration of such
combined therapy would prove enlightening. Oxygen 
therapy is administered and thrombolytic therapy is con-
sidered as described above. Pulmonary embolectomy may
be appropriate in patients with massive embolism who can-
not receive thrombolytic therapy.

In the International Cooperative Pulmonary Embolism
Registry of 2454 patients, all consecutive patients with a
diagnosis of PE were included and PE was the principal
cause of death [61]. The 3-month mortality was 17.5%. In
the PIOPED, the mortality rate was approximately 15% but
only 10% of deaths during the first year of follow-up were
attributed to PE [14]. Mean 1 month mortality rates of
treated and untreated PE have been estimated at 8% and
30%, respectively. 

While a small percentage of patients with acute VTE will
ultimately develop chronic thromboembolic pulmonary
hypertension, most patients who survive the acute episode
have no long-term pulmonary sequelae. However, chronic
leg pain and swelling from postphlebitic syndrome may
cause significant morbidity.

Measures to prevent VTE appear to be grossly underutilized
[2,3]. A substantial reduction in the incidence of DVT can
be achieved when patients at risk receive appropriate 
prophylaxis. In one of the highest risk settings, total hip 
or knee replacement, the risk is 50% or greater without
prophylaxis. The superiority of LMWH over unfractionated
heparin has been demonstrated in these settings, and
extending the duration of prophylaxis to approximately 
1 month after surgery further reduces the DVT rate in 
total hip replacement [62]. Unfractionated heparin is not
recommended in total joint replacement.

Hospitalized general medical patients are clearly at 
risk for VTE. Anticoagulant prophylaxis should always be
strongly considered as the rate of DVT, based upon a veno-
graphic endpoint, is as high as 15% in medical patients
receiving placebo [18]. The rate of DVT, including proximal
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DVT, is statistically significantly lower when enoxaparin is
administered compared with placebo [1]. Low molecular
weight heparin (enoxaparin) has been compared directly
with subcutaneous standard heparin (5000 units every 8 h)
for medical patient prophylaxis and while clear superiority
was not proven, VTE rates were lower with enoxaparin
[63]. Although 5000 units of heparin every 12 h has been
commonly used, there are fewer data to support this 
preventive regimen in medical patients. Intermittent pneu-
matic compression devices should be utilized when phar-
macological prophylaxis is contraindicated. Both methods
combined would be reasonable in patients deemed to be at
exceptionally high risk, but an additional reduction in risk
in such patients has not been well substantiated.

The efficacy of prophylactic therapy for VTE in COPD
exacerbations has been studied, and administration of a
LMWH prompted a 45% reduction in the incidence of DVT
in acutely decompensated patients compared with placebo
in a large prospective randomized trial [64]. Other studies
have included large numbers of COPD patients and have
confirmed the efficacy of LMWH in preventing VTE in this
population [18]. A recent review has characterized the clin-
ical problem of VTE in patients undergoing acute exacerba-
tion of COPD [65].

Each hospitalized patient should be assessed for the need
for such prophylactic measures and all hospitals should
strongly consider formulating their own written guidelines
for each particular clinical setting, based upon the available
medical literature [66].
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CHAPTER 45

COPD and lung cancer

Stephen G. Spiro and Frank McCaughan

Chronic obstructive pulmonary disease and lung cancer
share a common dominant aetiological agent – tobacco
smoking. Together they contribute substantially to the 
burden of lung disease. In this chapter we explore 
the links between these two important respiratory 
diseases.

Lung cancer is now the leading cause of cancer-related
mortality in the USA, and it is estimated that it will cause
160 440 deaths in 2004 [1]. This figure amounts to more
than the estimated combined total mortality resulting from
cancers of the colon, breast, pancreas and prostate. In the
European Union (EU), lung cancer accounts for approxim-
ately 20% of all cancer deaths [2]. The age-standardized
death rate from lung cancer across the EU is 37.6/100 000.
There is a marked variation between different countries,
with the death rate in the UK approximately double that 
of Sweden. In the UK, the 1-year survival for males and
females with lung cancer is 20% compared with 79% in
prostate cancer and 92% in breast cancer. Predictions for
the future are also grim as the death rate from lung cancer is
predicted to rise significantly worldwide by 2020, particu-
larly in France and Mediterranean countries and it could
reach epidemic proportions in China and South-East Asia
[2]. The belief that the emergence of low-tar cigarettes
would lower the incidence of lung cancer has been dis-
counted [3].

COPD has been identified in a recent EU statement as a
major public health issue [4]. Many patients with lung can-
cer have coexistent COPD and there is increasing evidence
that patients with COPD are more likely to develop lung
cancer. The number of patients with both these conditions
will also rise in forthcoming years.

Epidemiology

There have been a number of observational studies report-
ing a high prevalence of COPD in patients diagnosed with
lung cancer. The criteria for diagnosing COPD have evolved
over the years, although recent guidelines have stressed the
importance of spirometry and particularly the forced expir-
atory volume in 1 s (FEV1) in making the diagnosis [5,6]. 
In one study, Tockman et al. [7] recruited male patients
from two major trials: the Intermittent Positive Pressure
Breathing (IPPB) Trial which examined the effect of this
treatment for COPD and the John Hopkins Lung Project
(JHLP) which was a lung cancer screening trial. All patients
had a screening chest radiograph at baseline that did not
reveal a lung cancer. In the IPPB Trial, 667 men aged 30–
74 years were recruited and followed for a mean of 3 years.
They all had an FEV1 of less than 60% predicted and an
FEV1 : FVC ratio of less than 60%. For the JHLP, 3728 men
aged 45 years or more with a smoking history of at least 
1 pack/day were recruited. They were followed for an 
average period of 1.2 years only. In total, 41 lung cancers
were diagnosed in this group over the follow-up period and
of these 66% had an FEV1 of less than 60% predicted. There
are some difficulties with this data. First, the 667 patients
from the IPPB trial were already selected as having at least
moderate COPD and they contributed 22 of 41 cancers.
Secondly, the follow-up period was too short to learn about
incidence cancer rates.

In another, much smaller study, Congleton and Muers
[8] recorded spirometry in 57 patients who presented with
a new diagnosis of lung cancer to a specialist clinic in a sin-
gle centre in 1 year. They found that 49% of their patients
had an FEV1 of less than 70% predicted. They further pre-
scribed bronchodilators to 15 of their patients with airflow

Prevalence of COPD in patients with 
lung cancer
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limitation and found that 8/15 had a significant (more than
15%) spirometric response and there was also an improve-
ment in breathlessness scores.

The Copenhagen City Heart Study recruited 13 946 people
between 1976 and 1978 and followed them for 10 years on
average. In total, 225 developed lung cancer of which only
seven were non-smokers. Of the 225, 52% had an FEV1

recorded at enrolment in the study of less than 80% pre-
dicted [9]. 

In a recent review of these and other relevant studies
using the then available methods of defining COPD, the
likely prevalence in patients with lung cancer was estim-
ated at between 50% and 64% [10].

The major risk factors for lung cancer are age, smoking 
history, social class and FEV1. The latter has been explored
in a number of series that have examined the risk of lung
cancer for patients with COPD. They include older series,
which used a variety of criteria for diagnosing COPD, and
more recent studies which have used spirometric criteria.
Although the results are not directly comparable, they con-
sistently report a significantly increased risk of primary lung
cancers in patients with COPD.

In a prospective population study in Renfrew and Paisley,
Scotland, the investigators enrolled 7058 men and 8353
women aged 45–64 years between 1972 and 1976 and they
were followed for at least 15 years [11]. The overall mortal-
ity was high in this cohort, mainly as a result of cardio-
vascular and respiratory disease. Subjects were stratified 
by FEV1 into quintiles. The authors reported a significant 
correlation between a low FEV1 and death from all causes.
With respect to lung cancer, in men in the lowest quintile
for relative FEV1 (which was calculated in this cohort as an
FEV1 of less than 73% predicted), the relative hazards ratio
for death from lung cancer compared with those men in the
highest FEV1 quintile was 2.53 (95% confidence interval,
1.69–2.79; P < 0.001). Despite correcting for smoking, social
class and cardiovascular risk factors, there was a highly
significant trend in both sexes for the risk of lung cancer to
increase with a lower FEV1. Furthermore, the absolute
number of patients with lung cancer may have been under-
estimated because subjects dying from other causes may
have had synchronous undiagnosed lung cancers.

A more recent study [12] used the new GOLD guidelines
to classify patients with COPD in an analysis of participants
in the First National Health and Nutrition Examination
Survey (NHANES 1). For this survey, 14 407 adults were
recruited between 1971 and 1975. The investigators applied

Increased risk of lung cancer in patients
with COPD

the GOLD spirometric criteria to the cohort who had both
participated in the cardiorespiratory survey and exam-
ination and also had respiratory function tests measured 
at entry. No subsequent spirometric data were available.
Subjects with a history of cancer were excluded. A total of
5402 subjects fulfilled the criteria for entry to the study.
(Subjects excluded because of an incomplete dataset tended
to be older and were more likely to be non-white in ethnic
origin – this group are known to have a higher incidence of
lung cancer and this was shown again by subgroup compar-
ison in this study.) The results showed that the presence 
of moderate or severe airflow obstruction (FEV1 : FVC less
than 70% and FEV1 less than 80%) in a proportional haz-
ards model adjusted for age, sex, race, education, smoking
status and duration and intensity of smoking was associ-
ated with a significantly higher risk of incident lung cancer
(hazards ratio, 2.8; 95% confidence interval, 1.8–4.4). Fur-
thermore, those subjects with moderate or severe COPD 
at the initial survey developed lung cancer after a shorter
interval (5.3 years) than those without COPD (12.4 years).
Interestingly, despite this, the age at which lung cancer was
diagnosed was higher in the COPD group. 

There are other relevant studies summarized in 
Table 45.1 [9,13–15], which also confirm that the risk of
lung cancer increases in smokers with a lower FEV1.

There are as yet no data available on whether the COPD
phenotype has an influence on the risk of developing lung
cancer.

The goal of screening for lung cancer is the detection of can-
cers at an earlier stage, leading to a curative intervention
and therefore improved lung cancer survival. To date, the
results of lung cancer randomized screening studies have
been disappointing and a recent consensus statement has
advised that there is insufficient evidence to recommend
screening for lung cancer [16]. This recommendation was
based mainly on the trials of the 1970s in which chest
radiographs and sputum cytology were used as screening
tools, although these trials have been criticized because of
methodological flaws. More recently, low-dose spiral CT
scanning (LDCT) has been evaluated as a method of detect-
ing early lung cancers [17,18]. These studies were hypo-
thesis generating and produced a prevalence of 1.8–2.8%
for lung cancers, almost all being stage 1 and adenocarcino-
mas. Two large randomized prospective studies are now in
progress in the USA:
1 The Prostate, Lung, Colon and Ovary Trial has recruited
155 000 people and divided them into two groups: control

Implications for the early detection of
lung cancer
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and screened. Those in the screened group had a chest
radiograph on entry and then annually for 2 years for non-
smokers, 3 years for smokers [19].
2 The National Lung Screening Trial is comparing screen-
ing with either LDCT or a chest radiograph in a current 
or recent ex-smoking population aged between 55 and 
74 years with a 30 pack-year smoking history [20].

The epidemiological link between COPD and lung cancer
has never been used to set eligibility criteria for a large-scale
screening trial. However, the data confirm the increased
risk of lung cancer in patients with COPD and that the risk
increases with worsening airways obstruction. It has there-
fore been proposed that screening should be targeted at a
high-risk population to include heavy smokers with docu-
mented airflow obstruction [21]. One group has published
data on screening in such a cohort with COPD and smoking
histories of 40 or more pack-years. The authors suggested
that a combination of screening modalities including 
sputum cytology, autofluorescence bronchoscopy and CT
scanning could detect lung cancer in up to 4.9% of these
high-risk patients [22]. One difficulty with this approach is
that patients with severe COPD may not be fit for surgery 
or radical radiotherapy. However, increasing emphasis is
being placed on local lung-sparing endobronchial tech-
niques such as photodynamic therapy and brachytherapy
and, secondly, the definition of ‘fitness for surgery’ with
respect to patients with lung cancer and COPD is evolving.

The simple answer is tobacco smoking. However, the bio-
logical mechanisms underlying this link are as yet unclear.
COPD is an inflammatory process and lung cancer a neo-
plastic process. Traditionally, these were thought of as dis-
tinct entities but it is becoming increasingly clear that there
is a link between inflammation and cancer, with examples
including Barratt’s oesophagus, oesophageal cancer and
genitourinary cancers as a result of chronic schistosomiasis
infection [23,24]. It is therefore possible that the epidemio-
logical link between COPD and lung cancer may be in part
explained by the link between chronic inflammation and
neoplastic transformation.

Tobacco smoke contains approximately 4000 separate
compounds of which 60 are recognized as carcinogens [25].
A number of carcinogens, notably the polycyclic aromatic
hydrocarbons and nitrosamines, have been implicated in
the pathogenesis of lung cancer. These compounds can be
metabolized to form activated derivatives that bind DNA,
forming so-called DNA adducts. Such adducts predispose 
to mutations if the normal DNA repair mechanisms are
evaded. The existing evidence in support of this mechanism
has been summarized in a recent comprehensive review
[26].

Why is there an increased risk of lung
cancer in patients with COPD?
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Table 45.1 Summary of studies describing an increased risk of lung cancer in subjects with chronic obstructive airways disease
(COPD).

RR of lung cancer (95% CI) 
Year of (adjusted for age 

Authors publication Reference Trial summary and smoking history)

Lange et al. 1990 9 Divided male (n = 6373) and female (n = 7573) FEV1 < 40%
subjects into groups based on percentage RR 3.9 (2.2, 7.2)
predicted FEV1 : FEV1 > 80%, 40–79%, < 40% FEV1 40–79%
Follow-up: average 10 years RR 2.1 (1.3, 3.4)

Kuller et al. 1990 13 Divided male smokers (n = 6075) into quintiles Lowest vs highest quintile
based on FEV1 (absolute values) RR 3.57 (0.94, 12.5)
Follow-up: average 7.5 years

Nomura et al. 1991 14 Divided male subjects (n = 6317) into quartiles Lowest vs highest quartile
based on percentage predicted FEV1 RR 2.1 (1.3, 3.5)
Follow-up: 19 years

Islam & 1994 15 Divided male (n = 1021) and female (n = 714) Lowest vs highest quartile
Schottenfeld smokers into quartiles based on percentage RR 2.7

predicted FEV1

Follow-up: 18–25 years

CI, clearance interval; FEV1, forced expiratory volume in 1 s; RR, relative risk.



A second possible mechanism of tobacco-related carcino-
genesis is oxidative damage where reactive oxygen species are
generated as a result of the free radicals present in cigarette
smoke. This has been associated both with DNA damage
and therefore possible mutagenesis; in addition, tobacco-
generated pulmonary and systemic oxidative stress is con-
sidered very important in the pathogenesis of COPD [27].

Approximately 11–24% of smokers will develop lung
cancer [28] and 15–20% of smokers will develop COPD.
The latter statistic is being revised with increasing evidence
that 50% of people who smoke for long enough will
develop COPD [29]. The determinants of the individual
susceptibility of a particular smoker to develop either of
these pathologies are unknown. For example α1-antitrypsin
deficiency predisposes to COPD; other associations have
been described between particular genes and susceptib-
ility to COPD including glutathione S-transferases and
microsomal epoxide hydrolase although results have not
been consistent, especially from different populations [29].
Glutathione transferases are involved in detoxification
including that of the activated metabolites of polycyclic
hydrocarbons responsible for DNA adduct formation. There
is also some evidence linking glutathione S-transferase
polymorphisms with lung cancer [26]. It may be that for
both conditions a polygenic inheritance including multiple
susceptible gene polymorphisms will combine to produce a
‘susceptible phenotype’.

A diagnosis of COPD can have a profound effect on the
treatment options open to any patient with lung cancer.
The primary goal of intervention is cure, but COPD may
preclude a patient from a potentially curative treatment
such as surgery or radical radiotherapy. Furthermore, 
performance status, to which COPD can be an important 
contributing factor, is a key predictor of outcome in lung
cancer of any stage. 

Surgery is the treatment modality most likely to cure lung
cancer, particularly non-small cell lung cancer (NSCLC).
Patients with lung cancer tend to be in their sixties and sev-
enties at diagnosis and often have multiple comorbidities
that render surgery hazardous. One of the most important
roles of the chest physician, as part of the multidisciplinary
team, is to help weigh the operative risk to an individual
with operable lung cancer but significant COPD. 

Preoperative assessment in patients with
lung cancer and COPD

Management of lung cancer in patients
with COPD

Spirometry, and in particular the FEV1, has been used 
as a screening test to determine if a patient has airways
obstruction severe enough to preclude pulmonary resec-
tion. There are more data available on the use of FEV1 to
predict surgical risk than any other test of respiratory physi-
ology [30]. FEV1 can be measured either in absolute terms
or as a percentage of predicted normal. Its use in three 
retrospective series in the 1970s comprising more than
2000 patients was evaluated by the British Thoracic Society
[31]. There was a surgical mortality of less than 5% for 
a lobectomy or a pneumonectomy if patients had an FEV1

of more than 1.5 or 2 L, respectively. Therefore, patients
whose FEV1 exceeds this criterion are deemed to be suitable
for surgery without requiring further evaluation. Histor-
ically, studies have quoted absolute values but it is prefer-
able if the FEV1 is expressed as a percentage of the predicted
value as this takes into account a patient’s age, gender and
height and allows more standardized comparisons between
different cohorts. The accepted recommendation is that if
the FEV1 is more than 80% predicted then a patient is fit for
a pneumonectomy [30].

Patients with severe COPD are at greater risk of perio-
perative morbidity and mortality. In such patients, invest-
igations can be used to predict the postoperative FEV1

(ppoFEV1) [30] by attempting to determine what fraction 
of currently functioning lung will remain after surgery. To
do this accurately, detailed respiratory function tests are
mandatory in conjunction with further imaging.

The calculation of the ppoFEV1 can be complicated if a
tumour partially or completely obstructs a proximal airway.
In such cases, the lung distal to the obstruction will not 
be contributing to the preoperative FEV1. However, other
patients may have a tumour in a more peripheral location
which will not influence the FEV1 to any great extent. Lung
cancer and COPD can both have a profound effect on the
relative perfusion of a pulmonary segment, lobe or a lung.
Ventilation/perfusion mismatch is well recognized in COPD
and it has been shown that obstructing tumours can cause
considerable underperfusion of the involved segment [32].
It is useful therefore to attempt to image the relative perfu-
sion to the part of the lung that is earmarked for resection.
Postoperatively the cardiac output will be channelled
through the remaining pulmonary vasculature, which 
has implications for ventilation/perfusion matching, par-
ticularly in the case of a pneumonectomy when the whole 
cardiac output suddenly perfuses one lung. This is reflected
by the increased KCO (coefficient of transfer of carbon
monoxide calculated by dividing the transfer factor of 
carbon monoxide [DLCO] by the alveolar volume [VA])
postpneumonectomy and can cause pulmonary hyper-
tension and respiratory failure if the pulmonary vasculature
bed is not sufficiently compliant.

There are different approaches to calculating the
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ppoFEV1. These utilize ventilation and perfusion scans,
quantitative CT scanning and simply counting the number of
lung segments that are to be resected as a percentage of the
remaining tissues. These methods generally arrive at similar
values [33]. The current British Thoracic Society guidelines
suggest using a perfusion scan. Recommendations [30,31]
are based on the percentage of ppo (%ppo) values for FEV1

and DLCO rather than absolute values. The commonly used
equations for calculating %ppoFEV1 are documented in
Figure 45.1.

These calculations have been validated in some studies
but others have noted that there is a tendency for the
ppoFEV1 to underestimate the actual ppoFEV1 by a factor of
up to 10%. Various authorities have advocated different
cut-off values below which an operation may be considered
high risk. A threshold ppoFEV1 of 0.8 L was suggested [34]
but, as discussed above, it is preferable to consider these
issues in terms of %ppoFEV1. A number of case series have
shown that a %ppoFEV1 of less than 40% can be associated
with a poor outcome. Markos et al. [35], in a prospective
series of 55 patients, reported that three of six patients with
a %ppoFEV1 of less than 40% died, whereas there were no
deaths in those with a value greater than 40%. Similar out-
comes using this threshold have been reported, but these
kinds of results are by no means universal. Other groups
have found that some patients with similarly poor respir-
atory function, if properly selected, can tolerate curative
lung cancer resection. Ribas et al. [36] described 65 patients
who, despite having a ppoFEV1 of less than 40%, under-
went a pneumonectomy (n = 21) or a lobectomy/wedge
resection (n = 44). Despite their significant ventilatory
impairment according to the standard criteria, only four
subjects died postoperatively (6.2%).

There are therefore some problems associated with using
the %ppoFEV1 as the main criterion for accepting or refus-
ing a patient for surgery. The first is that a diffuse interstitial
process may coexist with both COPD and lung cancer so
that in the presence of an interstitial infiltrate on a plain
chest X-ray, or if there is reported exertional breathlessness
inappropriate to the basic spirometric values, a DLCO
should be measured. Secondly, there is some evidence to
support the use of the DLCO rather than the FEV1 as the
most accurate predictor of postoperative problems. Thirdly,
many patients who have survived a lobectomy or pneu-
monectomy would have been denied surgery on the basis
of their %ppoFEV1.

Ferguson et al. [37], who retrospectively reviewed lung
function tests on 237 patients undergoing resection, ques-
tioned the reliance on basic spirometry. They found that 
a low preoperative DLCO, expressed as a percentage pre-
dicted, was a more accurate predictor of mortality than the
percentage predicted FEV1. They reported a respiratory
complication rate of 45% and a mortality of 25% with a
DLCO of less than 60% predicted. They extended these

observations in an analysis of 376 patients and identified 
a preoperative DLCO of less than 60% predicted or a
%ppoDLCO of less than 50% as the most accurate pre-
dictors of postoperative respiratory complications and
death [38].

The FEV1 and DLCO are complementary investigations
and should be considered for all candidates for surgical
resection of lung cancer. In the patients who are borderline,
it is recommended that both the %ppoFEV1 and the
%ppoDLCO are estimated. The British Thoracic Society and
the American College of Chest Physicians (ACCP) recom-
mend exercise testing if either of those values are less than
40% predicted, although the evidence for this approach is
not strong [30,31]. An algorithm for the consideration of
patients with lung cancer for lung resection has been pub-
lished by the British Thoracic Society and is reproduced in
Figure 45.1.

The aim of cardiopulmonary exercise testing (CPET) is to
calculate a subject’s maximum oxygen uptake or VO2max.
Often this technique is only available in specialized centres.
There are a number of studies that have stratified patients
according to their VO2max. It has been shown that those with
a value of more than 20 mL/kg/min are not at increased 
risk of complications or death, whereas the perioperative
mortality in those who manage less than 10 mL/kg/min 
is relatively high [30]. Morice et al. [39] showed that a 
subgroup with a %ppoFEV1 of less than 33% who managed
a VO2max of more than 15 mL/kg/min did well. Surrogate
exercise tests have been used, with those patients who
managed to climb five flights of stairs considered fit enough
for a pneumonectomy and this may be considered an 
alternative to formal exercise testing although it is poorly
standardized.

There is no predictive role for routine arterial blood gas
analysis in the preoperative assessment. 

There has been renewed interest in lung volume reduction
surgery (LVRS) over recent years. This has led to specula-
tion about the role of combined LVRS and surgical resection
of lung cancer. It has been suggested that in patients with
advanced COPD who previously would not have been 
considered for curative resection, a combined procedure
might be curative with respect to the lung cancer and yield
a secondary benefit with both functional and physiolo-
gical improvements postoperatively. In 2003, the National
Emphysema Treatment Trial study [40] reported a sig-
nificant improvement after lung resection in a highly
selected group of patients with heterogeneous emphysema
affecting the upper lobes who were severely limited by 
dyspnoea. McKenna et al. [41] have published a series 

Combined lung volume reduction surgery
and lung cancer resection
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Lung cancer resectable

No

Calculate estimated postoperative
FEV1(epoFEV1)

Calculate estimated postoperative
FEV1(epoFEV1)

Using the following equation:

If any segments obstructed use:

a = no. of obstructed segments
b = no. of unobstructed segments
to be resected

Segments as follows:

Right upper lobe 3/ middle lobe 2/
right lower lobe 5/ left upper lobe 3/
lingula 2/ left lower lobe 4

epoFEV1 = preFEV1 ×

Yes
Operable

Lobectomy (wedge resection)
Perform post-bronchodilator spirometry

FEV1 > 1.5 L?

Pneumonectomy
Perform post-bronchodilator spirometry

FEV1 > 2 L?

What is the most extensive surgery likely to be needed for cure?

(19 – segs to be removed)

epoFEV1 = preFEV1 ×
(19 – a) – b)

Perform quantative perfusion scan

19

19 – a

Using the following equation:

Perform transfer factor
SaO2 on air

Calculate estimated postoperative TLCO (epoTLCO) using the above formulae

Express absolute epoFEV1 and epoTLCO as % predicted (from table of normal values)

Allocate to ONE of the following boxes

Exercise testing required* Average risk (no further
tests required)

High risk

Refer to high risk box

High risk box

Patient is at high risk for the planned
procedure

Consider a less extensive resection

Consider radical radiotherapy

Peak AO2 < 15 mL/kg/min
Refer to high risk box

> 15 mL/kg/min
Average risk

*Note: Ideally, full cardiorespiratory exerise
testing should be performed. Although it
is not available in many district general
hospitals, these facilities are usually available
at cardiothoracic centres. If the facilities
are not readily available, consider a screening
shuttle test

Shuttle walk test (best of 2)

< 25 shuttles
or desaturation > 4%

> 25 shuttles
and < 4% desaturation

Full cardiopulmonary exercise test

epoFEV1 = preFEV1 × (1 – proportion of lung
to be resected)

No Yes
Operable

Any other
combination

%ppoFEV1 > 40%
AND

%ppoTLCO > 40%
AND

Sao2 > 90% on air

%ppoFEV1 < 40%
AND

%ppoTLCO < 40%

Figure 45.1 Guidelines on the
selection of patients with lung
cancer for surgery. (From British
Thoracic Society and Society of
Cardiothoracic Surgeons of Great
Britain and Ireland Working
Party Writing Group [31] with
permission from the BMJ
Publishing Group.)



of 325 patients who had LVRS, 51 (16%) of whom had a
pulmonary mass in addition to severe emphysema. Of these,
11 (3%) were NSCLCs (seven squamous cell carcinomas,
four adenocarcinoma). Three were referred specifically for
the combined operation and one was an incidental histo-
pathological diagnosis; therefore seven new cancers were
picked up by the preoperative CT scan in this highly
selected group. The results were impressive. There was no
perioperative mortality and there was no recurrence of lung
cancer after a follow-up period of 9 months. Furthermore,
average preoperative FEV1 was 0.65 L (range 12–29% pre-
dicted) compared with 1.08 L postoperatively and, of 11
patients, seven improved their dyspnoea score. The patients
who benefited the most were the five who had the lung
cancer in a lobe already targeted for removal at LVRS. The
technique employed to excise the cancer was a wedge resec-
tion in eight patients and a formal lobectomy in the others.

The success in selected patients of LVRS indicates that
some who were being denied curative surgery for lung 
cancer on the basis of severe COPD may have derived a
physiological and functional benefit. Edwards et al. [42]
have further explored this concept with the idea of ‘lobar
volume reduction surgery’ to remove a lobe containing a
cancer. They stratified patients on the basis of their pre-
dicted postoperative FEV1 expressed as a percentage of their
predicted value (%ppoFEV1). The cut-off chosen was 40%
based on earlier work by Markos et al. [35] who demon-
strated a mortality of 50% in those with a ppoFEV1 of less
than 40%. Edwards et al. reported a higher perioperative
mortality in the group with a ppoFEV1 of less than 40%;
two of 14 patients died as a result of postoperative pneumo-
nia and empyema. There were no deaths in the other group
(ppoFEV1 of less than 40%). However, at a median follow-
up of 12 months there was no difference in mortality
between the groups. Furthermore, there was no difference
between the pre- and postoperative FEV1 in the first group;
thus, the ppoFEV1 significantly underestimated the actual
postoperative value. The authors concluded that considera-
tion of fitness for surgery in lung cancer should acknow-
ledge the effect of lobar LVRS and that current methods of
calculation may underestimate prediction of postoperative
respiratory function and should not be clinically binding.

It must be stressed that this dual technique is only appro-
priate for a few, highly selected patients with COPD and
operable lung cancer and that an operation is more likely to
be successful if the cancer is in a part of the lung appropriate
for LVRS. However, there are reports of successful proced-
ures involving LVRS and an additional wedge resection of 
a cancer and the indications for surgery in these patients
will evolve. It will be necessary to refine current guidelines
to acknowledge both the role of surgery in patients with
heterogeneous emphysema and lung cancer and that 
preoperative predictions can underestimate postoperative

function. Each patient should be considered carefully with
a view to maximizing the number who undergo successful
curative resections for lung cancer.

In conclusion, the association of lung cancer and COPD is
substantial and their coexistence affects the management 
of lung cancer in many patients. All possible care should 
be taken in the evaluation of patients with lung cancer and
COPD to offer a potentially curative resection. The associ-
ation of these two conditions is likely to become more com-
mon as COPD is increasingly recognized and as lung cancer
rates continue to rise in many countries of the world.
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CHAPTER 46

Infection management and 
airflow obstruction

Alan M. Fein, Jill P. Karpel and Antonio Anzueto

Progression of COPD: relation to chronic
inflammation and exacerbation

Chronic obstructive pulmonary disease (COPD) is a com-
plex multifaceted disease process that continues to increase
in incidence. Currently the fourth leading cause of death in
the USA, COPD is also increasingly recognized in the devel-
oping world [1]. Conceptual definitions relevant to disease
development and exacerbation have sought to emphasize
three elements: some component of irreversible airflow
obstruction; mixed pathology involving variable degrees 
of emphysema, large and small airway and vascular injury
and remodelling; and inflammation encompassing both
large and small airways and lung parenchyma [2]. The
impact of chronic infection on damage to airways and lung
parenchyma is not well defined and it may vary in indi-
vidual patients. This may, in part, account for the myriad 
of clinical expressions of COPD.

COPD also has a systemic component that affects the
nutritional balance, body habitus, muscle strength, cogni-
tion and mood of those affected. Characteristically, during
stable periods, mediators of inflammation are increased
within the lung as measured in bronchoalveolar lavage and
breath condensate, and in the systemic circulation. Even
higher levels of these mediators are detectable during acute
periods of clinical deterioration termed acute exacerba-
tion of COPD (AECOPD). Based on these findings, current 
opinion holds that inflammation is the most important 
contributor to the pathogenesis of COPD.

As COPD progresses, it is often complicated by pulmon-
ary hypertension. Sustained elevation in pulmonary 
artery pressures is associated with increased mortality
although the impact of mild elevations in pulmonary artery

COPD: interaction of infection and
obstruction

pressures on dyspnoea and exercise performance is not
clearly defined.

Cigarette smoking and air pollution, both indoor and
outdoor, are recognized as important contributions to
COPD. However, sex, bronchial hyperresponsiveness,
genetic susceptibility, as observed in α1-antitrypsin (AAT)
deficiency and other polymorphisms identified recently
also interact to determine expression of disease. Recent
data has suggested that patients who are atopic or have 
airways hyperresponsiveness experience greater declines 
in lung function over time [3]. Asthma, particularly when
inadequately treated, is associated in some patients with
ultimately irreversible lung disease. One study correlated
duration of asthma with the degree of airflow limitation
and hyperinflation in a cohort of elderly patients [4]. In an
advanced clinical state, those problems may be indistin-
guishable from COPD in individual patients. While smok-
ing contributes to the development of COPD, nearly 10% of
patients dying of COPD are reported never to have smoked.

Other contributors thought to facilitate progression of
COPD prominently include both viral and bacterial infec-
tious agents (Table 46.1). The role of infection must be 
considered both from the perspective of disease initiation
and modification. This chapter reviews the links between
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Table 46.1 Factors resulting in progression of COPD.

1 Cigarette smoke
2 Genetic predisposition: α1-antitrypsin, possibly other
polymorphisms
3 Infection: viral/bacterial – frequency and timing of
exacerbations
4 Air pollution: indoor/atmosphere
5 Airway hyperresponsiveness/‘asthma’
6 Occupational exposure: total burden of organic and
inorganic dusts (asbestos)



infection and COPD progression, the relationship between
infection and inflammation, and strategies to prevent and
treat infection in COPD patients. The specific contribution
of AECOPD to the pathophysiology of COPD and its pro-
gression is highlighted.

COPD exacerbation

COPD is characterized by progressive decline in lung 
function over many years. Although this may be gradual,
resulting in cough, dyspnoea, mucus hypersecretion and
slowly decreasing health-related quality of life, physiological
decline may be subacute, acute or, rarely, precipitous. Until
recently, AECOPD has been only loosely defined, reflecting
its multiple putative aetiologies. It is the most common
cause of hospitalizations in patients with COPD and has
been frequently linked to acute airways infection, speci-
fically bacterial tracheobronchitis [5,6]. Many component
diseases under the COPD umbrella, including chronic bron-
chitis, emphysema, asthma and bronchiectasis, are also
punctuated by episodic acute deteriorations in pulmonary
physiological function. In this scenario, exacerbations are
associated with changes in volume and quality of phlegm,
as well as dyspnoea and systemic manifestations such as
fever and change in mental status. Hypoxaemia, hyper-
capnoea and altered mental status are associated with
severe exacerbations resulting in hospitalization [5–7].

The common clinical symptoms were used by Anthonisen
et al. [8] to develop the most used clinical classification 
of AECOPD, the ‘Winnipeg Criteria’. Patients were catego-
rized by the presence or absence of the three major clinical
symptoms: breathlessness, sputum volume and purulence.
Patients with all three symptoms were classified as type I;
those with any two as type II; and those with only one
symptom as type III. The American Thoracic Society 
and European consensus conference on standards for
COPD management developed the following definition of
AECOPD, building on previous concepts: ‘An event in 
the natural course of COPD characterized by a change in
baseline dyspnoea, cough and/or sputum beyond day to
day variability sufficient to warrant a change in manage-
ment ’. Severity was defined operationally as:
• Level I: ambulatory treatment.
• Level II: requiring hospitalization.
• Level III: acute respiratory failure.
This reflects the broad spectrum of this disease process, from
mild episodes that often go unreported to the most severe
episodes, where hospitalization and even intensive care
may be required (Table 46.2).

In the setting of respiratory failure resulting in hospital-
ization, mortality rate was 11% while in hospital, 33% at 
6 months and 43% at 1 year. In a comprehensive audit 
of outcomes of AECOPD, 14% of patients died within 

3 months of admission. Once a threshold of physiological
decline is reached exacerbations occur between two and 
four times per year. Previous exacerbation, underlying 
cardiopulmonary disease and mucus hypersecretion are
predictive of repeat exacerbations [9,10].

Colonization and infection in the lungs of 
COPD patients

Again, the underlying cause of AECOPD may be multi-
factorial, including noxious environmental exposures, and
occupational, indoor and outdoor air pollution, as well 
as structural injury to the lung, as in pneumothorax and
pulmonary thromboembolism (Table 46.3). The findings
during AECOPD of increasingly purulent sputum, within
which are found high concentrations of bacteria, suggests
but does not prove bacterial causation. Although respir-
atory infections are assumed to be mainly responsible 
for exacerbation of COPD, other considerations are also
involved.

Acute viral and bacterial infection, in the setting of 
airways already colonized with bacteria, is thought to be
the predominant mode of initiating an AECOPD. Bacterial
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Table 46.2 Definitions of COPD exacerbation.

Symptoms Change Consequence

Major Acute Level I
Sputum colour Sustained Ambulatory treatment
Sputum volume
Dyspnoea Level II

Hospital treatment

Minor
Fever Level III
Reduced exercise Respiratory failure

capacity

Table 46.3 Contributing factors in acute exacerbation
COPD.

1 Viral infection: influenze A & B, rhinovirus, coronavirus,
latent adenovirus
2 Bacterial infection: Haemophilus influenza, Streptococcus
pneumoniae, Moraxella catarrhalis, Gram-negative bacteria,
Pseudomonas aeruginosa, Enterobacteriaceae
3 Air quality, indoor and outdoor pollution: change in air
quality, biomass fuels
4 Heart failure: left ventricular, right ventricular
5 Pulmonary embolism
6 Pneumothorax



colonization of the airways is a dynamic process, which has
been correlated with the degree of airflow obstruction and 
a person’s smoking status. A vicious cycle of infection and
inflammation develops, causing acute or chronic injury 
to airways, parenchyma and vessels. Even when the 
COPD patient is stable, the infection–inflammation cycle
may contribute to progressive bronchiolitis and irreversible
airflow obstruction. Whether infection is a direct or indirect
cause of airway injury or, conversely, is facilitated by an
already compromised epithelium is not entirely certain. It is
probable that airways already damaged are more easily
infected and slower to recover than healthy ones. Bacter-
ial infection promotes mucus hypersecretion and limits
mucociliary clearance, an effect demonstrated in animal
models of airway injury by Haemophilus influenzae, Strepto-
coccus pneumoniae and Pseudomonas aeruginosa. Similarly, cell-
free supernatants, consisting of non-typable H. influenzae
and P. aeruginosa, result in ciliodyskinesia and stasis in 
isolated airway preparations. The latter may occur directly
through the actions of bacteria or indirectly through stimu-
lation of neurophil migration and release of human neutro-
phil elastase [11].

Bacterial infection itself fosters conditions that favour
persistent bacterial growth, termed colonization, and recur-
rent infection contributes to amplification of inflamma-
tion with subsequent airway and vascular remodelling.
Neutrophil defensins predispose to enhanced H. influenzae
adherence. H. influenzae has been demonstrated to localize
to ‘protected’ sites within the airway as between cells. Such
results make it unlikely that recovered bacteria are merely
innocent bystanders in this process. The interrelationship of
bacteria and viruses is also complex in the setting of COPD.

Studies utilizing quantitative bacterial cultures during
AECOPD are considered most reliable; they have shown
that as COPD becomes more advanced, bacteria are usually
recovered in sputum, whereas normal airways are usually
sterile. The stage in the natural history of COPD when 

bacteria can be recovered consistently, however, is not
specifically known. There is a relatively low frequency of
persistent colonization with potentially pathogenic bacteria
when COPD is only of mild or moderate severity. Rates of
colonization rise as disease becomes more severe. In the
most compromised patients as measured by pulmonary
function, pathogenic Gram-negative organisms are often
recovered [11–13].

Risk factors for colonization include heavy smoking
(more than 1 pack/day), current smoking, severe airflow
limitation and recurrent viral infection. In fact, isolation of
viruses, particularly influenza, has been associated with
higher rates of recovery of S. pneumoniae and H. influenzae.
Other risk factors associated with colonization include
nutritional status, alcohol use, antimicrobial treatment,
hospitalizations and steroid use (Table 46.4). In the studies
using bacterial cultures, the organisms most commonly 
isolated from patients with severe obstructive lung disease
include Enterobacteriaceae and Pseudomonas sp., Proteus
vulgaris, Serratia marcescens, Stenotrophomonas maltophilia
and Escherichia coli. In contrast, significantly larger numbers
of non-pathogenic microorganisms were isolated in the
group with forced expiratory volume in 1 s (FEV1) ≥ 50%
(Fig. 46.1). H. influenzae was cultured notably more often 
in patients who were currently smoking and P. aeruginosa
was cultured more frequently in persons with poor lung
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Table 46.4 Risk factors for bacterial colonization in COPD.

1 Recurrent viral infection, especially influenza
2 Severe COPD
3 Smoking: acuity/quantity
4 Nutritional status
5 Immunosuppression: alcohol, steroids
6 Antibiotic use
7 Hospitalization
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Figure 46.1 The relation of
pathogens isolated in patients
with COPD and the severity of
lung function (forced expiratory
volume in 1 s [FEV1]). (Reprinted
from Miravitlles et al. [15], with
permission.)



function. S. pneumoniae is a frequent isolate among groups
of all severity [14,15]. In a minority of patients with
AECOPD, atypical pathogens such as Mycoplasma pneumo-
niae and Chlamydia pneumoniae are recovered. However,
because of limitations with serological diagnosis, the true
incidence of these organisms in AECOPD is not known.
Chlamydia pneumoniae can be detected in significant num-
bers of peripheral blood mononuclear cells in patients with
stable COPD [16].

Many asthma exacerbations and approximately one-third
of COPD exacerbations are preceded by ‘colds’, presumably
representing recent acquisition of viral infection. Compared
with COPD patients with non-viral exacerbations, those
with viral exacerbations have higher symptom scores ‘espe-
cially more fever’, at the start of exacerbation and require
significantly more time (more than 50%) to resolve. ‘Cold’
symptoms occurred on average 2–3 weeks prior to exacer-
bation. Medical resource utilization increased more than
twofold in AECOPD associated with viral infection of the
airways [16,17].

Respiratory viruses were found in approximately half 
of COPD exacerbations and in three-quarters of asthmatic
exacerbations, with respiratory syncytial virus (RSV),
influenza, rhinovirus (RV) and coronavirus accounting for
almost all episodes. Coronavirus infection in humans has
been associated with wheezing and airways obstruction
even in non-asthmatic persons. Patients with COPD are
more likely to experience more frequent viral respiratory
infections, with RSV, parainfluenza, influenza and coron-
avirus, which may also predispose them to pneumonia.
Some researchers believe that chronic viral infection, 
particularly with DNA viruses, like adenovirus, may be
responsible for inflammatory dysregulation observed in the
obstructive airways syndromes [18].

Respiratory viral infection has both systemic and local
consequences. Airways are reddened and swollen with
injury, and ultimately desquamation of the mucosal epi-
thelial surface occurs. Peripheral airways involvement is 
evidenced by impaired tests of small airway function and
viruses are also linked to chronic excessive sputum pro-
duction [19–21]. Markers of systemic inflammation like
fibrinogen and interleukin 6 (IL-6) have been shown to
increase during exacerbation [21]. Acute rhinovirus infec-
tion has been demonstrated to increase IL-6 in cell culture
and in smokers through an NF-κB dependent pathway.
Direct effects on airway smooth muscle have also been
demonstrated in association with increased release of IL-5
and IL-1β. Interestingly, chronic viral infection in stable
COPD patients has been associated with high circulating
levels of plasma fibrinogen and IL-6 and more frequent
exacerbations [21]. Because viral infection impairs host
defences, colonization becomes more likely, a fact supported
by increased recovery of Haemophilus and Pneumococcus

in sputum or throat cultures. It is likely that acute viral 
infection adversely affects mucociliary clearance and macro-
phage function. 

Inflammation in asthma and COPD

Asthma and COPD, both diseases of airflow obstruction,
cause chronic inflammation that involves both the lung
parenchyma and airways. The inflammatory responses 
of the two diseases, however, differ from each other. Such
differences involve the types of inflammatory cells and
mediators responsible for the persistent inflammation; the
ultimate response to therapy; and permanent changes that
occur, notably airway remodelling (Table 46.5).

In allergic triggers of asthma, the sensitizing antigen
interacts with mast cell specific immunoglobulin E (IgE)
resulting in the release of histamine, leukotrienes, cyto-
kines and granulocyte–macrophage colony-stimulating 
factor (GM-CSF). Local inflammatory cell recruitment
occurs in the airway through interactions between
chemokines, adhesion molecules (ICAM-1 and VCAM-1)
and eosinophils derived from the bone marrow. Clinically,
the increased levels of IgE, cytokines and inflammatory
cells (Fig. 46.2) result in bronchial hyperreactivity, airway
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Table 46.5 Inflammatory differences between asthma and
COPD.

Inflammation Asthma COPD

Cells Eosinophils, CD4+ Neutrophils, CD8+

Mast cells, Lymphocytes
T lymphocytes Macrophages ++
Macrophages + Eosinophils

Mediators LTB4, histamine LTB4, TNF-α
IL-4 IL-8
IL-5, IL-13 Growth-related
Eotaxin, RANTES oncogenes

Oxidative stress + +++

Pathobiology All airways Peripheral airways
AHR +++ AHR +/–
Epithelial shedding Epithelial metaplasia
Fibrosis + Fibrosis ++
No parenchymal Parenchymal 

involvement destruction
Mucus + Mucus ++

Response to +++ +/–
steroids

IL, interleukin; LTB4, leukotriene B4; TNF-α, tumour necrosis
factor α.



oedema and mucus secretion, all contributing to airways
obstruction.

Activated eosinophils are the main cell responsible for
the airway inflammation in asthma, and can be demon-
strated in bronchial biopsies, bronchoalveolar lavage fluid
and induced sputum [22]. The eosinophils do not in general
participate in normal airway defence against viral or bacter-
ial infection. Other important cells contributing to asth-
matic inflammation include activated CD4+ T lymphocytes
(T-helper type 2 cells), macrophages, mast cells, basophils
and, to a lesser extent, neutrophils (see Fig. 46.2). These
cells release multiple proinflammatory cytokines such 
as IL-4, IL-5, IL-9, IL-10, IL-13 and IL-25 and GM-CSF,
which in turn recruit and activate eosinophils further.
Lymphocyte activation also results in the production of
chemokines, such as RANTES and exotoxin, which are also
important in eosinophil recruitment. This self-perpetuating
reaction characterizes chronic inflammation characteristic
of asthma. The degree of airway inflammation varies with
both the duration and severity of the disease and the
response to treatment [23–26].

In general, acute inflammation is thought to be an
expected non-specific tissue response to injury that results
in repair of normal structure and function. In asthma,
chronic inflammation leads to permanent structural and
pathological changes, known as airway remodelling in 
the large and small airways. It is not understood whether
such remodelling is the normal response to injury or if the
response itself is abnormal. Furthermore, the underlying
causes of airway remodelling have not been defined,
although both genetic and environmental factors have
been implicated. Remodelling includes alteration of the
reticular basement membrane, smooth muscle hypertrophy

and hyperplasia, mucous gland metaplasia and increased
vascularity [27–30]. These changes occur in children and
are present early in the disease process [31,32].

Clinically, airway remodelling results in irreversible air-
way obstruction and enhances bronchial hyperresponsive-
ness. Remodelling is diagnosed when pulmonary function
remains persistently abnormal, despite optimal therapy.

In contrast to asthma, the neutrophil is the primary
affected cell linked to the pathology of COPD. Among the
most important initiators of neutrophil-driven injury are
infection and cigarette smoke, and neutrophils have been
demonstrated to be present in increased numbers in the
sputum and lavage fluids of patients with COPD and in
smokers. Prominent in the disease process is the role of
tumour necrosis factor α (TNF-α) which, when released by
macrophages stimulates migration of other macrophages
and neutrophils into the airway epithelium. In addition 
to its inflammatory effects, TNF-α also causes neutrophil
degranulation and injures epithelial cells directly. It can also
induce airway mucous-cell metaplasia and hypersecretion
in vitro and in vivo, decrease intraepithelial binding, cause
cell death in vitro, and induce release of other cytokines and
chemokines [33].

Interestingly, the eosinophils are also likely to con-
tribute to airway inflammation in COPD. Higher serum
eosinophilia in newly diagnosed patients with COPD has
been associated with an accelerated decline in FEV1, espe-
cially in smokers. While airway and sputum eosinophilia is
not as prominent in COPD as in asthma patients, the num-
ber of inflammatory cells in the airways increases during
AECOPD. Eosinophilic mediators are capable of injuring
the epithelium and interstitium of the lung [21].

Both macrophages and epithelial cells also produce
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Figure 46.2 Inflammatory cells
in induced sputum. A profile of
inflammatory cells in induced
sputum in normal subjects,
cigarette smokers and patients
with COPD and asthma is shown.
(Adapted from Keatings et al.
[25], with permission.)



cytokines, including neutrophil chemotactic factors, such
as IL-8 and leukotriene B4 (LTB4). These macrophages 
may recruit other macrophages via chemokines, such as
macrophage chemoattractant peptide 1 (MCP-1 and MIP-
1α) and growth regulated oncogene-α (GRO-α). IL-8 and
GRO-α stimulate further migration of neutrophils and CD8+

T cells to the airway epithelium. Such migration leads to
degranulation of neutrophils and the release of free radicals,
which, in turn, causes matrix and epithelial damage.

Additionally, the activated CD8+ T lymphocytes, epi-
thelial cells and other macrophage mediators also release 
neutrophilic chemotactic factors. This ultimately causes the
release of proteases such as neutrophil elastase and matrix
metalloproteinases (MMPs). Both the proteases and free
radicals damage the epithelium and underlying basement
membrane, resulting in small airways disease (bronchiolitis),
chronic bronchitis (mucus hypersecretions) and emphy-
sema (alveolar destruction). Normally, a protective process
that includes protease inhibitors such as α-1 antitrypsin 
and secretory leukoproteases inhibitor (SLP) counterbalances
protease activity [33]. In COPD, however, the naturally
occurring protective process, or protease–antiprotease 
balance, is disturbed [34–36]. The result is damage and
remodelling of the lung, which may lead to alterations in
tissue structure.

Although the relationship between chronic inflamma-
tion and remodelling, as well as the relation to infection, is
poorly understood in COPD, remodelling is associated with
metaplasia of the epithelium of the small airways, increased
mucous glands and accompanying hypertrophy, increased
smooth muscle mass, airway wall fibrosis, increased vas-
cularity and emphysema. The predominant site of airway
obstruction, which varies among individuals, is related to
decline in lung function.

The inflammation and airway remodelling in COPD
reflect the impact of neutrophilic mediators triggered by the
interactions of cigarette smoking, acute and chronic infec-
tion, and air pollution. Remodelling and chronic injury to
airways disrupt host defences and facilitate chronic growth
of bacteria, which in turn amplifies neutrophil-mediated
injury. A significant correlation exists between the sever-
ity of airflow obstruction and the degree of neutrophilic
infiltration and degranulation. High concentrations of 
neutrophil-derived elastase are detectable in airway secre-
tions during AECOPD.

Infection, inflammation and remodelling

The relationship between infection, inflammation and air-
way remodelling in both asthma and COPD has not been
fully defined. It has been postulated that airway infection
may have an important role in the disease process, leading
to the decline in lung function. Both lower airway bacterial

colonization and chronic viral infection have been implic-
ated as contributory factors.

A proportion of stable patients with advanced COPD
(20–40%) experience lower airway bacterial coloniza-
tion [37–39]. Organisms most commonly cultured include
H. influenzae, S. pneumoniae, Moraxella catarrhalis and P.
aeruginosa. Furthermore, evidence exists that, as well as
being present in the airway, H. influenzae can be detected in
the submucosa and intracellularly, increasing the difficulty
of eradicating the organism [40].

Once lower airway colonization occurs it usually persists,
especially if lung function is impaired, and leads to increased
airway inflammation. Bacteria can affect the inflammatory
process by reducing mucociliary clearance, increasing
mucus production and damaging airway epithelium [41,
42]. This leads to an influx of neutrophils and the release of
neutrophil elastase and other cytokine and chemokines,
which further fuels the inflammatory cycle. As bacterial
colonization increases so does airway inflammation, an
effect that is more pronounced with colonization by P.
aeruginosa than other bacterial species [42]. A relationship
between prognosis and circulating antibodies to P. aerugi-
nosa has been specifically demonstrated in bronchiectasis.

Bacterial airway colonization leads to airway inflamma-
tion depending on the colonizing load [42]. H. influenzae
colonization was associated with increased airway inflam-
matory markers in chronic bronchitis patients who had
airflow obstruction compared with those without airflow
obstruction [43]. Thus, significant evidence exists that
lower airway colonization can lead to chronic inflam-
mation and deterioration in lung function even for stable
COPD patients.

COPD exacerbations, which are characterized by increased
dyspnoea and increased sputum volume and/or purulence,
are also associated with increased airway bacterial loads
[44,45]. As with the stable COPD patient, those changes in
sputum are associated with increased sputum neutrophils
and neutrophilic inflammation, leading to the release of
elastase and other proteinases. Such release can result in
epithelial damage, reduced mucociliary clearance, increased
mucus secretion and increased airway oedema through
changes in the bronchial mucosa [46]. LTB4, however, has
a more prominent role than IL-8 in acute exacerbations
[45]. Additionally, TNF-α and GM-CSF are also increased
in bronchoalveolar lavage fluid during AECOPD. Both of
these affect neutrophil and macrophage activation, leading
to further inflammation and permanent damage. Resolu-
tion of the neutrophilic inflammatory changes has been
shown to occur within approximately 5 days of treatment
[45].

Interestingly, biopsy studies have also demonstrated
increased numbers of both eosinophils and CD4+ lympho-
cytes in the airway walls of AECOPD patients [21,47]. This
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might explain why clinical outcomes are improved in
COPD when patients are treated with systemic corticos-
teroids for exacerbations as opposed to the relative steroid
resistance seen in stable patients. 

Controversy exists as to whether or not bacteria truly
have an important role in AECOPD; however, most studies
support the conclusion that they do. Specifically, the pro-
portion of COPD patients with positive bacterial cultures
and high bacterial loads during AECOPD are increased 
in most studies. Previous investigations may not have
detected changes in the strain of the same organism, which
has been postulated as a cause of acute exacerbations. That
possibility is further supported by the fact that treatment
with antibiotics appears to improve clinical outcomes during
AECOPD. Finally, if one differentiates acute exacerbations
associated with purulent sputum from those associated
with mucoid sputum, the incidence of positive cultures is
markedly different (84 vs 38%) [44].

Most evidence therefore suggests that both chronic 
lower airway colonization and acute infection contribute
significantly to airway inflammation and remodelling in
COPD. Clinically, those changes are manifested by deterio-
ration in lung function. Patients with COPD may also be
prone to viral respiratory tract infections that, in turn, can
lead to ongoing inflammation and lung damage (i.e. alter-
ation of mucociliary clearance, increased mucus). As with
bacterial infection, viral infection has been implicated in
both chronic and stable COPD, and AECOPD. In addition,
viruses can exacerbate COPD by causing increased airway
hyperresponsiveness and affecting muscarinic receptors,
resulting in bronchoconstriction [47,48]. Viral infection may
also predispose patients to secondary bacterial infection. 

Hogg et al. have postulated that adenovirus can con-
tribute to lung inflammation and emphysema [49–52].
Adenovirus infects lung epithelial cells and remains latent
while continuing to produce viral proteins, which cause an
increase in CD8+ T cells. The reaction is further exacerbated
by cigarettes and is associated with increasing emphysema,
findings supported by experiments in the guinea pig
demonstrating that latent infection with adenovirus was
associated with chronic lung inflammation 7 weeks after
inoculation with virus. This inflammatory response was
composed of CD4+ and CD8+ T cells, B cells, macrophages
and monocytes. When exposed to cigarette smoke, the
inflammatory response was heightened and more emphy-
sema was demonstrated in the lungs. The inflammatory
response mirrors that seen in humans [53]. These studies
suggest that latent adenovirus may have a role in the patho-
genesis of COPD.

Some evidence supports the belief that viruses also con-
tribute to AECOPD. Most investigations have used serolo-
gical conversion at the time of the exacerbation as the basis 
of establishing infection. The largest study of rhinovirus

demonstrated that positive rhinovirus cultures were more
commonly associated with exacerbations [54,55].

In summary, infection with bacteria, viruses and atypical
organisms may contribute to chronic airway inflammation
in COPD and result in progression of the underlying disease
process.

Evidence of antibiotic efficacy

While antibiotics are the most commonly prescribed agents
in AECOPD and are presumed to have short-term benefit
by most clinicians, long-term disease modification has not
been proven. The specific aetiology of AECOPD is difficult
to determine in an outpatient setting on the basis of symp-
toms and signs in individual patients. The phenomenon of
increasingly purulent sputum observed frequently during
AECOPD, within which are found high concentrations of
bacteria, suggests but does not prove causation. Although
respiratory infections are assumed to be the main perpetu-
ators of exacerbation, other elements are also involved. In
addition, routine sputum studies may have significant lim-
itations, including delay in obtaining the results, cost and
lack of sensitivity and specificity. As a result of the above
considerations, recent treatment guidelines for AECOPD
reflect the lack of a high level of evidence to provide specific
recommendations for antibiotic use. The GOLD guideline,
NHLBI/WHO initiative for COPD [56], recommends anti-
biotic choices on the basis of local sensitivity patterns of the
most common pathogens associated with AECOPD, but do
not provide specific guidelines. Another recent guideline
also suggested that commonly available inexpensive anti-
biotics such as amoxicillin are likely to be efficacious in all
but the most advanced disease [5].

A number of clinical trials have examined the use of
antibiotics in the treatment of AECOPD. Many of the earlier
studies showed either no or minimal benefit when anti-
biotics were prescribed. More recent analysis demonstrated
benefit during an acute exacerbation, but not in preventing
exacerbations. A landmark study in 1987 utilized a large-
scale placebo-controlled trial designed to determine the
effectiveness of antibiotics in the treatment of AECOPD [8].
In the investigation, 173 patients with chronic bronchitis
were followed for over 3 years. Patients were randomized
to either antibiotics or placebo in a double-blind cross-
over fashion, and one of three oral antibiotics chosen by 
the primary physician were used for 10 days: amoxicillin,
co-trimoxazole (trimethoprim–sulfamethoxazole) and
doxycycline. Approximately 40% of all exacerbations were
severe, 40% were moderate and only 20% were mild.
Patients with severe exacerbations received a significant
benefit from antibiotics, whereas there was no significant
difference between antibiotic and placebo in patients with
mild exacerbations. Overall, the antibiotic-treated patients
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showed a more rapid improvement in peak flow, and more
overall improvement than those who received placebo. 
In addition, the length of illness was 2 days shorter for 
the antibiotic-treated group. However, no microbiology
was performed and all antibiotics were assumed to be
equivalent.

Allegra and Grassi [57] found significant benefit with the
use of amoxicillin-clavulanate acid (Augmentin®) therapy
compared with placebo in patients with severe disease.
Patients who received this antibiotic exhibited a higher suc-
cess rate and a lower frequency of recurrent exacerbations.
In 1995, the results of a meta-analysis examined the role of
antibiotics in the treatment of AECOPD (Fig. 46.3) [58].
The investigators analysed the results of nine randomized
placebo-controlled trials published between 1957 and 1992.
Comparing outcomes, such as mean number of days of 
illness, overall symptom score and the changes in peak
expiratory flow rate indicated a clinically significant benefit
for the antibiotic-treated patients. Analysis of the studies
that provided data on expiratory flow rates, for example,
noted an improvement of nearly 11 L/min in the antibiotic-
treated groups. Antibiotic-associated improvement is likely
to be especially relevant to patients who have low baseline
peak flow rates and limited respiratory reserve, but the clin-
ical significance of these changes is uncertain in the mildest
of cases.

Antibiotic therapy for patients with AECOPD carries
additional potential benefits [59]. Antibiotics can reduce
the burden of bacteria in the airway. Bronchoscopic studies,
using sterile protected specimen brush, have demonstrated
that approximately 25% of stable COPD patients are colon-
ized with potentially pathogenic bacteria [60–62]. A much
larger percentage of patients with acute exacerbations have
potentially pathogenic microorganisms in addition to signi-
ficantly higher concentrations (frequently ≥ 104 organisms)

of bacteria in the large airways [60–62]. Because treatment
with appropriate antibiotics significantly decreases the 
bacterial burden, and frequently eradicates the organisms,
the proper choice of antibiotic will likely reduce the risk of
progression to pneumonia. The eradication of bacteria by
antibiotics is thought to break the vicious cycle of infection,
inflammation potentially leading to progression of the lung
disease. In a high-risk group of patients with AECOPD, 
the antibiotic-treated group had a significantly lower in-
hospital mortality rate and significantly reduced length of
stay in the hospital compared with the placebo group [63].
In addition, patients receiving ofloxacin were less likely to
develop pneumonia than those on placebo, especially dur-
ing the first week of mechanical ventilation [64]. Patients
with AECOPD demonstrating eradication of bacteria from
the sputum had a significant improvement in inflammatory
profile as exemplified by reduced exhaled NO and IL-8
[65].

Controversy existed as to whether or not the choice of
antibiotic is an important determinant of outcome. While a
study by Anthonisen et al. [8] assumed that all of the anti-
biotics were equivalent, and that therefore the specific agent
prescribed was not important, subsequent evolution of
antimicrobial resistance may have invalidated that assump-
tion. As recommended in several clinical practice guide-
lines, adjusting antibiotic therapy based on local bacterial
ecology is most prudent. However, antibiotic trials pub-
lished more recently compare a new antibiotic with an
established compound for the purpose of product registra-
tion and licensing. Because equivalence is the desired out-
come of such trials, the agent chosen for comparison is not
considered important. In addition, such trials frequently
include patients with poorly defined disease severity (often
without any obstructive lung disease) and acute illness of
minor severity. 
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Another problem with interpreting the literature on
AECOPD is the large variation in time frame (from 48 h to 
28 days) used to assess either relapse or the resolution of
symptoms [66,67]. The former can most clearly be defined
as treatment failure necessitating further health-care util-
ization as the result of persistent or worsening symptoms.
Many of these patients experiencing relapse, however, do
not seek medical care despite persistent symptoms. The
published relapse rates for patients with AECOPD range
from 17% to 32%. One recent investigation evaluated the
risk factors for therapy failure at 14 days after an acute
exacerbation in an elderly cohort of patients with moderate
to severe COPD. Most of the patients with severe symptoms
received antibiotics, as opposed to only 40% with mild
symptoms. The overall relapse rate defined as a return visit
with persistent or worsening symptoms within 14 days was
22%. In multivariate analysis, the major risk factor for
relapse was lack of antibiotic therapy. The type of antibiotic
used was also an important variable associated with the 
14-day treatment failure. Patients treated with amoxicillin
had a 54% relapse rate compared with only 13% for the
other antibiotics. Furthermore, treatment with amoxicillin
resulted in a higher incidence of failure, even when com-
pared with those who received no antibiotics. Other vari-
ables, such as COPD severity, types of exacerbation, prior 
or concomitant use of corticosteroids and current use of
chronic oxygen therapy were not significantly associated
with relapse. The study showed that the use of antibiotics is
associated with a significantly lower rate of treatment fail-
ure and suggested that antibiotics are beneficial regardless
of the severity of COPD. Patients who received antibiotics
within 14 days had a significantly higher rate of hospital
admissions than those not receiving antibiotics. Evolving
resistance is likely to account for variable antibiotic efficacy
at this time. 

Destache et al. [68] reported the impact of antibiotic
selection, antimicrobial efficacy and related cost in AECOPD
in a retrospective review of 60 outpatients from a pul-
monary clinic of a teaching institution who had the diag-
noses of COPD and chronic bronchitis. The participants had
a total of 224 episodes of AECOPD requiring antibiotic
treatment. The antibiotics were arbitrarily divided into
three types of agents: first-line (amoxicillin, co-trimoxazole,
erythromycin and tetracycline), second-line (cephradine,
cefuroxime, cefaclor, cefprozil) and third-line (amoxicillin-
clavulanate, azithromycin and ciprofloxacin). The failure
rates were significantly higher for the first-line agents 
compared with the third-line ones. When compared with
patients who received the first-line treatment, those treated
with the third-line agents doubled the time between 
exacerbations, had fewer hospitalizations and incurred
considerably lower total costs. 

Based on widespread reports of increasing antimicrobial

resistance to the common pathogens isolated in patients
with AECOPD, appropriate antibiotic selection is likely to
be important. Conventional endpoints for efficacy of anti-
biotic treatment in AECOPD include the symptoms and
bacteriological resolution measured at 2–3 weeks after the
treatment was started. Most of these endpoints rely solely
on the subjective report of improvement of symptoms 
and lack clinical objectivity. Several reports suggest that 
the infection-free interval, or the time to next episode 
of AECOPD [69–72], may be a more relevant endpoint.
Wilson et al. [73] reported that patients with AECOPD
treated with gemifloxacin showed a significant increase 
in the infection-free interval as compared with clari-
thromycin. This endpoint may reflect the ability of the
antibiotic to achieve adequate bacteriological eradication 
in the airway. Whether or not such improved outcome
translates into reduced health-care costs and disease
modification is uncertain [74].

An ‘ideal’ antibiotic for treating patients 
with AECOPD

Characteristics of the ‘ideal’ antibiotics that are important
to consider when choosing an agent for patients with
AECOPD include the following:
1 Significant activity against the most common pathogens
isolated in patients with AECOPD and minimizing substan-
tial gaps in the coverage of these organisms [75,76].
2 Adequate coverage of the most likely pathogens in
patients with AECOPD based on patient profiles that define
the most likely spectrum of causative pathogens. This is
especially important in patients with severe underlying
obstructive lung disease, who are more commonly infected
with Gram-negative organisms than those with mild COPD.
Thus, it is important to identify local patterns of coloniza-
tion and infection. In addition, patients with risk factors for
a more complicated course should be prescribed antibiotics
with coverage for the pathogens in AECOPD, which may
include Gram-negative organisms and methicillin-resistant
Staphylococcus aureus.
3 Susceptibility of the antimicrobial agent to the likely
pathogens in AECOPD. There is an increasing prevalence of
H. influenzae and M. catarrhalis, which produce bacterial
enzymes that render traditional β-lactam antibiotics inact-
ive. In addition, a growing number of AECOPD pathogens
are resistant to many antibiotics available currently. It is
important to know which mechanisms of resistance can
affect the treatment of patients with AECOPD. It is also 
critical to know the local resistance rates of those micro-
organisms prior to prescribing a specific antibiotic [76].
4 Good penetration into sputum, bronchial mucosa and
epithelial lining fluid. The goal of antimicrobial therapy is to
deliver the appropriate drug to the specific site of infection.
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In AECOPD, the bacteria are found in the airway lumen,
along the mucosal cell surfaces and within the mucosal 
tissue. Various antibiotic classes exhibit markedly different
degrees of penetration into the tissues and secretions of the
respiratory tract [77].
5 Good therapeutic–toxicity profile. In a 1995 survey of
patient attitudes toward antibiotic use, compliance was
shown to improve significantly when medications were
given at most once or twice a day. In addition, shorter
courses of therapy (less than 14 days) were associated with
better compliance. Of the patients interviewed, more than
80% stated a preference for once or twice daily dosing and
more than 54% admitted to non-compliance with the pre-
scribed regimen [78]. Recent data have supported shorter
antibiotic treatment courses in pneumonia. It is likely that
shorter durations of treatment will be possible in AECOPD.
6 Cost-effectiveness beyond the initial purchase price of
the antibiotics. Several economic considerations should
come into play when selecting an antibiotic for patients
with AECOPD. In addition to the acquisition outlay, the
cost of treatment failures, including the need for further
antibiotics and the days of lost work; the resources saved by
preventing hospitalization; the duration of disease-free
intervals; and the development of antimicrobial resistance
must all be accounted for.

Prevention

The two most important measures for preventing AECOPD
are smoking cessation and active immunizations, including
influenza and pneumococcal vaccinations. Clearly, smok-
ing cessation should be included in the therapy of all
patients. The annual rate of decline of the FEV1 of a smoker
is approximately 80 mL/year, compared with a decline in
non-smokers of 25–30 mL/year. The Lung Health Study
showed that in middle-aged patients with normal or mild
lung function impairment, smoking cessation resulted in 
an improvement in FEV1 after 1 year. Of the patients who
stopped smoking after the first annual visit, 35% registered
an increased in mean postbronchodilator decline in FEV1

compared with those who continue to smoke [79]. It is
likely that smoking cessation would have significant effects
on bacterial colonization in COPD at all stages. This is not
yet supported by empirical data.

Patients who are able to remain smoking quitters experi-
ence fewer exacerbations and less profound decrements in
pulmonary function. Because of major addictive potential
of cigarettes, the vast majority of those who quit smoking
relapse within months. Nicotine is the main addictive sub-
stance in cigarettes, thus most patients experience severe
withdrawal symptoms when they abruptly stop smoking
[80]. Nicotine replacement therapy is widely used to 
overcome the patient’s withdrawal symptoms, but such

replacement therapy should always include behavioural
modification programmes to increase the likelihood of success.
Recently, it has been demonstrated that some antidepress-
ants, especially amfebutamone (Zyban®), can be effective in
initiating and sustaining quitting. There are several clinical
practice guidelines on smoking cessation [81,82].

Viral infection often initiates AECOPD, which may reach
epidemic proportions during the winter months. Epidemio-
logical studies have shown that the frequency of lower 
respiratory infections and their associated morbidity and
mortality are markedly reduced with influenza vaccina-
tion. In order to define the effects of influenza, and the
benefits of influenza vaccination in elderly persons with
chronic lung disease, a retrospective multiseason cohort
study in a large managed care organization was under-
taken. Patient vaccination rates of the organization were
greater than 70%. The outcomes in vaccinated and unvac-
cinated individuals were compared after adjustment for
baseline demographics and health characteristics. In unvac-
cinated persons, the hospitalization rates for pneumonia
and influenza were twice as high in the influenza season as
they were in the interim non-influenza periods. Vaccinated
patients had fewer outpatient visits, fewer hospitalizations
and fewer deaths. Influenza vaccine is therefore a cost-
effective intervention in patients with COPD [83,84].

The polyvalent pneumococcus vaccine is effective in 
preventing invasive disease, particularly bacteraemia and
meningitis [85]. Whether or not it prevents AECOPD is
uncertain. The available 23 serotype vaccine has been
shown to have an aggregate efficacy of more than 60%,
although efficacy tends to decline with increasing age and
immune state [86]. The vaccine is also recommended in
patients with COPD. Jackson et al. [87] reported the results
of a large cohort study of patients over the age of 65 years
who were followed for 3 years. Use of the pneumococcal
vaccine significantly reduced the incidence of pneumococ-
cal bacteraemia, but did not alter the risk of outpatient 
community-acquired pneumonia. More recently, the intro-
duction of the protein-polysaccharide conjugated pneumo-
coccal vaccine in children resulted not only in a significant
decrease in invasive pneumococcal disease in children, but
also an 18% decrease in adults over age the of 65 years
[88]. There are no contraindications for use of either pneu-
mococcal or influenza vaccine immediately after an episode
of pneumonia or AECOPD, and the vaccines can be given
simultaneously without affecting their potency. There are
no other vaccines currently available in adults to prevent
lower respiratory tract infections. Vaccines intended to 
prevent infections resulting from non-typable Haemophilus
sp. or Pseudomonas sp. are in development.

Recent studies have suggested a reduction in exacerba-
tion rates when inhaled corticosteroids are used in advanced
chronic COPD. This had led to the recommendation that
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inhaled steroids be incorporated into the routine manage-
ment of COPD patients who have an FEV1 of less than 50%
and who have more than two exacerbations per year. A
recent meta-analysis has suggested that such an approach
may limit the decline in lung function as a consequence of
AECOPD [56,89,90].
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CHAPTER 47

Mechanical ventilation for exacerbation 
of COPD

Andrea Rossi, Guido Polese and Lorenzo Appendini

Exacerbations of chronic obstructive pulmonary disease
(COPD) may be of differing severity [1]. It ranges from a
mild increase of usual symptoms to life-threatening decom-
pensation. In patients with advanced COPD, exacerbations
can often be associated with ventilatory failure (a rise in
PaCO2 above 45 mmHg or above baseline), stable hyper-
capnia if present and respiratory acidosis (pH less than 7.36)
[2,3]. In those patients, in addition to optimal medical 
therapy and adequate oxygenation, mechanical ventilatory
assistance may be required if there is evidence of the 
following:
1 Unbearable breathlessness at rest, often associated with:

• tachypnoea (e.g. more than 30 breaths/min);
• evident use of accessory respiratory muscles; or
• Pradox breathing (i.e. inward movement of the
abdomen during inspiration).

2 Arterial pH less than 7.36 and a PaCO2 of more than 
45 mmHg.
3 PaO2/FiO2 less than 300 mmHg.

The aims of mechanical ventilation (MV), independent of
the mode and settings selected, are to:

• support the overloaded ventilatory pump;
• improve arterial blood gases and pH;
• relieve dyspnoea and unload the respiratory muscles;
and
• ‘buy time’, to sustain life until the medical therapy con-
trols the event underlying the exacerbation (e.g. respira-
tory tract infection).
MV can be administered in different modes:

1 Invasive ‘conventional’ MV through an endotracheal
tube bypassing the upper airway.
2 Non-invasive mechanical ventilation (NIMV):

• non-invasive positive pressure ventilation (NPPV); or
• negative pressure ventilation (NPV).
The indications for applying MV and the choice between

conventional MV and NIMV, as well as the mode and set-
tings of ventilatory assistance, depends not only upon the

severity of the exacerbations and respiratory acidosis, but
also on many other factors such as the timing of the inter-
vention, the characteristics of individual patients, the skill
of the team and the available monitoring facilities [4,5].

A brief description of the pathophysiology of COPD exac-
erbations and ventilatory failure will help to elucidate the
rationale underlying the need for mechanical ventilatory as-
sistance as well as the choice of ventilatory mode and settings.

By definition, COPD is characterized by airflow limitation
(i.e. a significant reduction of forced expiratory flow result-
ing from a loss of lung elastic recoil and abnormal airway
resistance) [6]. In many patients with advanced COPD,
flow limitation exists even during tidal breathing as docu-
mented by the fact that tidal expiratory flow lies below the
maximal flow volume envelope. Pulmonary hyperinflation
(i.e. an increase of the functional residual capacity [FRC]
above the predicted value) is also a common feature in
patients with moderate to severe COPD [7].

When an exacerbation occurs, whatever the aetiology,
the airway resistance increases and expiratory flow limitation
may worsen. In these conditions, the rate of lung emptying
is proportionally retarded and the tidal expiration cannot
be completed within the time available between two inspir-
atory efforts (i.e. the next inspiratory effort ensues before
the lungs decompress to the elastic equilibrium volume).
Because of incomplete expiration, the tidal end-expiratory
lung volume is established above the relaxed FRC. This
condition is termed dynamic hyperinflation and adds to 
the existing pulmonary hyperinflation resulting from the
loss of lung recoil [8]. The immediate consequence of 
the incomplete tidal expiration is that the end-expiratory
alveolar pressure remains positive. The latter is termed auto-
and/or intrinsic positive end-expiratory pressure (PEEPi) in
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analogy with the positive end-expiratory pressure (PEEP)
commonly set by the mechanical ventilator [9] because
PEEPi was originally described in mechanically ventilated
patients [10].

Low levels of dynamic pulmonary hyperinflation and
PEEPi were found also in most patients with severe COPD
in a stable condition [7,11]. However, the levels of PEEPi
observed during exacerbations and ventilatory failure are
much greater than in stable conditions, particularly in COPD
patients requiring mechanical ventilation [11]. The first
implication of dynamic hyperinflation is that the contract-
ing inspiratory muscles must counterbalance PEEPi in order
to create a negative pressure in the central airways and start
the inspiratory flow. During exacerbations, the inspiratory
threshold load provided by PEEPi can be quite substantial
(i.e. more than 10 cm H2O up to 20–22 cm H2O) [12].

In patients with exacerbations of COPD, not only the
mechanical load upon the ventilatory pump increases be-
cause of the higher airway resistance and PEEPi, but also the
capacity of the respiratory muscles to generate pressure is
diminished because of impaired length–tension relationship
and reduced area of apposition, among other factors [8].

The net result of an excessive mechanical load and an
impaired respiratory muscle pressure generating capacity
creates a significant challenge for the ventilatory pump.
Tachypnoea might represent a protective mechanism to
prevent excessive work of breathing (WOB) by defending
minute ventilation through a reduction in tidal volume and
a rise in frequency. However, it is a very poor strategy. In
fact, the smaller tidal volume will result in increased PaCO2

and lower pH, while the shorter expiratory time resulting
from the higher frequency of breathing will enhance dynamic
hyperinflation and PEEPi, hence further increasing the
mechanical load and decreasing the inspiratory muscles’
capacity to bear the load. This sort of vicious circle, where
the mechanical load progressively rises and the capacity of
the respiratory muscles is progressively impaired, may lead
to malfunction of the ventilatory pump and impending 
respiratory arrest [5]. Whether this may be considered 
‘respiratory muscle fatigue’ or not remains a controversial
issue which has been extensively reviewed in recent 
publications [8,12]. However, regardless of the nature of
the mechanism leading to its failure, the ventilatory pump
must be supported to prevent the ultimate life-threatening
exhaustion, severe acidosis and respiratory arrest.

The widespread and early application of NIMV, not only in
the intensive care unit (ICU) but on the medical (pneumo-
logical) ward for patients with ventilatory failure and 
respiratory acidosis resulting from exacerbations of COPD,

Mechanical ventilation

should be considered a major advance in clinical medicine.
In fact, NIMV accomplishes a key goal in medicine: namely
it saves human lives [13–16]. In particular it should be
emphasized that among all patients with respiratory 
failure, those with decompensated COPD obtain the 
greatest benefit from NIMV [13,14,17]. Despite the wide-
spread use and popularity of NIMV, many COPD patients
still need endotracheal intubation and ‘conventional’
mechanical ventilation.

Invasive mechanical ventilation

For many years, conventional (i.e. ‘invasive’) MV through
an endotracheal tube was the only mode of ventilatory
assistance. Nowadays, invasive MV should be considered as
the immediate mode of intervention only in some particu-
lar conditions, such as in:
• respiratory arrest;
• severe cardiovascular instability (hypotension, arrhyth-
mias, myocardial infarction);
• impaired mental status, somnolence;
• inability to cooperate (e.g. excessive agitation);
• copious and/or viscous bronchial secretions;
• high aspiration risk;
• recent facial or gastroesophageal surgery;
• craniofacial trauma and/or fixed nasopharingeal 
abnormality;
• extensive burns; and
• extreme obesity.

It is a common experience that many patients with severe
exacerbations of COPD arrive at the emergency area either
already intubated in the ambulance or urgently requiring
intubation [18]. Refractory life-threatening hypoxaemia
(PaO2/FiO2 less than 200 mmHg) and/or severe acidosis 
(pH less than 7.25) could be considered as indications for
intubation and conventional MV, depending upon local
conditions such as the skill of the team, the facilities avail-
able for monitoring, the immediate accessibility of intuba-
tion and an ICU [6]. Clearly, intubation must be considered
when NIMV fails (i.e. arterial blood gas abnormality and
respiratory acidosis persists despite aggressive medical 
therapy, oxygenation and NIMV).

Controlled mechanical ventilation
In the first hours of critical illness, the patient may need MV
in the control mode to provide immediate rest for the respir-
atory muscles as well as relief of excessive dyspnoea and
anxiety. It has been shown that the mechanical properties
of the respiratory system are severely abnormal in the first
day of ICU admission, such that even assisted ventilation
may be problematic because of pathophysiological, clinical
and often psychological reasons. In these conditions, a
period of controlled mechanical ventilation (CMV) may be
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warranted to provide adequate rest for the ventilatory
pump as well as control of the haemodynamic instability. In
some patients, light sedation may help if the level of anxiety
does not allow good patient–ventilator interaction, at least
in the first hours of MV. Heavy sedation and muscle para-
lysis should be avoided to prevent the severe complications
often associated with those therapies [19]. As soon as the
clinical condition of the patient improves, assisted MV can
replace the control mode. However, the initial period of
CMV, when needed, may be used to take measurements 
of respiratory mechanics, such as PEEPi, elastance and
resistance, which may be helpful in understanding the 
condition underlying the acute decompensation as well 
as to plan strategy for ventilator settings, treatment and
weaning [20]. Those measurements can be obtained with
simple equipment and non-invasive techniques, even on-
line [21–24].

In mechanically ventilated COPD patients, a major issue
is to avoid, as much as possible, high levels of dynamic
hyperinflation resulting from the ventilator settings.
Dynamic hyperinflation may impair cardiac function
severely [25]. It must be taken into account that high
inflation volume and short expiratory duration enhance
dynamic hyperinflation and PEEPi. Therefore, the ventilator
settings should be adjusted accordingly to minimize
dynamic hyperinflation. It has also been suggested that
application of PEEP improves gas exchange in COPD
patients during CMV [26]. Data from a patient’s respiratory
mechanics may help to set the ventilator appropriately. It
should also be remembered that dynamic hyperinflation
can be substantially reduced by aggressive use of bron-
chodilators, whose effects can be measured and tuned to
the targeted objective [27]. The correct ventilator settings
and treatment can bring about a rapid transition from CMV
to assisted ventilation. The latter is a ventilatory mode in
which the patient triggers the ventilator and participates in
the act of breathing.

Pressure support ventilation
Pressure support ventilation (PSV) is by far the most widely
used mode of assisted ventilation [28] and is also an appro-
priate technique for weaning [3,4]. However, the level of
PSV must be set appropriately to avoid both under- and
overassistance, both of which may jeopardize the effective-
ness of MV. In fact, over- and underassistance may fail one
of the major aims of MV: to rest the overloaded ventilatory
pump. With underassistance, the patient’s respiratory muscles
continue to perform a substantial part of breathing to
match the ventilatory demand, because of the insufficient
support of the mechanical ventilator [29]. With overassist-
ance, the lack of rest for the respiratory muscles can be the
consequence of ineffective effort and patient–ventilator
dyssynchrony [29]. A cause of bad patient–ventilator inter-

action is the dissociation between the patient’s central drive
and the timing of ventilatory assistance. This occurs when
the patient’s respiratory muscles stop contracting soon after
triggering the ventilator, such that the mechanical inspir-
ation is longer than the spontaneous inspiratory effort and
the mechanical lung inflation goes into the neural expir-
ation. In other words, the neural inspiration is much shorter
than the mechanical inspiration which goes into the neural
expiration. Under these circumstances, the patient’s inspir-
atory central control generates inspiratory efforts either
during mechanical inflation or during expiration when the
elastic recoil is too high to be counterbalanced and expir-
ation proceeds despite the patient’s attempt to inspire. The
dissociation between central timing and ventilator timing
may cause patient–ventilator dyssynchrony and eventually
lead to the ‘patient fighting the ventilator’ [30].

Apart from the unquestionable value of clinical observa-
tion and experience, some physiological measurements
(e.g. the central drive as expressed by mouth occlusion
pressure a 1/100th of a second; P = 0.1) may help to adjust
the appropriate level of PSV to the individual patient [31].

Proportional assist ventilation
Some years ago, the proportional assist ventilation (PAV), a
new mode of partial ventilatory assistance, was introduced
to improve patient–ventilator interaction [32,33]. PAV is a
patient-guided mode in which the pressure provided by the
ventilator is proportional to patient’s instantaneous inspir-
atory effort in terms of both the intensity and the duration
of the neuromuscolar drive, such that the end of the effort
brings about the end of the ventilatory assistance. However,
despite its promising theoretic background and some inter-
esting and favourable clinical studies [33], PAV has not 
succeeded in entering the real clinical world and it still con-
sidered a mode of MV more suitable for clinical research
than for routine application.

Positive end-expiratory pressure
PSV is not the only condition in which patient–ventilator
dyssynchrony can occur. Assisted controlled ventilation
(ACV) and synchronized intermittent mandatory ventila-
tion (SIMV) can be associated with similar events [9]. In
addition, there is a condition in which patient–ventilator
dyssynchrony may occur regardless the mode of MV (i.e.
with high levels of intrinsic PEEP). If the negative intra-
thoracic pressure generated by the patient’s contracting
inspiratory muscles is smaller than PEEPi, the effort does
not generate sufficient pressure or inspiratory flow in the
central airway to trigger the ventilator, remaining ‘ineffect-
ive’. To be effective for triggering, the negative pressure
generated by the inspiratory muscles must be greater than
the sum of PEEPi plus the negative triggering pressure [10].
The latter is in general very small, from –0.5 to –2 cm H2O,
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whereas the former may be rather substantial, often more
than 10 cm H2O and up to more than 20 cm H2O [11]. For
this reason – the consistent presence of PEEPi – it has been
suggested that some levels of PEEP should be set by the
ventilator to counterbalance PEEPi and prevent ineffective
efforts [29,34,35]. The level of PEEP sufficient to counter-
balance most of PEEPi without worsening hyperinflation
can be decided either by measuring PEEPi, which might not
be easy in an actively breathing patient because it requires
the use of the oesophageal balloon technique [29,34,35], or
by observing empirically that each patient’s effort actually
triggers the ventilator. A more detailed discussion on the
causes and consequences of PEEPi as well as the technique
of adjusting the adequate levels of PEEP may be found else-
where [10,11,23].

In synthesis, patients with exacerbations of COPD match-
ing the criteria for conventional invasive MV may need a
short initial period of CMV. Clearly, heavy sedation and
particularly muscle paralysis must be avoided to prevent
severe neuromuscular complications [19]. However, that
period could be used to obtain some measurements of 
respiratory mechanics by means of non-invasive techniques
[9]. As soon as possible, the patient should be switched 
to AMV, in general PSV with low levels of PEEP to counter-
balance PEEPi. Along these lines, Appendini et al. [29] found
that the same level of pressure assistance (e.g. 15 cm H2O)
determined a greater reduction of the WOB if PEEP was set
(i.e. 5 cm H2O PEEP + 10 cm H2O PSV) than ventilation with
more than 15 cm H2O PSV. In addition, they found little
advantage in terms of reduction of the inspiratory effort
with the increase of PSV from 15 to 25 cm H2O, either with
or without PEEP. These data should call attention to the risk
of undue overassistance by setting PSV at excessive levels.

Traditionally, mechanically ventilated patients with ex-
acerbation of COPD present difficulty in weaning and are
exposed to the risk of prolonged MV-related complications
[36]. Almost half of the time spent by COPD patients on MV
is because of the weaning procedure. Furthermore, among
patients with difficult weaning, COPD patients represent
the clear majority [37]. Weaning from MV is discussed in a
separate section.

Currently, invasive MV is applied much less than it used to
be in COPD patients, because of the widespread utilization
and popularity of NIMV. Recent publications have extens-
ively reviewed this issue [38]. A recent meta-analysis 
concluded that NIMV should be considered as the first-line
treatment for patients with exacerbation of COPD and 
respiratory acidosis and should be offered to those patients
[16] with a favourable cost-effectiveness balance [39].

Non-invasive mechanical ventilation

Several randomized clinical trials, on which high-quality
meta-analyses were based [15,40], have shown that the
early institution of NIMV when respiratory acidosis is still
moderate not only improves arterial blood gases and pH,
relieves dyspnoea and unloads the respiratory muscles, 
but also reduces the rate of intubation, reduces the rate of
ventilator-related complications, reduces the length of ICU
stay and reduces in-hospital and 1-year mortality.

NPPV is by far the most widely used technique of ventil-
atory assistance in patients with exacerbations of COPD and
moderate respiratory acidosis [4]. However, NPV has been
successfully used in some patients by a few well-trained
groups that have documented good clinical [41,42] as 
well as physiological results [43,44]. At present, NPV is still 
limited to those groups and has not really gained wider
popularity. One of the reasons could be that the iron lung,
which is the most commonly used equipment to deliver
NPV, is cumbersome and makes access to the patient
difficult. In addition, the technology of ventilators used to
deliver NPPV has improved greatly in recent years. Some
latest generation ventilators are very user-friendly and 
also offer important monitoring facilities and leak com-
pensatory mechanisms [45–47]. The association of positive
clinical results and good technology has undoubtly pro-
moted NIMV and particularly NPPV in the real world. In
some European countries, NIMV became the key treatment
by which pulmonologists gained a reputation in the treat-
ment of critically ill patients and found a role in intensive
care medicine [48,49].

Non-invasive positive pressure ventilation

Whereas the role of NPPV in the management of acute 
respiratory failure remains somehow controversial [17], its
role in the treatment of ventilatory failure resulting from
exacerbations of COPD seems well established: it may actu-
ally represent ‘a new gold standard’ [50].

NPPV is defined as any form of ventilatory support
applied without the use of an endotracheal tube, and it
includes:
1 Continuous positive airway pressure (CPAP) with or
without:

• inspiratory pressure support; or
• proportional assist ventilation.

2 Volume and pressure cycled systems.
The mechanisms through which NPPV improves arterial

blood gases and unloads the inspiratory muscles has been
carefully investigated in physiological studies [34,51,52].

Physiological basis of NPPV
It has been shown that NPPV improves arterial blood 
gases through an increase in alveolar ventilation, without
significant modifications in the 2/6 mismatching and gas
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exchange capability of the lungs [51]. However, NPPV can
significantly reduce cardiac output [51], such that the final
net effect on PaO2 depends upon the magnitude of inter-
action among intrapulmonary (2/6 mismatching, shunt,
diffusing capacity) and extrapulmonary (cardiac output,
oxygen consumption, mixed venous PO2 and minute 
ventilation) determinants of oxygenation. The decrease 
in cardiac output reduces mixed venous PO2 and causes a
decrease in PaO2; on the other hand, the increase in alveolar
ventilation reduces PaCO2 and improves PAO2 and hence
PaO2. The available data support the conclusion that the
effect of greater alveolar ventilation on PaO2 is not impaired
by the decrease in cardiac output such that NPPV eventu-
ally improves PaO2 [51].

NPPV does not affect passive pulmonary mechanics (i.e.
it has a negligible effect on resistance and elastance),
although the latter slightly decreases because of the greater
tidal volume compared with spontaneous breathing [34].
By contrast, NPPV has a great effect on the respiratory 
muscles because it substantially reduces the WOB by tak-
ing over most of the mechanical load [34]. However, in
patients with respiratory acidosis resulting from exacerba-
tions of COPD, elastance and resistance are only a portion
of the ventilatory load. PEEPi can contribute considerably
to the magnitude of the inspiratory effort, in some studies
making up almost half [30]. Not surprisingly, application of
CPAP to counterbalance PEEPi significantly improves the
effect of NPPV on WOB [34]. There is general agreement
that some levels of CPAP should be associated with inspir-
atory pressure support, not only to reduce the amount of
the patient’s inspiratory effort, but also to improve patient–
ventilator interaction. In fact, the appropriate level of 
CPAP (i.e. slightly lower than PEEPi) reduces the amount 
of negative pressure that the patient’s inspiratory muscles
must create to trigger the ventilator and hence abolishes the
ineffective efforts not able to trigger the mechanical breath.

When PEEPi is measured, either non-invasively or by
means of the oesophageal balloon technique, it is simple to
set the appropriate level of CPAP by establishing a value
slightly lower than PEEPi [34]. Without measurement, it 
is reasonable to observe the patient and to set a level of
CPAP sufficient to trigger the ventilator with minimal effort.
It has also been suggested that PEEPi may be estimated
non-invasively on the basis of clinical observation [53].
However, the validity of this method to set the level of
CPAP has not yet been tested on a large group of patients. 
In common clinical practice, levels of CPAP between 4 and
8 cm H2O seem appropriate for most patients without the
risk of worsening hyperinflation [54].

Clinical studies of NPPV
Almost 100 papers document the wide popularity and 
success of NIMV since the pioneering work by Meduri 

et al. [55,56]. The majority are observational studies, but
some well-conducted prospective randomized clinical trials
(RCTs) also confirm that NIMV, and particularly NPPV, is
an effective treatment for ventilatory failure resulting from
exacerbations of COPD. Good quality meta-analyses on the
RCTs further support this conclusion [15–17,40]. However,
it should be noted that patients at the two extremes (i.e.
either with mild or very severe COPD exacerbations) do not
seem to benefit from NPPV [6,15]. In the former group,
application of NPPV did not show any advantage compared
with standard medical therapy, while in the latter group
NPPV may unduly delay intubation. Among observational
studies the work by Benhamou et al. [57] is worth mention-
ing because NPPV was successfully administered in very
elderly patients.

The published RCTs have three known limitations
which, however, do not affect the validity and robustness of
the results. First, a placebo was not administered such that
it becomes difficult to distinguish between the effect of
NPPV itself and that of the greater attention that the care-
givers’ team might devote to ventilated patients compared
with those receiving standard, more conventional treat-
ment. Secondly, patients participating in RCTs are selected
according to predetermined criteria and might not be truly
representative of the heterogeneous population of COPD
patients with exacerbations. Thirdly, the condition of an
RCT might not reflect what is happening in actual clinical
practice, because the procedures are standardized, the
patients are selected, the team is motivated, and so on.
Nevertheless, all the studies and meta-analyses provide
consistent positive results favouring NPPV, with only
patients with mild exacerbations not benefiting [15]. The
percentage of NPPV success is consistently in the range
75–80% compared with 40–50% for patients receiving
standard medical treatment. The definition of success
includes the following:
• The acute episodes resolves without the need for endo-
tracheal intubation.
• Mechanical ventilation can be discontinued.
• The patient is discharged from hospital.

Factors associated with success of NPPV are likely to be:
1 Appropriate selection of patients (see exclusion criteria
and/or indications for conventional MV):

• younger age;
• ability to cooperate; and
• lower acuity of illness.

2 Experience of clinicians.
3 Availability of resources.

It is considered that NPPV fails when the patient either
needs intubation or dies because intubation is not per-
formed for ethical reasons (e.g. patient’s consent, older age,
terminal condition) or because it is not available.

Intubation and the institution of conventional MV
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should be considered when, after optimization of medical
therapy, including MV:
• Arterial blood gases and/or pH do not improve after 4 h
or even worsen after 1–2 h [58].
• Other complications either appear or do not resolve 
(e.g. metabolic abnormalities, sepsis, pneumonia, pulmonary
embolism, barotrauma, massive pleural effusion).

Observational studies as well as RCTs on NPPV were 
performed in different settings. This is important because
the availability of monitoring resources as well as the ability
of clinicians to bear the workload varies between the gen-
eral (pneumological or medical) ward and the ICU, and it
has been shown that this must be seriously considered [59].
Between the two settings (ward and ICU), some institutions
have a level of intermediate care generally referred to as
respiratory intermediate care units (RiCU) [48,49], whose
specific aim is the treatment of patients with acute (or acute
on chronic) respiratory failure without severe multiorgan
complications or failure.

In a historical overview of the application of NPPV in
exacerbations of COPD, some studies should be mentioned
in particular. In 1990, Brochard et al. [60] published a study
that was not an RCT, but had a historical control group.
Nonetheless, because of the excellent reputation of the
group of investigators and the high profile of the journal,
this work is commonly considered to be the landmark study
that gave NPPV a real scientific role. The same group pub-
lished a large RCT a few years later [18]. Bott and Carroll [61]
performed the first RCT by comparing NPPV with conven-
tional medical therapy in a general ward. More recently,
Plant et al. [62] reported a large multicentric trial conducted in
the UK in a respiratory ward and not in intensive care areas.
That study favoured NPPV over standard medical therapy,
documenting that patients receiving NPPV had lower mortal-
ity and rate of intubation than controls. The relevance of
this study is that it demonstrated that the application of
NPPV in patients with moderate acidosis can be performed
successfully with little training and outside of special envir-
onments such as ICU and RiCU. On the other hand, the
study by Conti et al. [63], which is the only RCT comparing
conventional MV and NPPV, reported that in an ICU, NPPV
could be as successful as conventional MV in terms of treat-
ment of ventilatory failure, but with a significant lower 
rate of complications, particularly infectious complications.
However, the results of that comparison cannot be extra-
polated outside of the ICU and could be significantly
affected by the extensive experience of that particular team
of investigators. Among recent published studies, the one
by Thys et al. [64] is noteworthy because it is the only one
with a control ventilation to the standard therapy group,
suggesting that the success of NPPV was not a result of the
greater attention of the team. More recently, Jolliet et al.
[65] reported an RCT in which a helium–oxygen (He–O2)

mixture was compared with an air–oxygen mixture for
NIMV in decompensated COPD patients. Although He–O2

determined a slightly shorter hospital stay, the rate of 
intubation did not differ, and the authors concluded that
further studies would be needed before recommending 
He–O2 as a routine NIMV strategy in the ICU.

The physiological study by Vitacca et al. [66] used PAV
with low levels of CPAP and showed that, in the short term,
arterial blood gases were improved while the inspiratory
muscles were significantly unloaded. However, two RCTs
comparing PSV and PAV in a heterogeneous group of
patients with acute respiratory failure, including COPD,
failed to show any significant advantage of the latter over
the former, although some patients tolerated PAV better
than PSV [67,68]. More recently, Wysocki et al. [68] focused
on decompensated COPD patients rather than on the usual
heterogeneous group of patients with acute respiratory 
failure. They failed to observe any significant difference
between non-invasive PAV and PSV for any of the physio-
logical variables considered in the study. However, they
found that all 12 patients declared feeling more comfortable
with PAV than with PSV. At present, the data to support
widespread regular use of PAV are scanty.

PSV with low levels of CPAP (e.g. 5 cm H2O) remains the
most popular and widely used mode of delivering NPPV.
The individual setting of PSV remains easier than the setting
of PAV, which requires the adjustment of two variables,
flow and volume, while PSV requires only the setting of
pressure. Probably, the additional time-consuming burden
for clinicians [46] would need stronger evidence to make
PAV preferable to PSV in a routine clinical environment,
although repeated reports on greater patient comfort with
PAV encourages further clinical studies.

In summary, NPPV can be delivered in different clinical
settings:
1 Medical ward [61,62]: patients with moderate acidosis 
(pH < 7.36, > 7.30) and hypercapnia (PaCO2 > 45, < 60 mmHg).
2 Intermediate or high-dependency respiratory unit [69,70]:
patients who present with moderate to severe acidosis 
(pH < 7.30), the facilities for rapid endotracheal intubation
and institution of conventional MV are promptly available.
3 Intensive care unit [18]: patients with severe respiratory
acidosis (pH < 7.25). In this particular setting, NPPV may be
as effective as conventional MV in reversing acute respir-
atory failure resulting from COPD [63].

It is well known that COPD patients belong to the category
of difficult-to-wean patients and some may even become
ventilator dependent [36]. In this context, it is particularly
attractive to consider the use of NPPV to improve weaning

Weaning
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and complete discontinuation of MV [71]. Three recent
RCTs have shown that the application of NPPV to replace
conventional MV after only 24–48 h of intubation resulted
in shorter total duration of MV and length of ICU stay, less
need for tracheostomy, lower incidence of complications
and improved survival [72–74]. In particular, the most
recent study by Ferrer et al. [74] documented the effective-
ness of NPPV to govern the transition from MV to spontan-
eous breathing in patients with persistent conventional
weaning failure. Clearly, many factors are involved in per-
sistent weaning failure and NPPV should not be regarded 
as the panacea or ultimate solution; however, it provides 
an additional approach that might be valuable for certain
patients [71]. Unfortunately, PAV has not been tested in
weaning studies. Theoretically, the greater patient comfort
with PAV should favour the transition from MV to spontan-
eous breathing. In fact, with PAV, it is the patient who
adjusts the level and timing of assistance to his or her 
capacity to sustain the act of breathing completely.

As in many other fields of respiratory medicine (e.g. asthma,
COPD, pneumonia), practice guidelines for the application
of NPPV in patients with respiratory failure are available
[4,13,14]. There are several clinical choices that must be
made when initiating NPPV. Practice guidelines have the
intention of facilitating the procedure, particularly in less
experienced centres. Key points are as follow:
1 Careful selection of patients:

• to prevent waste of resources and discomfort in 
patients with milder exacerbations; and
• to avoid undue delays in patients in need of 
intubation.

2 Choice of equipment, ventilator settings and monitoring
facilities. When NPPV was first developed it was thought
that more sophisticated ICU ventilators would guarantee
better success than simpler, more user-friendly, so-called
‘home’ ventilators, until it was shown that this was not the
case [62].
3 Choice of interface (e.g. facial or nasal mask, full face
mask, helmet).
4 Motivation of the team, because in the first hours NPPV
requires the same workload and degree of attention by 
clinicians as conventional invasive MV.
5 Some particular issues, such as the use of humidifiers in
the ventilator circuits and valves to prevent rebreathing.

These aspects are extremely important to improve the
comfort of the patient as much as possible not only to
accept, but also to actively cooperate with the NPPV. The
patient’s collaboration is fundamental for the success of
NPPV. In fact, NPPV is generally set ‘at patient’s comfort’ 

Practical aspects

in most studies, to assure a satisfactory patient–ventilator
interaction. In this connection it should be noted that NPPV
is an evolving technological process and that practice guide-
lines should also be interpreted as a dynamic tool.

Although some adverse events and complications were
reported in patients receiving NPPV, these are much less
severe and less common than the well-known complica-
tions of conventional MV, in particular barotrauma and
infectious complications. Strictly speaking, it cannot be
considered a complication or an adverse event, but an 
inaccurate selection of patients to whom to offer NPPV and
an undue delay in intubation might expose the critically 
ill patient to a life-threatening situation. When applying
NPPV, there should always be rapid access to intubation
and an ICU, unless NPPV remains the only option (e.g. ICU
bed not available). In this circumstance, clinicians should
give adequate information to the patient or the next of kin.

The most common complications of NPPV are the 
following:
• facial skin erythema;
• nasal congestion;
• nasal bridge ulceration;
• sinus/ear pain;
• nasal/oral dryness;
• eye irritation;
• gastric irritationaspiration pneumonia; and
• poor control of secretions.

Despite the lower levels of intrathoracic pressure with
NPPV than with conventional MV, cardiac output may be
decreased in some patients either in stable [75] or in acute
conditions [51]. Although the lower cardiac output could
decrease PaO2, it seems that the rise in alveolar ventilation is
sufficient to defend and even increase PaO2.

Nasal bridge ulcerations are frequent and not only create
great discomfort for the patient, but also impair the continu-
ation of NPPV. Lesions are caused by excessive pressure of
the nasal/facial mask on the thin nasal skin. The best pre-
vention is to reduce the local pressure of the mask on the
nose by accepting some leaks. In fact, modern ventilators
have very effective leak compensatory mechanisms such
that it is no longer necessary to fix the mask with excessive
pressure [47]. Alternatively, full face masks and helmets
may be of help, depending on the patient’s, and sometimes
the clinician’s comfort with the interface. It is worth stress-
ing that a comfortable interface is a substantial component
in the success of NPPV. The condition of the patient’s nose
should also be adequately considered [76].

Another unpleasant consequence of NPPV is that of gastric
distension, which can impair the inspiratory movements of

Adverse events
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the patient, at least in part. A decrease in the inflation 
pressure might help to resolve or reduce the patient’s 
discomfort.

The success of NPPV relies substantially on a good rela-
tionship between a cooperative patient and a dedicated
caregiver team. First, the ventilator should be set to achieve
the best balance between the clinical and physiological 
targets and the comfort of the patient. Secondly, patients on
NPPV must be cared for as the critically ill patients they are.
The tendency to consider NPPV as a second-class mode of
ventilatory assistance for less severe patients in comparison
with the dramatic picture of the intubated, often sedated
and paralysed ‘really’ severely ill patients, should be aban-
doned. A great amount of effort should be made to obtain
success with NPPV because the prevention of intubation
substantially reduces endotracheal tube-related infectious
complications and mortality.

This is still a matter of controversy and no definitive conclu-
sions can be presented [77]. Chronic NPPV should not be
systematically prescribed for COPD patients with chronic
ventilatory failure, although it could produce some benefits
in selected patients whose characteristics are not yet clearly
defined [78]. A few patients with end-stage COPD undergo
tracheostomy and become chronically ventilator dependent
[36].

1 NPPV benefits patients with ventilatory failure and respir-
atory acidosis resulting from exacerbations of COPD. It
should be noted that for these patients the evidence is
stronger than for other groups of patients with respiratory
failure of different aetiology [14,17]. Intubation, mortality
and the length of ICU stay are with fewer complications
than conventional MV [50].
2 NPPV should be offered early in the course of COPD
decompensation, according to locally available monitoring
facilities, skill of the team and characteristics of the patient
[16].
3 NPPV does not seem to benefit patients with milder 
exacerbations [15]. On the other hand, patients with more
severe acidosis (i.e. pH < 7.25) should be considered for
intubation and conventional MV, unless particular local
conditions and skills support the use of NPPV [61].
4 NPPV may be valuable for selected patients in the wean-
ing process [71].
5 NPPV is a cost-effective treatment [39], although in the

Conclusions

Chronic home NPPV

first hours of treatment the load on the clinical team is 
similar to conventional MV.
6 Careful selection of patients, the skill of the clinical team
and availability of monitoring facilities as well as ICU
admission are substantial components in the success of
NPPV [14].
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CHAPTER 48

Comorbidity

Martin Sevenoaks and Robert A. Stockley

Associations have recently been noted between chronic
obstructive pulmonary disease (COPD) and other systemic
diseases including cardiovascular disease [1], diabetes mel-
litus [2], osteoporosis [3] and peptic ulcer disease [4]. These
links persist even when common aetiologic factors such as
cigarette smoking and steroid usage have been controlled
for, raising the possibility of a common physiologic process.

The GOLD guidelines define chronic obstructive airways
disease (COPD) as ‘. . . airflow limitation that is not fully
reversible. This airflow limitation usually is both progressive
and associated with an abnormal inflammatory response of
the lungs to noxious particles or gases’ [5].

The severity of this airflow obstruction, as assessed by 
the forced expiratory volume in 1 s (FEV1), is a predictor of
overall health status [6] and mortality from both respir-
atory disease [7] and all causes [8].

The inflammatory response to cigarette smoke is well
known, yet it does not explain why only approximately 15%
of smokers develop clinically important airflow obstruc-
tion. This suggests a genetic predisposition and elastase
released from activated neutrophils has long been thought
to be a significant mediator of the disease in this regard [9],
especially in α1-antitrypsin deficiency. The smoking mouse
model has been used in recent studies to further elucidate
the process and the mechanism appears to be driven by 
proinflammatory cytokines of which tumour necrosis factor
α (TNF-α) seems key [10]. The role of these cytokines and
the associated inflammation has been proposed to extend
beyond the chest in COPD.

For reasons that are not clear, patients with COPD have
higher baseline levels of several circulating inflammatory
markers [11]. Whether the systemic inflammation is a 
primary or secondary phenomenon is also unknown at 
present. Specific subsets of patients with COPD have been
identified and those with increased resting energy expend-
iture and decreased fat-free mass have more marked 
elevation of the acute phase C-reactive protein (CRP) and

lipopolysaccharide binding protein in the stable state 
[12]. Furthermore, patients with higher levels of systemic
inflammation lack a response to nutritional supplementa-
tion [13]. 

It was initially thought that a low-grade systemic inflam-
mation was produced by the ‘overspill’ of inflammatory
mediators during the establishment of lung inflammation.
However, the concentrations of soluble tumour necrosis
factor receptor (sTNF-R) or interleukin 8 (IL-8) in sputum
and plasma do not correlate, suggesting that a simple over-
spill explanation cannot be correct [14].

The central role of TNF-α in respect of this systemic
inflammation is not only supported by animal models [10],
but has also been implicated in the COPD phenotype 
with low body mass index [3]. Cytokine production by
macrophages is increased by in vitro hypoxia [15] and 
systemic hypoxia may therefore explain the inverse cor-
relation between arterial oxygen tension and circulating 
TNF-α and sTNF-R [15]. This would suggest that the sys-
temic acute phase response is a secondary phenomenon.

The relative risk for future cardiovascular events has
recently been shown to correlate to baseline CRP [16]. High
levels of CRP and IL-6 have also been shown to significantly
increase the risk of coronary heart disease in both men and
women [17]. Individuals whose baseline value was greater
than 3 mg/L had a relative risk of 1.79.

CRP is a type I acute phase protein and also part of the
innate immune system. It is involved in the activation 
of the classic complement pathway by binding to bacteria.
Complement binding can then occur, leading to bacterial
phagocytosis or death. The protein has the ability to
increase its concentration up to 1000-fold in the days 
following the start of an inflammatory process. It is known

Cardiovascular disease

569



to bind and cause lattice formation and precipitation leading
to passive haemagglutination.

Macrophages have receptors for CRP, and CRP can increase
cytokine production [18,19]. Recent work has pointed to
the role of the Fcγ receptor in the actions of CRP [20],
which may account for its effect on macrophages. During
atherogenesis, CRP may deposit directly on to the arterial
wall, assisting monocyte adherence through the produc-
tion of the monocyte chemokine MCP-1. Production of 
other proinflammatory cytokines and differentiation of the
monocytes into macrophages can occur with further activa-
tion. CRP can also facilitate foam cell production if oxidized
low-density lipoproteins are present and foam cells are the
building blocks of atherosclerotic plaques (Fig. 48.1).

Following a systemic respiratory tract infection, a well-
recognized acute inflammatory response and increase in
cytokine production occurs. The risk of having a myocardial
infarction increases nearly fivefold and cerebrovascular
event over threefold within the first 3 days of such an event
[21]. Not only is the baseline CRP greater than 3 mg/L in
almost half of COPD patients, but the rise during an acute
exacerbation [22] is also associated with a rise in fibrinogen
[23], which increases the prothrombotic risk.

These changes may explain the increased risk of vascular
events and cardiovascular mortality in COPD, both in the
stable state and particularly within a few months of hospital
admission for an acute exacerbation [24]. These concepts
have been related to those of the inflammatory mechan-
isms of insulin resistance [25].

Patients with COPD are nearly twice as likely to develop
type 2 diabetes [26]. Indicators of inflammation in the
absence of COPD can predict the development of diabetes
and glucose disorders [2,27], and patients with type 2 
diabetes mellitus are known to have increased circulating
levels of TNF-α, IL-6 and CRP [28]. Because of these obser-
vations, the role of circulating cytokines in the pathogenesis
of diabetes and insulin resistance has received increasing
interest.

Numerous adipokines are secreted from adipose tissue,
which markedly influence lipid and glucose/insulin
metabolism. These include TNF-α and an adipose tissue-
specific antagonist, the ‘protective’ adiponectin.

Diabetes mellitus
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atherosclerotic plaque formation.
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the Fcγ receptor Å. It is then
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Nuclear factor-κB (NF-κB) is a transcription factor that is
inactive when bound to its inhibitor but which can be acti-
vated by inflammatory cytokines including TNF-α [29].
Activation results in cytokine production, up-regulation 
of adhesion molecules and increased oxidative stress. 
These effects may provide a stimulating pathway that inter-
feres with glucose metabolism and insulin sensitivity.
Adiponectin antagonizes this pathway by reducing NF-κB
activation [30].

Several clinical and experimental observations support
the concept that inflammation, glucose intolerance and
insulin resistance are intimately associated. This concept is
summarized in Figure 48.2, which is derived from the pro-
posal of Sonnenberg et al. [31]:
(a) In patients with weight gain and insulin resistance,
TNF-α expression is increased [32]. This could represent a
modulating effect because TNF-α stimulates lipolysis [33]
but raised TNF-α levels are associated with hyperinsuline-
mia and insulin resistance [34].

(b) Obese patients have an increased acute phase response
and associated insulin resistance [35].
(c) Reduced adiponectin levels, associated with insulin resist-
ance and hyperinsulinemia [36] are seen in obese patients.
(d) In the obese insulin-resistant mouse, TNF-α inhibition
improves insulin sensitivity [32]. 

Studies using thiazolidinediones have not only demon-
strated decreased levels of inflammatory markers including
TNF-α, soluble intercellular adhesion molecule 1 (ICAM-1),
macrophage inflammatory protein 1 (MIP-1) and CRP, but
also improved insulin action [37–39]. ICAM-1 is a member
of the immunoglobulin superfamily and is involved in
leukocyte recruitment and inflammation. MIP-1 is a 
proinflammatory cytokine of the CC subfamily and plays 
a key role in the induction and modulation of inflamma-
tory responses. These results are consistent with a common
inflammatory process or pathway linking COPD and type 2
diabetes [2] and are also in keeping with the theory that
acute phase proteins have a predictive role in the develop-
ment of type 2 diabetes.

Low body mass index (BMI), age and low arterial oxygen
tension are known to be significant independent predictors
of mortality in COPD [40]. Indeed, BMI is the first of the
four variables used in the BODE index predicting the risk of
death in COPD [41]. Loss of fat-free mass (FFM) is detri-
mental to respiratory and peripheral muscle function, exercise
capacity and health status, and is an important supplemen-
tary prognostic parameter [42]. Both weight loss and loss of
FFM are seen more commonly in emphysema and appear
to be the result of a negative energy balance [43].

Patients can certainly become so breathless with severe
COPD that maintaining an adequate oral intake becomes
difficult. However, one physiologic response to starvation 
is a reduction in resting energy requirements [44]. In con-
trast, many COPD patients have been noted to have increased
resting energy expenditure, associated with systemic inflam-
mation [12,45]. In addition, cachectic patients exhibit 
preferential loss of FFM, enhanced protein degradation
[46] and poor responsiveness to nutritional interventions
[47,48]. Moreover, altered protein, lipid and carbohydrate
metabolism is seen in cachexia and is thought to be related
to systemic inflammation [48,49].

Muscle wasting in COPD therefore shows similarities 
to the cachexia seen in many other conditions including
chronic heart failure, renal failure, cancer and acquired
immunodeficiency syndrome. In these conditions, cachexia
is not only associated with reduced survival [47,50–52], it is
also related to poor functional status and health-related
quality of life [53]. In all these conditions, circulating levels

Cachexia
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Smoking has been shown to have negative effects on
markers of oxidative stress, as has COPD, particularly 
during exacerbations [57,58]. This increased oxidative
stress may result in the inactivation of antiproteases, mucus
hypersecretion, airspace epithelial damage, increased influx
of neutrophils into lung tissue and the expression of pro-
inflammatory mediators [59,60].

Inflammatory cell changes in peripheral blood have also
been reported, including neutrophils and lymphocytes
[61]. Patients with COPD have increased numbers of neu-
trophils in the lungs, increased activation of neutrophils in
peripheral blood and an increase in circulating TNF-α and
sTNF-R. It has been suggested that this indicates the import-
ance of a TNF-α/neutrophil axis in maintaining the COPD
phenotype [55,62].

Patients with chronic bronchitis and emphysema are more
likely to develop peptic ulceration [63]. Furthermore, stud-
ies in patients with gastric ulcers have found a decrease in
FEV1 and vital capacity in both smokers and non-smokers
[4]. More recently, Helicobacter sero-positivity has been
found to be increased in COPD patients (77.8 vs 54% in
control subjects) [64]. In addition, genetic diversity between
strains of Helicobacter pylori affects their virulence. Sero-
positivity to the more proinflammatory phenotype express-
ing cytotoxin associated gene A (CagA) was present in almost
twice as many patients as controls.

It has been hypothesized that the chronic activation of
inflammatory mediators induced by H. pylori could amplify
the development of COPD, although once again these 
associations may simply represent common factors such as
smoking and socioeconomic status. The increased preval-
ence of the CagA-positive strain supports a common path-
way hypothesis because this strain can stimulate the release
of IL-1 and TNF-α [65], which may enhance the endothe-
lial adhesion and migration of inflammatory cells into the
lung. Whether such a process enhances the inflammatory
response to cigarette smoke in the lungs is not known. 

An alternative hypothesis is that overspill of H. pylori or its
exotoxins may be inhaled into the lungs, leading to chronic
airway inflammation and hence tissue damage. However,
there is no direct evidence of this phenomenon in COPD.

Vertebral fractures are present in up to 50% of steroid naive
males with COPD [66]. More recently, osteopaenia has
been confirmed to be a feature of COPD and associated with
an increase in circulating TNF-α [3]. Again, the association
suggests a cause and effect.

Osteoporosis

Peptic ulcer disease
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Figure 48.3 Pathogenic process implicated in muscle wasting
in COPD. Circulating TNF-α binds to peripheral muscle cell
receptors, thereby stimulating apoptosis and the production 
of ROS. The receptor binding also stimulates NF-κB activation,
possibly enhanced by ROS. This results in protein loss, both
directly through increased ubiquitin activity Å, or indirectly
via decreased MyoD expression reducing myofibril synthesis
Ç. A decrease in muscle use will reduce IGF-1 production,
decreasing myofibril synthesis É, as well as increasing
ubiquitin activity Ñ, amplifying protein loss. IGF, insulin-like
growth factor; NF-κB, nuclear factor κB; ROS, reactive oxygen
species; TNF-α, tumour necrosis factor α; TNFR, tumour
necrosis factor receptor.

of proinflammatory molecules including TNF-α, IL-1, IL-6,
IL-8 and γ-interferon (INF-γ) are increased while levels of
anabolic hormones including insulin-like growth factors
and testosterone are decreased [53].

TNF-α has a key role in the muscle wasting and weight loss
seen in COPD. It has several direct effects (anorexia, altered
levels of circulating hormones and catabolic cytokines, and
altered end organ sensitivities to them) that could promote
muscle wasting [54]. These appear to be secondary to its
main effect which is via the ubiquitin pathway.

This process is also mediated by NF-κB via the pathway
previously described. In muscle cells, NF-κB can inhibit
MyoD expression and thus interfere with skeletal muscle
differentiation and repair. The MyoD gene plays a key role
in the differentiation and determination of all skeletal 
muscle lineages. It can also increase ubiquitin/proteosome
activity leading to increased protein loss (Fig. 48.3).

Reactive oxygen species (ROS) cause changes in TNF-α/
NF-κB signalling, although their significance is not yet
understood [55]. Inflammation and ROS do, however,
appear to have a synergistic action on muscle breakdown
[49] and because COPD is associated with increased oxidant
stress [56] it is likely that this factor also has a role.



High serum levels of IL-6 and TNF-α are related to 
postmenopausal osteoporosis [67]. Macrophages can dif-
ferentiate into osteoclasts in the presence of marrow 
mesenchymal cells. Mesenchymal cells release the cytokine
RANK ligand (RANKL), which is a member of the TNF-α
superfamily. This process is enhanced by TNF-α and IL-1.
TNF-α and IL-1 can also induce RANKL expression in mar-
row stromal cells and act synergistically with RANKL in
osteoclastogenesis [68], although IL-6 can induce osteoclast
formation independent of RANKL [69]. Other inflam-
matory conditions such as rheumatoid arthritis [70] and
periodontal disease [71] produce RANKL via T-cell induc-
tion and it is therefore likely that a similar process occurs 
in COPD.

Proinflammatory cytokines may therefore have a cent-
ral role in the osteoporosis associated with inflammatory
disease. A close association between the proinflammatory
processes and osteopaenia is supported by data confirming
that that raloxifene was able to decrease TNF-α transcrip-
tion and serum levels while increasing bone density [67].

In summary, several diseases are associated with similar
inflammatory pathophysiology and coexist more com-
monly, suggesting that a common process is responsible for
the clinical overlap. It is of course possible that the systemic
inflammatory response to COPD precipitates disease pro-
cesses at distant sites. Patients with COPD may present 
to other specialties because of the comorbidity and the diag-
nosis may be missed because of common symptoms in the
overlapping conditions (e.g. dyspnoea as a result of cardio-
vascular disease or obesity). As effective anti-inflammatory
therapy becomes available for COPD, it will be of import-
ance not only to monitor the effect on the lungs but also
any associated comorbidities. This may explain why inhaled
corticosteroids in COPD are associated with decreased 
cardiovascular mortality [72] but clearly further studies are
warranted to dissect this process in detail.
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SECTION 6

Current and future
treatment



CHAPTER 49

Primary care

Daryl Freeman and David Price

The facts and figures behind the disease processes collect-
ively known as COPD are bleak. COPD is a progressive chronic
condition and is already the third most common cause of
death in the UK. By 2020 it is expected to be the third most
common cause of death worldwide [1,2]. The most important
cause of COPD in the developed world is cigarette smoking.

COPD is a major cause of morbidity and mortality. Approx-
imately 6% of deaths in men and 4% in women are attrib-
uted to COPD [1]. There are approximately 30 000 deaths
from COPD annually in the UK; approximately 5% of all
deaths [3]. Of more concern, however, is the fact that COPD
is the only common cause of death that is increasing [2].

COPD is an umbrella term encompassing chronic bronchitis
and emphysema, and patients may have elements of both
of these conditions. It is a chronic, slowly progressive disorder
characterized predominantly by airways obstruction [4].
There is structural narrowing of the airways that is predom-
inantly irreversible, with a combination of fibrosis, mucus
hyperplasia and some alterations in vagal bronchomotor tone.

Agents (predominately cigarette smoke) causing COPD
damage the airways and impair the defence and repair
mechanisms within the respiratory system [5]. In addition,
inflammation increases the thickness of the airway walls
(an effect of smooth-muscle hyperplasia), which increases
airways resistance throughout the lungs.

Although a thorough history can give a reasonable indica-
tion of the diagnosis, spirometry is the gold standard [4,6].

Diagnosis

Aetiology

Epidemiology
A diagnosis of COPD is likely with a history of progressive
symptoms: cough, dyspnoea, exacerbations and a smoking
history of more than 20 pack-years in patients over the age
of 40 years [4,6]. (One pack-year is the equivalent of smok-
ing 20 cigarettes a day for 1 year.) The higher the number of
pack-years, the greater the risk of COPD. The patients who
are most likely to benefit from aggressive smoking cessation
therapies are probably those with mild disease; however,
these patients have relatively few symptoms at this stage
and one of the challenges of caring for patients with COPD
is identifying those with early disease. Many patients with
COPD could be identified in primary care by targeting:
• smokers with symptoms (dyspnoea, cough, wheeze);
• patients on respiratory medication (particularly those
with a positive smoking history); and
• patients who attend mainly in the winter months with
symptoms or signs suggestive of a chest infection and a 
positive smoking history.

The late presentation of patients with COPD is a problem
leading to underdiagnosis and under treatment [7]. A high
index of suspicion is needed to identify patients earlier with
COPD, and so management interventions, such as smoking
cessation and drug therapies, can be instituted early. The
presence of comorbid conditions is a frequent problem. In par-
ticular, other smoking-related illnesses such as heart failure
and lung cancer, often coexist with COPD and often a gen-
eralist approach to ‘the breathless patient’ is needed at first.

Spirometry

A diagnosis of COPD depends on demonstrating an irrevers-
ible airway obstruction. Spirometry measures lung function
and is the most reliable method for diagnosing COPD [8].

Spirometry measures the presence of airflow limitation.
The two principal measurements are the forced expiratory
volume in 1 s (FEV1) and the forced vital capacity (FVC),
which is the total volume of air that can be expelled from the
lungs from maximum inhalation to maximum exhalation.
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Airflow obstruction (and this may represent COPD or
asthma) is suggested by a reduction in the FEV1 : FVC ratio
to less than 70%; in addition, if the postbronchodilator
FEV1 is less than 80% predicted this signifies likely COPD.

Guidelines generally use FEV1 as the method to assess
severity. As far as assessing the severity of COPD is con-
cerned, the NICE guidelines suggest that in addition to 
the lung function, other matters should be used to assess
severity [9]. These include features such as breathlessness,
body mass index (BMI), exacerbations, exercise limitation
and presence/absence of cor pulmonale. Increasing sever-
ity of disease is associated with increasing morbidity and 
mortality (Table 49.1).

Smoking is the most preventable cause of premature death
and disability in the developed world. One in four smokers
will develop COPD, with the risk proportional to tobacco
exposure [10]. Stopping smoking is the only intervention
that has been shown to substantially slow the overall
decline in lung function seen in COPD [11]. Brief smoking
cessation advice given by GPs has been shown to be simple
and effective [12]. The use of pharmacotherapy will further
increase the cessation rates.

Nicotine replacement therapy

Nicotine replacement therapy (NRT) increases the chances
of smoking cessation success [12] and over 80 research 
articles have shown a benefit. It gives smokers the oppor-
tunity to break their nicotine addiction by gradually redu-
cing the amount of nicotine in the body. NRT is available as
gum, patches, nasal sprays, inhalators and sublingual tablets.

Antidepressant therapy

Two drugs used to treat depression, bupropion SR (amfebuta-

Smoking cessation

mone) and nortriptyline have been used in smokers trying
to quit. Bupropion SR is an antidepressant licenced in the
USA, studies have shown that it may double cessation rates
[13]. Side-effects include an increased risk of epileptiform
seizure and the drug should be avoided in anyone at 
potential risk. Trials of nortriptyline also suggest that this
can double cessation rates. Side-effects include nausea,
sedation and urinary retention [14].

The measurement of COPD severity is largely dependent on
FEV1 but a more holistic approach, including BMI, symptoms,
exacerbations and exercise tolerance is more appropriate.

These same issues are important when assessing a response
to a given treatment. As COPD is, by definition, a largely
irreversible obstructive lung disease, it is unusual to see a
significant spirometric response (and indeed an improve-
ment of more than 400 mL with a trial of therapy would
suggest a diagnosis of at least coexisting asthma). Other
outcome measures are important in assessing response 
to treatment; these may include health status, symptoms,
exacerbation rates and exercise tolerance (Table 49.2).

Drug therapy

Bronchodilators
Bronchodilators are the mainstay of pharmacological treat-
ment for COPD. They are thought to reduce breathlessness
by deflating the lung and reducing air trapping [16]. β2-
Agonists, anticholinergics and theophylline are effective
bronchodilators; the choice of therapy depends on the 
individual’s response to treatment.

Short-acting β2-agonists (salbutamol, terbutaline)
Short-acting β2-agonists (SABAs) help to relieve the symp-
toms of COPD. Studies have shown that SABAs can reduce
dyspnoea, increase exercise capacity and improve health
status [17].

Treatment of stable COPD
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Table 49.1 Principles of interpreting spirometry.

1 Reduced FEV1 : FVC ratio (< 70%) demonstrates
obstructive lung disease
2 Postbronchodilator FEV1 < 80% predicted suggests COPD
3 A rise in FEV1 of > 400 mL following an adequate dose of
bronchodilator suggests a diagnosis of asthma
4 A normal FEV1 : FVC ratio with reduced FEV1 indicates
restriction and should prompt a referral to specialist care

FEV1 forced expiratory volume in 1 s; FVC, forced vital
capacity.

Table 49.2 The Global COPD (GOLD) guidelines aims of
treatment [15].

1 Prevention of disease progression
2 Relief of symptoms
3 Improved exercise tolerance
4 Improved health status
5 Prevention and treatment of complications
6 Prevention and treatment of exacerbations
7 Reduction of mortality from COPD
8 Prevention and reduction of side-effects of treatment



Long-acting β2-agonists
The long-acting β2-agonists (LABAs) formoterol and salme-
terol work in a similar way to SABAs but have a longer
duration of action, lasting up to 12 h. Studies have shown
that in COPD, LABAs can increase FEV1, increase exercise
tolerance, improve health status, improve night-time symp-
toms and reduce exacerbation rates [3,18,19]. 

Short-acting anticholinergics (ipratropium bromide)
Ipratropium bromide is an effective bronchodilator, lasting
approximately 4–6 h in patients with COPD; it may have
additional beneficial effects such as drying of mucus. The
drug is often used in combination with SABAs.

Long-acting anticholinergics (tiotropium)
Tiotropium is a once daily, anticholinergic bronchodilator.
Early research suggests that it offers more sustained bron-
chodilatation, improves dyspnoea, health-related quality of
life and exacerbations than four times daily treatment with
ipratropium bromide [20,21].

Methylxanthines
Methylxanthines such as theophylline are usually reserved
for more severe disease because of their narrow therapeutic
range and the risk of side-effects. Multiple drug interactions
(antibiotics, cigarette smoking), and the need for regular
plasma drug levels, practically limit their use in everyday
practice.

Inhaled corticosteroids (budesonide, fluticasone, beclometasone)
Inhaled corticosteroids (ICS) reduce exacerbations in COPD
and may reduce decline in pulmonary function [22]. ICS
should be used in patients with FEV1 ≤ 50% predicted who
have frequent exacerbations (two or more in the preceding
12 months) [9]. 

Combination therapy for COPD
Combinations of drugs are now available: SABAs and anti-
cholinergics, ICS and LABAs. Current guidelines support
their use where the individual agents are recommended
[23,24].

Mucolytics (carbocisteine, mecysteine hydrochloride)
Mucolytics may be considered in patients where pro-
duction of sputum is a problem. The role of this class of
therapy has recently been re-evaluated and recommended
for consideration in patients with a chronic productive
cough [9]. 

Antioxidants
N-acetylcysteine has been shown in recent studies to reduce
exacerbations of COPD. However, its effectiveness has yet
to be proven [25].

Oxygen therapy

As COPD progresses so does the likelihood of the patient
developing pulmonary hypertension as a consequence 
of chronic hypoxaemia. Two studies have demonstrated
the benefits of long-term oxygen therapy (LTOT) in this
condition [26,27], and the last 20 years have seen a steady
growth in the use of domiciliary LTOT.

There are clear criteria for referral for LTOT (see below)
and assessment is usually carried out in secondary care.

Assessing the need for long-term oxygen therapy
LTOT assessment is indicated in patients who have a 
PaO2 of less than 7.3 kPa when stable, or PaO2 more than 
7.3 kPa or less than 8.0 kPa when stable and one or 
more of the following: secondary polycythaemia, nocturnal
hypoxaemia, oxygen saturation of less than 90% for 
more than 30% of the time, peripheral oedema, pulmonary
hypertension.

Clearly, most primary care physicians do not have capil-
lary gas analysers in their practice, so an empirical approach
is required when deciding who may need referring for a
LTOT assessment. The following are indications for referral
for an LTOT assessment:
• Patients with oxygen saturation ≤ 92% on air
• Patients with signs of central cyanosis
• Patients with evidence of polycythaemia
• Patients with evidence of right heart failure (peripheral
oedema, raised jugular venous pressure)
• Patients with severe COPD (FEV1 less than 30% predicted)
• Some patients with moderate airflow obstruction may
develop pulmonary hypertension, so assessment may be
necessary in this group too.

LTOT is usually delivered via an oxygen concentrator
backed up by a large cylinder and a smaller portable cylinder
to maintain independence and mobility.

COPD is not a stable disease and patients experience 
occasional worsening of symptoms or exacerbations. Most
patients with an exacerbation can be managed at home 
by the primary health care team. Indications for considera-
tion of admission include: ability to cope at home (requires
assessment of support from carers), degree of breathless-
ness, presence of oedema and/or cyanosis, altered level 
of consciousness/increasing confusion or significant com-
orbidities (diabetes, heart failure, psychiatric problems).

Exacerbations also have an impact on health-care re-
sources. For example, during the winter hospital admissions
for COPD can increase the problem of bed shortages and
lead to cancellation of surgical operations.

Exacerbations
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Treatment of exacerbations

Exacerbations are treated by increasing the dose of short-
acting bronchodilator. This is usually a hand-held device,
e.g. metered dose inhaler (MDI) + large volume spacer, but
some patients may require a nebulizer (if the patient is
hypercapnic this should be driven by air – not oxygen) [28].
In the absence of contraindications, a short course of oral
steroids (prednisolone 30 mg/day for 10–14 days) should
be used for patients with exacerbations – both at home and
in those admitted to hospital [29]. The presence of green,
purulent or excessive sputum suggests the presence of
infection and so an antibiotic (choice of agent used should
be based on advice from local prescribing/microbiology 
services) should be considered for 10–14 days.

Pulmonary rehabilitation

Pulmonary rehabilitation is a structured, individualized
programme of exercise, physiotherapy and education for
patients with COPD. It should be offered to all patients who
are functionally disabled by their condition (in practice this
means those with a Medical Research Council [MRC] score
of 3 or above).

Pulmonary rehabilitation does not alter the course of 
the disease, or have any impact on mortality. However, it
improves exercise capacity, physical functioning, quality of
life and the patient’s perception of control over their disease
[30,31]. Pulmonary rehabilitation has been shown to
reduce both symptoms and health-care utilization [32,33].
Indications for referral to pulmonary rehabilitation include:
• Confirmed diagnosis of COPD;
• MRC grade 3 or more (Table 49.3);
• Optimal medical treatment;
• No contraindications to exercise programme (e.g. 
unstable angina);

Non-pharmacological treatments 
of COPD

• Able and willing to attend all the sessions;
• Neither use of LTOT nor being wheelchair bound due to
COPD are contraindications and such patients should be
encouraged to take part in rehabilitation programmes.

Anxiety and depression

Patients with COPD have many problems in addition to
their medical condition; COPD strikes them at a time in
their lives when they may have been looking forward to
relative financial independence, retirement and more time
to devote to their interests. It is not surprising therefore 
that studies of psychological factors in patients with COPD
indicate that anxiety, depression and psychiatric symptoms
are common [34].

Palliative care

Palliative care for patients with COPD is at best patchy. In
the UK, 75% of people die from non-malignant causes and
yet 95% of palliative care resources are used for malignant
disease.

The care of the patient with terminal COPD is often up to
the general practitioner or the patient’s family or carers.
Drugs used to treat breathlessness include benzodiazepines
and opioids. 

As with other aspects of managing the patients with
COPD, a multidisciplinary approach to terminal care is vital
and may involve the home nursing team, social services,
charities such as the Marie Curie service and the primary
health care team.

A regular structured review of asthma patients is shown to
improve health outcomes regardless of whether the review
is undertaken by a GP or a respiratory trained practice nurse
[35].

Routine assessment

The most important part of assessing a patient with COPD is
probably during the diagnosis, where the value of a thorough
history followed by relevant examination and investigations
cannot be overemphasized.

The routine follow-up of the patient with established
COPD, however, takes a different course. Structured review
is essential, and ideally will follow some form of protocol or
computer template. Issues that should be covered during
review appointments include those listed in Table 49.4.
Clearly, not all these issues need reviewing at every 

Structuring respiratory services in
primary care
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Table 49.3 The Medical Research Council (MRC)
dyspnoea scale.

1 Not troubled by breathlessness unless on strenuous activity
2 Short of breath when hurrying or walking up a slight hill
3 Walks slower than contemporaries on the level because of
breathlessness or has to stop for breath when walking at own
pace
4 Stops to take a breath after approximately 100 m or a few
minutes on the level
5 Too breathless to leave the house or breathless on dressing
and undressing



appointment, but each clinic should have some form of 
formal annual review and a shorter intermediate review
programme. Importantly, the patient, and not their disease,
must remain at the centre of this process. It is often easier to
discuss lung function and treatment options than to listen
to the patient and try to understand their concerns, worries
and expectations.

The future for the patient with COPD is looking brighter
than it has for some time. There is increasing interest in the 
management of COPD, not only from the pharmaceutical
industry, but governments are at last recognizing it as a 
priority area to target and treat (e.g. the British Depart-
ment of Health has introduced a scheme whereby GPs are
financially rewarded for diagnosing COPD). However, the
management of patients with COPD remains a challenge
and a responsibility for all in primary care.

The authors wish to acknowledge the administrative 
and secretarial support provided by Margaret Ross and
Samantha Louw.
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Table 49.4 Issues that could be covered during review
appointments.

Routine review

Medication review
Understanding of drugs prescribed and when to take them 
Inhaler technique assessment
Physician check for side-effects and possible interactions 

with other drugs or conditions (e.g. urinary retention
with anticholinergics)

Use of rescue medications and use of self-management plans 
where used

Review of disease progression
Review of symptoms including objective score where 

possible (e.g. MRC dyspnoea score)
FEV1 and FVC measurement
Review need for other investigations (e.g. CXR, FBC)
Review possibility of other diagnoses
Review need for referral for pulmonary rehabilitation
Review need for referral for long-term oxygen assessment
Exacerbations since last review

Immunization review
Has pneumococcal vaccination been given?
Does patient attend for annual influenza vaccination?

Smoking status
Encourage patient to give up smoking if still current smoker
Offer relevant smoking cessation therapies

Holistic review
Many patients become depressed as a consequence of 

the impact COPD has on their lives. Identification and 
treatment of depression should be part of the continuing 
review process

Many patients need encouragement to continue their
everyday activities in spite of their breathlessness. Much of
this is covered in a pulmonary rehabilitation programme,
but advice about exercise, diet and walking should be part
of the primary care structured review process

The patient’s nutritional state should be reviewed at least
annually. This should include recording their BMI and 
a review of their diet and appetite

BMI, body mass index; CXR, chest X-ray; FBC, full blood
count; FEV1, forced expiratory volume in 1 s; FVC, forced
vital capacity; MRC, Medical Research Council.
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CHAPTER 50

Pulmonary rehabilitation

Richard ZuWallack

Individuals with chronic respiratory disease such as COPD
often have distressing symptoms such as dyspnoea and fatigue,
significant limitations in exercise capacity, limitations in
activities of daily living and impaired quality of life. Pharmaco-
logical therapy, although a cornerstone in the symptomatic
treatment of COPD [1], may fall short in the treatment in
some or all of these important areas. Pulmonary rehabilita-
tion complements this standard medical therapy. 

Pulmonary rehabilitation was defined in the 1999 Amer-
ican Thoracic Society Statement on Pulmonary Rehabilita-
tion as ‘a multidisciplinary program of care for patients with
chronic respiratory impairment that is individually tailored
and designed to optimize physical and social performance
and autonomy’ [2]. It involves a spectrum of therapeutic
strategies, including exercise training, self-management
education, nutritional intervention, psychosocial support
and promotion of long-term adherence, that are integrated
into the lifelong management of the patient.

Pulmonary rehabilitation programmes involve patient
assessment, exercise training, education, nutritional inter-
vention and psychosocial support. In a broader sense, 
pulmonary rehabilitation includes a spectrum of interven-
tion strategies integrated into the lifelong management 
of patients with chronic respiratory disease and involves a
dynamic, active collaboration between the patient, family
and health-care providers. These strategies address both the
primary and the secondary impairments associated with
respiratory disease. 

This comprehensive interdisciplinary patient-centred
intervention has virtually no effect on the lung function 
or respiratory physiological abnormalities of COPD, yet it
frequently provides substantial and clinically meaningful
benefits in important outcome areas such as dyspnoea,
exercise performance, functional status and health-related

Definition and rationale

quality of life. Pulmonary rehabilitation is effective because
a considerable portion of the dyspnoea, fatigue, exercise
limitation, and reductions in functional and health status is
caused by the associated morbidity and comorbidity –
which often responds to treatment. For example, while a
patient with COPD has (by definition) some component of
irreversible airflow limitation, he or she likely has decondi-
tioning of the peripheral muscles resulting from inactivity
[3], the use oral corticosteroids [4] or the presence of 
systemic inflammation associated with COPD [5]. These
peripheral muscle effects contribute to the exertional 
dyspnoea and exercise limitation of COPD, and respond to
exercise training. Table 50.1 lists some of the associated
morbidities in COPD that potentially are responsive to 
comprehensive pulmonary rehabilitation.

Established positive outcomes from 
pulmonary rehabilitation

Pulmonary rehabilitation has proven to be a highly effect-
ive therapy that has positive outcomes in several areas
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Table 50.1 Some systemic effects of chronic respiratory
disease that might be improved with pulmonary
rehabilitation.

Nutritional depletion and body composition abnormalities,
especially decreased muscle mass in the lower extremities
[81,82]

Reduction in peripheral muscle oxidative enzymes [83]
Alterations in peripheral muscle fibre type [84]
Cardiovascular deconditioning
Poor pacing techniques
Maladaptive coping skills
Fear of dyspnoea-producing activities, depression
Adoption of a sedentary lifestyle with decreased participation

in social events



(Table 50.2). Note that this list of positive outcomes does
not include improvement in pulmonary function or pro-
longed survival. Favourable changes in symptoms, exer-
cise performance, activity levels and health-related quality 
of life occur despite this lack of change in pulmonary 
physiological measurements, such as the forced expiratory
volume in 1 s (FEV1). This reflects the effectiveness of 
pulmonary rehabilitation on the associated morbidity, such
as peripheral muscle deconditioning. The lack of a demon-
strated effect of pulmonary rehabilitation on survival 
probably reflects the limited number of controlled trials
evaluating this variable (with relatively small numbers of
randomized controlled trials), making them statistically
underpowered to detect this change.

Well before the advent of modern evidence-based medicine,
clinicians had recognized that pulmonary rehabilitation 
or its components are effective in the treatment of chronic
respiratory disease [6,7]. However, it has only been in the
last decade or two that this intervention has become widely
accepted as a state-of-the-art, scientifically proven therapy
for chronic respiratory disease. This rise to prominence is
underscored by the following:
1 Two major evidence-based reviews – by the combined
efforts of the American College of Chest Physicians and the
American Association of Cardiovascular and Pulmonary
Rehabilitation [8], and a Cochrane meta-analysis [9] – 
that clearly demonstrate the effectiveness of pulmonary
rehabilitation.
2 The National Emphysema Treatment Trial (NETT) [10],
which considered pulmonary rehabilitation to be the gold
standard of therapy with which lung volume reduction
surgery was compared.

A brief history of pulmonary
rehabilitation

3 The endorsement of pulmonary rehabilitation by the
Global Initiative for Obstructive Lung Disease (GOLD), by
placing it in their treatment algorithm for individuals with
moderate COPD [1].

A brief listing of several studies in the development of the
science of pulmonary rehabilitation is given in Table 50.3.
These studies, and others, have documented the effective-
ness of pulmonary rehabilitation in multiple outcome
areas. Current research has now shifted away from proving
that pulmonary rehabilitation works, to determining ways
to make it even more effective.

Selection of candidates

Pulmonary rehabilitation is generally indicated for indivi-
duals with chronic respiratory disease who have persistent
respiratory symptoms, decreased exercise capacity, a reduc-
tion in functional status (activity) or impairment in health-
related quality of life despite standard medical therapy 
(Fig. 50.1), taken from the combined American Thoracic
Society–European Respiratory Society statement, Standards
for the Diagnosis and Management of COPD [11]. Note that a
specific pulmonary physiological impairment, such a re-
duced FEV1, is not in the above listing. Rather, the presence
of distressing respiratory symptoms, activity limitation and
reductions in participation dictate the need for pulmonary
rehabilitation. Because the physiological measurements
such as the FEV1 correlate poorly with these important out-
come areas [12], there are no specific pulmonary function
inclusion criteria for pulmonary rehabilitation [13].

The process of pulmonary rehabilitation
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Table 50.2 The effectiveness of pulmonary rehabilitation
in multiple outcome areas.

1 Reduced exertional dyspnoea and dyspnoea associated
with daily activities [36,85,86–88]
2 Increased exercise endurance of the lower extremities
[16,36,66,89]
3 Increased upper extremity endurance [22]
4 Increased peripheral muscle strength [29,30]
5 Increased strength and endurance of respiratory muscles
[31,89]
6 Increased self-efficacy for walking [36]
7 Improved health status [9,22,66,88]
8 Reduced health-care utilization and increased cost
effectiveness [66,90,91]

Clinical presentation

Interventions

Disease progression

At risk Symptomatic Exacerbations
Respiratory

failure

Smoking cossation

Disease management

Pulmonary rehabilitation

Other options

Symptoms
FEV1

Figure 50.1 The combined American Thoracic Society–
European Respiratory Society algorithm for management of
stable COPD. FEV1, forced expiratory volume in 1 s.



Pulmonary rehabilitation should be considered as a
potential intervention when standard (usually primarily
pharmacological) therapy falls short in effectiveness. At
present, patients with COPD comprise, by far, the largest
group of respiratory disease referred for pulmonary rehabil-
itation. Patients referred to pulmonary rehabilitation often
have one or more of the following symptoms, activity lim-
itations or participation limitations [14]:
1 Severe dyspnoea and/or fatigue;
2 Decreased exercise capacity;
3 Limitations in functional status, especially higher order
activities of daily living ;
4 Impaired health-related quality of life;
5 Interference with performance in employment;
6 Nutritional depletion and body composition abnorm-
alities, such as COPD-associated cachexia;
7 Increased medical resource consumption resulting from
chronic respiratory disease or its comorbidities.

Often, the referral to pulmonary rehabilitation had been

reserved for advanced lung disease. While patients in this
category will benefit from the intervention as long as they
can participate in the programme [15], an earlier referral is
preferable, because preventative strategies such as smoking
cessation could be emphasized and different modes and
higher intensities of exercise training could be utilized.

Exclusion criteria for pulmonary rehabilitation fall into
two general areas:
1 An associated condition that might interfere with the
rehabilitative process, such as disabling arthritis, or severe
neurological, cognitive or psychiatric disease.
2 An associated condition that might place the participant at
undue risk from exercise training, such as unstable angina.
While a low level of motivation is a relative contraindica-
tion, it might improve with the intervention. Most – but 
by no means all – pulmonary rehabilitation programmes
now allow active cigarette smokers to participate; in this
circumstance the smoking cessation intervention becomes
an important component of the process. 
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Table 50.3 Key studies in the development of the science of pulmonary rehabilitation.

Study Design and findings

Casaburi et al. [16] COPD patients randomized to exercise training involving higher work rates showed significantly more
training effect than those with lower levels of exercise training. This was seen despite equalizing total
amounts of work. This was the first randomized controlled study to show that physiological benefit from
exercise training is possible in COPD patients and that this effect is dose-dependent

Reardon et al. [87] COPD patients referred for pulmonary rehabilitation were randomized to either 6 weeks of pulmonary
rehabilitation or standard therapy. Those who completed pulmonary rehabilitation had significant decreases
in exertional dyspnoea and questionnaire-rated dyspnoea with activity. This is the first study to show that
pulmonary rehabilitation improves dyspnoea. Subsequent studies by O’Donnell et al. [85] replicated these
findings, and demonstrated that this improvement results from reduced ventilatory demand at iso-work
levels

Goldstein et al. [88] A randomized controlled trial demonstrating that pulmonary rehabilitation resulted in improvements in
exercise performance and health-related quality of life

Ries et al. [36] This was a large randomized trial comparing comprehensive pulmonary rehabilitation with education alone.
It demonstrated the effectiveness of pulmonary rehabilitation in several areas, including exercise
performance, dyspnoea, and self-efficacy for walking. It also showed that this improvement declined over
time, reaching control group by 18–24 months

Maltais et al. [92] This controlled study demonstrated the positive effect of exercise training on oxidative enzymes in peripheral
muscles. This biochemical improvement correlated with reduced lactic acid production during exercise

Griffiths et al. [66] This randomized trial of 200 Welsh patients with chronic respiratory disease compared outpatient
pulmonary rehabilitation with standard medical therapy. In addition to showing an increase in exercise
performance and health-related quality of life, pulmonary rehabilitation was shown for the first time in a
prospective randomized trial to result in decreased health-care utilization: fewer days in the hospital and
fewer primary care home visits. A subsequent study by this group demonstrated cost effectiveness of
pulmonary rehabilitation [94]

Bourbeau et al. [91] This large prospective randomized controlled trial compared a structured self-management programme with
standard therapy for COPD. The intervention led to a reduction in health-care utilization and improved
quality of life. This important study provides evidence that the self-management strategies employed in
comprehensive pulmonary rehabilitation are effective, and provides support to the concept that pulmonary
rehabilitation is more than just exercise training 



Components of a comprehensive pulmonary
rehabilitation programme

Exercise training
Endurance and strength training of the upper and lower
extremities is an essential component of comprehensive
pulmonary rehabilitation [2]. Exercise performance in
patients with COPD is frequently limited by peripheral
muscle abnormalities and cardiovascular deconditioning,
adding to the limitation imposed by airflow limitation, volume
constraints related to hyperinflation and gas-exchange
abnormalities. Thus, an early onset of anaerobic meta-
bolism with lactic acidosis during low or moderate levels of
exercise is observed [16]. The peripheral muscles in COPD
are not frequently depleted [17], and also have alterations
in fibre-type distribution and decreased metabolic capacity
[18].

Exercise training for COPD is based on standard prin-
ciples of intensity (higher levels of training produce more
results), specificity (only those muscles trained show an
effect) and reversibility (cessation of regular exercise train-
ing leads to loss of training effect) developed from studying
normal individuals [19]. These principles have been applied
to COPD patients, although there are relatively few studies
that have evaluated exercise duration, exercise session
duration or the number of sessions per week in this popula-
tion. A dose-related increase in oxidative enzymes in the
peripheral muscles accompanies the physiological adapta-
tions to training [20], and this increase correlates with the
concomitant reduction in lactic acid production [21]. A
training effect is attainable in many patients with COPD,
and higher levels of exercise results in a greater reduction in
ventilation and lactate production at iso-work levels [16].
However, the greater increases in exercise performance
from higher levels of training do not necessarily result in
greater improvements in dyspnoea or health status [22].

Most pulmonary rehabilitation programmes emphasize
endurance training of the lower extremities, often advocat-
ing sustained exercise for approximately 20–30 min, two to
five times weekly. This type of training may utilize a station-
ary cycle ergometer, motorized treadmill, stair climbing or
walking on a flat surface. Training is usually performed at
levels at or greater than 50–60% of the estimated maximal
workrate. For those unable to maintain this intensity for
the recommended duration, interval training, consisting of
2–3 min of high intensity (60–80% maximal exercise
capacity) training alternating with equal periods of rest, has
similar results with less dyspnoea [23,24].

Few studies have evaluated the optimal duration of 
exercise training in pulmonary rehabilitation. One study
showed that, on average, 7 weeks of pulmonary rehabilita-
tion leads to a greater improvement in exercise perform-
ance than a 4-week intervention [25]. Recent COPD 

guidelines (GOLD) recommend (without providing much
supportive evidence) at least 8 weeks of exercise training 
as part of a pulmonary rehabilitation programme. The total
duration of exercise, although it is often standardized to the
individual programme, should depend on the patient’s
underlying respiratory disease, the level of physical and
cardiovascular conditioning, and continued demonstrated
progress made during the exercise training sessions. 

Although the strength of the upper extremity muscles 
is relatively preserved compared with that of the lower
extremities in COPD [26,27], these muscles are very import-
ant in many activities of daily living and their use is 
associated with considerable dyspnoea. Both strength and
endurance training of the upper extremities are probably
important. Training is often through the use of arm ergom-
etry, lifting free weights or dowels, or stretching elastic
bands.

Because peripheral muscle weakness and/or depletion
contribute to the exercise limitation in patients with COPD
[28], strength training is a rational component of exercise
training during pulmonary rehabilitation. Consequently,
the current practice of pulmonary rehabilitation usually adds
strength training to standard aerobic training. Weightlifting
exercises training alone, involving the upper and lower
extremities, increases muscle strength and endurance 
performance on a cycle ergometer [29]. This combination
increases muscle strength and mass, but its additive effect
on health status has not been proven [30].

Inspiratory muscle training increases strength and
endurance of the inspiratory muscles in COPD [31,32].
However, the link between improvement in respiratory
muscle strength or endurance and improvement in dysp-
noea, exercise performance or health status is not firmly
established [33]. Newer approaches that emphasize endur-
ance training of the respiratory muscles at more precise 
percentages of maximal capacity are promising, although
not yet proven.

Education and self-management strategies
Education is an integral component of virtually all com-
prehensive pulmonary rehabilitation programmes, providing
information to the patient and the family on the respiratory
disease and its treatment and helping to develop coping
skills [34,35]. It encourages active participation in health
care (collaborative self-management), thereby promoting
adherence and self-management skills [36,37].

Education is usually provided both in both small group
settings and on a one-to-one basis, tailored to the needs of
the individual patient [38]. Advance directive discussions
are an important component of pulmonary rehabilita-
tion [39,40]. Generally, a number of standard topics are
addressed in the educational sessions [41]; some of these
are outlined in Table 50.4.
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Because education is integral to virtually all compre-
hensive pulmonary rehabilitation programmes, the effect
of this specific component has not been adequately studied.
However, a recent study evaluating self-management
strategies (which are prominent in comprehensive pul-
monary rehabilitation) applied to the home setting showed
this form of therapy to be effective in improving health 
status and reducing utilization of medical resources. 

Nutritional support
Decreased body weight and/or depletion in lean body 
mass are present in 20–35% of patients with stable COPD
[42–44]. There are multiple causes of body composition
abnormality in this disease, including increased energy
expenditure [45,46] and systemic inflammation [5]. 
Nutritional depletion and body composition abnormalities
are associated with decreased respiratory muscle strength
[47,48], handgrip strength [49], exercise tolerance [47,50]
and-health related quality of life [51]. Additionally, deple-
tion is a significant predictor of mortality in COPD, inde-
pendent of FEV1 [52]. Because of the associations with
morbidity and mortality, nutritional intervention is a 
recommended component to comprehensive pulmonary
rehabilitation.

Simple nutritional supplementation to underweight
COPD patients has not met with much success, as evid-
enced by a recent meta-analysis that demonstrated only a
1.65-kg increase in weight following this type of inter-
vention [53,54]. Because of these disappointing results
with calorie supplementation alone, adjunctive treatment
with anabolic steroids has been tried [54,55]. This has led to
increases in weight, lean body mass, respiratory muscle
strength, and arm and thigh muscle circumference [56]. To

date, however, improvements in these areas of impairment
have not been convincingly demonstrated to be associated
with improvements in exercise tolerance or functional 
status. Of considerably importance is a recent study that
demonstrated that therapeutic increases in weight in COPD
patients following therapy are related to increased long-
term survival [57]. Further studies are needed to determine
the optimal approach to treatment of nutritional depletion
in chronic lung disease. 

Psychosocial support
Psychosocial problems, including anxiety, depression, poor
coping skills and decreased feelings of self-efficacy, con-
tribute to the morbidity of COPD [58–60]. Intervention in
these areas varies widely among pulmonary rehabilitation
programmes, but often focuses on areas such as coping
strategies [34,61] or stress management techniques such as
muscle relaxation techniques, stress reduction and panic
control. Improvement in anxiety may have the additional
advantage of further decreasing dyspnoea [62]. Participa-
tion by family members or friends in pulmonary rehabilita-
tion support groups is encouraged. Informal discussions 
of symptoms frequently present in chronic lung disease 
and common concerns may provide emotional support to
patients and their families. Patients with substantial psy-
chiatric disease as comorbidity should be referred for appro-
priate professional care outside of the programme.

There are only few studies evaluating the specific effect 
of pulmonary rehabilitation on psychological outcome
[63], and none that evaluate this specific component of
comprehensive rehabilitation on traditional outcomes. A
randomized controlled trial of comprehensive pulmonary
rehabilitation failed to demonstrate a significant effect on
depression. However, in one non-controlled study of 
pulmonary rehabilitation, depression and anxiety levels
decreased following 1 month of pulmonary rehabilitation.
This programme included psychological counselling and
stress management sessions twice weekly, in addition to
standard exercise training and educational topics [64]. Of
potential considerable importance, self-efficacy for walking
increases with exercise training [36,65].

Promotion of long-term adherence
Pulmonary rehabilitation has impressive positive short-term
effects in exercise capacity, dyspnoea relief and health-
related quality of life. However, long-term effectiveness 
of this therapy tends to wane with time, with these out-
comes often approaching those of the control group by 18–
24 months [36,66–70]. Two factors are probably responsible
for a substantial portion of this drop-off in effectiveness:
1 Exacerbations of underlying lung disease, leading to pro-
longed symptoms and a reassumption of a more sedentary
lifestyle;
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Table 50.4 Examples of educational topics in pulmonary
rehabilitation [93].

Normal pulmonary anatomy and physiology of the lungs
Types of lung disease
Description and interpretation of medical tests
Breathing retraining techniques
Bronchial hygiene
Medications
Principles of exercise 
Activities of daily living, energy conservation techniques
Nebulizers and supplemental oxygen
Symptom assessment and management
Proper nutrition
Psychosocial issues, dealing with fear of dyspnoea-producing

activities
Ethical issues and advance directives
Recognizing and dealing with the acute exacerbation of

COPD



2 A gradual decline in adherence with the post-
rehabilitation exercise prescription [71].

Pulmonary rehabilitation programmes now routinely
employ strategies to promote long-term adherence with
post-rehabilitation instructions. One approach is to actively
incorporate the principles of pulmonary rehabilitation such
as regular exercise training into the home setting, with the
hope that this would promote better long-term adherence
with this intervention. This is supported indirectly by stud-
ies of home-based programmes, which suggest that gains
achieved in this setting may be longer lasting than those of
outpatient hospital-based programmes [72]. Additionally,
giving a second course pulmonary rehabilitation following
an exacerbation of COPD, emphasizing short periods of
supervised exercise training to return the patient to base-
line performance, might be a reasonable intervention in
selected cases. Studies evaluating the potential effectiveness
of these strategies or others are needed.

Outcome assessment
Outcome assessment is frequently performed in a pul-
monary rehabilitation programme as part of a generalized
audit of the effectiveness of the individual programme.
Outcome areas often include dyspnoea, exercise perform-
ance and health-related quality of life. A listing of some
commonly used outcome measures is listed in Table 50.5.
Exercise tests such as the timed walk test, or the assessment
of dyspnoea or health-related quality of life by a standard-
ized questionnaire may also provide some information 
on the individual patient’s response to therapy. Whether
these outcome measures, which have been validated using
groups of patients and are routinely used in overall pro-

gramme assessment, are useful in this individualized setting
is not clear. Traditional one-on-one clinical assessment
remains necessary for determining the effectiveness of 
pulmonary rehabilitation in the individual patient. Other
outcome areas, such as health-care utilization or mortality,
would require the collaboration of multiple pulmonary
rehabilitation programmes to accrue the necessary number
of patients for analysis.

Non-invasive invasive positive pressure ventilation (NPPV),
through its effect in helping unload the respiratory muscles,
may improve breathlessness in COPD [73,74]. In one study of
patients with more severe lung disease, this form of therapy
allowed for exercise at a higher intensity, resulting in the
achievement of a greater maximum exercise capacity [75].
Its role in pulmonary rehabilitation remains to be defined. 

Some patients with very severe COPD, especially after a
prolonged hospitalization for an exacerbation of the disease
or those with substantial comorbidity, are unable to par-
ticipate in exercise training effectively. One potential way
around this is neuromuscular electrical stimulation using
low-intensity electrical current to specific muscle groups,
especially those of the lower limbs. To date, two trials 
have evaluated this modality of treatment [76,77]. In both
studies, of respiratory patients with severe muscle weak-
ness, transcutaneous neuromuscular electrical stimulation
of lower limb muscles led to significant increases in skeletal
muscle strength and exercise capacity.

Newer, adjunctive strategies in
pulmonary rehabilitation
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Table 50.5 Some examples of outcome assessment for pulmonary rehabilitation.

Exertional dyspnoea Borg scale [94] or visual analogue scale [87] during exercise testing

Dyspnoea associated with daily activities Modified Medical Research Council (MRC) questionnaire [95]
Baseline and Transitional Dyspnoea Indexes (BDI/TDI) [96,97]
San Diego Shortness of Breath Questionnaire [98]

Functional exercise capacity Six-minute walk test, shuttle walk tests [99,100]

Laboratory measures of exercise performance Cardiopulmonary exercise testing, treadmill endurance time [36,89]

Health-related quality of life Chronic Respiratory Disease Questionnaire (CRQ) [101]
St. George’s Respiratory Questionnaire (SGRQ) [102]
Medical Outcomes Study Short Form 36 (SF-36)

Functional performance Pulmonary Functional Status Scale (PFSS) [103]
Pulmonary Function Status and Dyspnoea Questionnaire (PFSDQ) [104]

Nutritional status/body composition Body mass index, body composition using bioelectrical impedance or dual 
energy X-ray absorption (DEXA)

Psychological variables Measurement of anxiety and depression using the Hospital Anxiety and 
Depression (HAD) questionnaire



Maximal bronchodilator therapy for COPD reduces the
resistive work of breathing through increasing the calibre 
of airways and the elastic work of breathing through
decreasing static and dynamic hyperinflation. These effects
should allow for ventilatory-limited patients to exercise at
higher training intensities. Because the training effect 
from exercise is dose-dependent, maximal bronchodilator
therapy during pulmonary rehabilitation should improve
outcome in this area. This was demonstrated in a recent
study comparing exercise performance following pulmon-
ary rehabilitation in a group of COPD patients who received
the long-acting bronchodilator, tiotropium, with a group
that received standard therapy with short-acting β-agonist
bronchodilators. The group receiving the long-acting anti-
cholingergic drug had a substantially greater improvement
in treadmill endurance time. 

Supplemental oxygen therapy reduces exertional dys-
pnoea in COPD, partly through reducing ventilatory drive
[78,79]. A recent study demonstrated that supplemental
oxygen therapy of non-hypoxaemic COPD patients allowed
for exercise training at a higher intensity, resulting in greater
gains from this therapy [80]. Whether this beneficial effect
will continue when the patient finishes pulmonary rehab-
ilitation and stops using supplemental oxygen remains to
be determined.
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CHAPTER 51

Social support

Robin Stevenson

Many diseases have become prevalent because of society’s
failure to organize itself equitably. In the past, dysentery,
cholera and tuberculosis were often related to overcrowd-
ing, poverty and poor sanitation. In the present time, the
prevalence of COPD has a marked socioeconomic bias,
greater than that described for ischaemic heart disease
[1,2], and perhaps greater than for any other major disease
[3]. The role of social support in COPD therefore merits
close scrutiny.

By the 1950s, it was clear that there were marked social
and occupational factors in the aetiology of COPD [1]. From
1930 until 1970, COPD mortality in men was consistently
higher (approximately fourfold) in the UK than in the USA,
whereas migrants from the UK to the USA had COPD mort-
ality similar to the indigenous population [4]. From 1970
until the turn of the century, COPD mortality in UK men
fell steadily, but a study using a general practice database
showed that from the mid-1990s, prevalence rates for
COPD in men appeared to plateau, whereas the prevalence
in women rose and, by 1997, was similar in both men and
women [5]. These epidemiological data indicate the import-
ance of the socioeconomic component to COPD, which 
has been more obvious in the UK than in other Western
countries and has resulted in COPD being described as the
‘British Disease’. The precise nature of the environmental
factors responsible for excess UK mortality has never been
discovered. Current data since 1995 suggest that the UK is
now behaving more like the USA [2].

Social bias in the prevalence of respiratory symptoms 
was described in 1979 [6]. Further studies from the 1970s
onwards demonstrated a relationship between socioeco-
nomic status and lung function impairment that was inde-
pendent of smoking habits [7–12]. In a US study of male
non-smokers, the difference in forced expiratory volume in
1 s (FEV1) between the highest and lowest social classes was
approximately 400 mL [13], and in the Copenhagen City
Heart Study similar results were found after allowing for

smoking and were associated with a threefold increased risk
of admission for COPD in the lowest socioeconomic group
[14]. The risk factors related to social disadvantage include
low birth weight, intrauterine effects of maternal smoking,
frequency of childhood respiratory infections, poor housing
conditions and atmospheric pollution [3,15]. Although
these factors may contribute to the development of COPD,
smoking is the main cause and the population-attributed
risk of smoking for COPD in men is approximately 80%. 
In modern society, smoking is increasingly associated with
low socioeconomic status. In the 1950s, cigarette smoking
was common in all social strata, but since then it has
become increasingly restricted to the lower end of the
socioeconomic gradient. In 1998, 44% of men who lived in
unskilled manual households smoked cigarettes, compared
with 15% from professional households. Men from the
unskilled manual group smoked on average 120 cigarettes
per week whereas those from the professional group
smoked an average of 91. In addition, men from manual
socioeconomic groups were more likely to smoke high-tar
cigarettes and to have started smoking at an earlier age [16].
Professional and managerial culture has become intolerant
of smoking and this may account for the greater success of
the higher social classes in quitting smoking [17].

If it is accepted that COPD increasingly occurs in the dis-
advantaged sections of society, then it would be expected
that patients would be denied the benefits of the social sup-
port that is a feature of successful and prosperous popula-
tion groups. There is evidence that social support is indeed
less adequate in COPD than in other comparable diseases. A
comparison between end-stage patients with cystic fibrosis
and COPD who were awaiting lung transplantation showed
that the cystic fibrosis patients had lower anxiety levels 
and better social support than the COPD patients [18]. In a
series of health-related quality of life interviews of patients
with COPD and non-small cell lung cancer, the latter group
were less depressed and anxious and functioned better

595



socially. Thirty per cent of the cancer patients had access 
to palliative care, whereas none of the COPD patients 
had similar support [19]. In a further comparative study of
COPD and coronary artery disease, the COPD patients 
were less socially active, felt more disabled and had poorer
health perception [20]. COPD patients on long-term oxygen 
therapy (LTOT) had poor quality of life which was partly
attributed to social isolation [21], and hypoxaemic COPD
patients showed impairment of quality of life associated
with a reduction in social interaction and recreational 
pastimes [22]. In a study of patients with exacerbations of
COPD, almost half lived alone and one-third still smoked
[23]. In a small qualitative study, wives of patients with
COPD complained of lack of support from friends, family
and health-care providers [24].

There seems little doubt that patients and their carers 
feel that social support is lacking, but it is reasonable to ask
if the provision of support is known to be beneficial and,
not surprisingly, the evidence suggests that it is. A COPD
questionnaire study found that high levels of social support
correlated with reduced depression and anxiety [25] and
quality of life has been shown to be related to family bonds,
local neighbourliness and freedom from fear [26]. Patients
with COPD who were dissatisfied with their level of social
support or who felt isolated were less likely to adhere to a
pulmonary rehabilitation programme [27]. From a liter-
ature search on rehabilitation between 1966 and 1996, an
analysis of 22 randomized controlled trials (RCTs) showed
that the inclusion of psychosocial support in the rehabilita-
tion programme promoted compliance with the exercise
regimen and improved quality of life [28]. A meta-analysis
of 65 studies showed that rehabilitation plus a variety 
of psychosocial and behavioural interventions improved
well-being, functional status and breathlessness [29]. In a
population study, a correlation was found between social
stress and COPD mortality [30], and early relapse after
exacerbations of COPD has been shown to be more likely in
widowed, separated or divorced patients [31].

The social environment is therefore not only instru-
mental in causing COPD, but also fails to provide support 
to the patients who contract the disease. If we accept the
premise that society itself is largely responsible for creating
the conditions under which COPD develops, then society
should accept responsibility for the provision of appropriate
support. Unfortunately, the criteria by which support can
be considered appropriate are poorly defined. Cigarette
smoking is the main risk factor for COPD and it would seem
obvious that social support should be targeted primarily at
smoking abstinence and cessation. Tobacco addicts have
never received the degree of social support that has been
available to alcohol or opiate addicts, perhaps because their
addiction does not represent a threat to the civil order and
does make a major contribution to government tax income.

There is little evidence that centrally funded social or
behavioural interventions influence the use of addictive
drugs such as tobacco, alcohol or opiates by socially
deprived groups. Equally, the reduction in smoking in the
more affluent classes probably owes more to peer pressure
and the smoking behaviour of spouses and partners [17] than
to health warnings on cigarette packets or to government-
sponsored television campaigns. It may therefore be more
profitable for society to support smoking cessation in indi-
viduals who are known to be at risk of COPD. 

While it is true that quitting smoking benefits most
smokers, the main effect on mortality relates to cardio-
vascular disease [32]. In patients with established COPD,
mortality from respiratory disease may not be affected by
smoking cessation and the benefit in terms of aborting the
progress of COPD may be restricted to individuals with
measurable impairment of lung function who are relatively
asymptomatic [33]. There is good evidence that smoking
cessation in patients with mild COPD reduces the rate of
decline of FEV1 to that of never-smokers [34], but the effect
of quitting in patients with severe disease is not known.

Smokers with mild impairment of lung function will 
not easily be identified by GPs and many regions in the UK
are now embarking on spirometry screening programmes
organized by public health departments. Smoking cessation
is more likely to be successful if an individual, recently
apprised of his or her impaired spirometry, believes that he
or she will benefit, rather than may benefit from smoking
cessation. In the UK, nicotine replacement therapy and 
buproprion SR (amfebutamone) are now available on pre-
scription but a community-based infrastructure is still needed
to supply advice and support [35]. The continuation of
spirometry screening will only be justified if at-risk people
are recruited to a successful smoking cessation programme.

The priority for social support may be in relation to 
smoking cessation aimed at those with subclinical or mild
disease, but it is clear that patients with established COPD
not only lack support, but also would benefit if it were
available. Low socioeconomic status is associated with
weak family bonds, urban ghetto culture and juvenile street
crime. Patients disabled by COPD are often afraid to leave
their homes and become socially isolated. Some of these
patients find support from the Internet. There are more
than 6000 COPD support websites and almost 2000 COPD
chat rooms in the UK. The British Lung Foundation created
the Breathe Easy Club in 1991 and 120 Breathe Easy groups
have been established in England, Scotland and Wales since
1992. Members of the club receive a quarterly magazine
and are encouraged to meet together and to join the
Penpals scheme. Breathe Easy also provides a banner under
which patients with COPD can lobby for social support 
(Fig. 51.1).

COPD is a disease of inexorably worsening lung function
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causing increasing disability. The majority of patients suffer
from exacerbations which may occur as infrequently as
once a year, but many will have three or more exacer-
bations annually. When assessed by the St. George’s
Respiratory Questionnaire, patients with frequent exacer-
bations have a poorer quality of life than those with less 
frequent exacerbations [36]. Exacerbations that require
hospital admission may only affect a small proportion of 
the COPD population (less than 2% in one study) but the
cost is disproportionate [37]. Hospital admissions are said to
account for 35% of the annual health-care costs of COPD
[38]. It is therefore understandable that many therapeutic
interventions are designed to reduce exacerbation fre-
quency or to minimize the length of hospital stay. 

There have been various studies of domiciliary support
by nurses and physiotherapists who have made regular
home visits to stable COPD patients to provide support,
education and monitoring of symptoms and treatment.
Three RCTs have shown no benefit in exacerbation fre-
quency or hospital admission [39–41]. However, three
uncontrolled studies reported reductions in hospital admis-
sions and emergency room attendance as a result of regular
home visits by nurses or respiratory therapists [42–44]. In a
Spanish RCT of COPD patients on LTOT, the intervention
group had regular telephone calls and home visits with
additional home or hospital visits on demand. The inter-
vention group had fewer than one-third of the emergency
department visits and slightly more than one-third of the
hospital admissions of the control group in the follow-up
period of 1 year, but did require many home and hospital
visits [45]. This study may have shown a positive result
because the patients were more severely ill than those in

the other RCTs and therefore the effect of an intervention
was more likely to be clinically evident. The authors felt
that it was important that the same team was responsible
for both hospital and home care. 

The interventions above were described as hospital-based
home care programmes, but similar initiatives are categor-
ized as disease-specific self-management interventions. In 
a recent Canadian RCT of patients with advanced COPD
who had at least one hospital admission for exacerbation in
the previous year, the intervention group were assigned to
a comprehensive education programme over a 2-month
period with monthly telephone follow-up. Hospital admis-
sions for COPD exacerbations were reduced by 40% in the
intervention group compared with the usual care group
and health status in the intervention group was also
improved. Although admissions for exacerbations were
reduced in the intervention group, the numbers of exacer-
bations in the two groups were not significantly different.
The authors felt unable to separate the effect of education
from the effect of direct support and counselling [46]. In
other studies on less severely unwell patients, which have
concentrated on self-management education without con-
tinuing support, inconclusive results on health-related
quality of life have been observed [47].

The results of two studies from Spain and Canada [45,46]
are important and need to be confirmed. However, they
suggest that there are reasonable grounds for believing that
continuing domiciliary support for patients with advanced
stable COPD is cost-beneficial in reducing hospital admis-
sions and may allow patients to cope with their disease
more effectively. 

In recent years, other interventions have received great
attention because they are alleged to reduce exacerbation
frequency. Several of the trials of inhaled steroids in stable
COPD used exacerbation rate as a primary or secondary
outcome measure. ISOLDE demonstrated a significant reduc-
tion of approximately 25% in exacerbation frequency [48].
The long-acting bronchodilator salmeterol reduced the time
to first exacerbation [49] and two further large studies,
comparing tiotropium with placebo [50] and ipratropium
[51] have demonstrated a reduction in exacerbation rate.
There are several observational studies that suggest that
pulmonary rehabilitation reduces the frequency of COPD
exacerbations [52–55]. An RCT showed that outpatient
rehabilitation reduced the frequency of exacerbations but
not the number of hospitalizations over a 2-year period
[56].

Inhaled steroids, long-acting bronchodilators and pul-
monary rehabilitation may therefore reduce exacerbation
frequency, but domiciliary support may reduce hospitaliza-
tion without necessarily affecting exacerbation frequency.
These different forms of intervention may be complement-
ary and domiciliary support may be just as important as, if
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not more important than the more established treatment
modalities.

Domiciliary support or ‘hospital at home’ has also been
applied to the management of exacerbations of COPD.
Many patients with exacerbations are suitable for home
treatment with respiratory nurse supervision, because
sophisticated monitoring is unnecessary, sudden deter-
ioration is unlikely and once-daily observation is usually
sufficient. Initial hospital assessment is important to con-
firm the diagnosis and exclude uncompensated respiratory
acidosis. An uncontrolled study of home treatment by an
acute respiratory assessment service (ARAS) showed that
this development was safe, effective and popular with
patients and GPs [57]. An exacerbation score derived from
a European Respiratory Society consensus statement [58]
was used to assess disease severity (Fig. 51.2).

Since the initial observational study, there have been six
RCTs of hospital at home treatment carried out by specialist
respiratory nurses [59–64]. All showed reduction in hosp-
ital admissions or bed utilization with no increase in mor-
bidity, mortality or readmission rate. Of the larger studies,
eligibility for home care averaged 35% and tended to cor-
relate inversely with the FEV1 at assessment. Direct GP
referral achieves higher eligibility (approximately 70%) but
it is not known how many of these patients would actually
have been admitted to hospital [57]. The study design has
varied, with some centres assessing patients on the day
after admission with a view to early supported discharge

[59,63] and others identifying patients in emergency
departments with the intention of preventing admission
altogether [60,61]. Of the various approaches, the early
supported discharge model is the simplest and most
efficient. It targets patients who are using hospital resources
and is economical of nurses’ time because they do not need
to be immediately available for prompt patient assessment
in the emergency department. It also increases eligibility
because improvement in FEV1 is maximal in the first 24 h in
hospital [65]. In a postal survey of UK hospitals in 2001,
28% of respondents offered a hospital at home service,
most of which were run as early discharge schemes with
only a minority relying solely on GP or emergency depart-
ment referrals [66].

In conclusion, social support is relevant to all aspects of
COPD. Its absence at the lower end of the socioeconomic
gradient encourages the development of the disease and
once established renders it more difficult to endure. When
available, social support ameliorates the suffering caused by
COPD, encourages smoking cessation and improves quality
of life. It also reduces the cost and burden of hospital depend-
ency and has earned its place in the front rank of COPD
treatment modalities.
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CHAPTER 52

Long-term invasive mechanical ventilation

Gerard J. Criner

Patients receiving chronic invasive ventilation present an
interesting set of problems because of the complex under-
lying medical or surgical disorders precipitating respiratory
failure, coupled with the need for ventilation. As a result 
of devastating underlying medical or surgical illness, and a
period of prolonged immobilization, and depending on
whether the disorder requires treatment with high-dose
systemic steroids or aminoglycosides, patients have sub-
stantial weakness of the extremities, as well as of respir-
atory and swallowing muscle groups. Therefore these
patients pose unique and complex problems to the treat-
ment team that mandates the use of a multidisciplinary
approach to wean them successfully from mechanical ven-
tilation, and to restore them to their prehospital functional
status.

In this chapter, we detail our approach to the patient who
requires chronic invasive ventilation. We emphasize the
use of a multidisciplinary treatment plan.

Although several studies have reported on survival follow-
ing long-term, chronic or prolonged mechanical ventilation,
the studies vary significantly depending upon the definition
of ‘long-term’ or ‘chronic’. Some studies report chronic
ventilation as being longer than 2 or 3 days, whereas others
report as chronic those patients who have been ventilated
for 30 days or longer. Regardless of the study definition of
the period of ventilation, however, the mortality associated
with prolonged ventilation is fairly high. Data previously
published by the Health Care Financing Administration
(HCFA) in the USA reported a mortality of 51% in
Medicare beneficiaries who received mechanical ventila-
tion for any length of time [1]. Previous studies reporting
survival at hospital discharge in patients ventilated for 48 h
or more, show mortalities that range anywhere from 36%

Outcome of patients

to 59%. Beside the duration of ventilation, patient age, the
type of underlying medical or surgical illness precipitating
respiratory failure and patient severity of illness are all-
important factors that may affect outcome of patients
receiving chronic ventilation. All of these factors vary sub-
stantially between studies.

Knaus [2] reported a hospital mortality rate of 59% in
patients who were ventilated for at least 7 days with mean
Acute Physiology and Chronic Health Evaluation II scores
(APACHE II) of 11–15. Patients who were ventilated for
comparable lengths of time but were more severely ill
(APACHE II scores of 21–25) had significantly higher mort-
ality (77%), in contrast with those with lower APACHE
scores (APACHE II scores 1–15) who had decreased mor-
tality rates (10%). These data suggest that the severity of 
illness is an important factor determining mortality in
patients receiving prolonged ventilation.

Age has also been reported to be a significant factor
affecting the outcome of patients receiving mechanical vent-
ilation. Although some authors found a direct correlation
between greater patient age and mortality [3], others have
not observed such a relationship [4]. These studies com-
monly failed to control for other variables that may affect
outcome, such as severity of illness or underlying disease-
precipitating respiratory failure. As a result, the influence of
age itself as an independent factor influencing mortality in
patients receiving prolonged ventilation is not clear at the
present time.

The disorder precipitating respiratory failure, however,
seems to be important in affecting patient outcome. Patients
with malignancy and respiratory failure who require mech-
anical ventilation have extremely limited survival of only
several months, with mortality at 6 months approaching
100%. Several studies have shown improved survival 
and functional status in those patients receiving chronic
ventilation for restrictive lung disorders, such as post-polio
syndrome, muscular dystrophy and kyphoscoliosis. By 
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contrast, patients with obstructive disorders, such as chronic
obstructive pulmonary disease (COPD) or bronchiectasis,
have been reported to have a reduction in survival of the
order of 50% compared with those with restrictive dis-
orders [5]. In a study by Czorniak et al. [6], chronic ventilated
COPD patients discharged home were less independent 
and more likely to require repeated hospitalization than
patients discharged home with mechanical ventilation 
for neuromuscular chest wall disorders. In addition, COPD
patients receiving home ventilation had a decrease in sur-
vival compared with those with neuromuscular diseases.
Other reports have also confirmed the poor outcome of
chronic ventilated patients with COPD [7].

The prehospital functional status may also be an import-
ant factor determining outcome in patients receiving pro-
longed ventilation. Carson et al. [8] reported the outcome 
in 133 consecutive patients who were admitted to a long-
term acute care hospital where they received mechanical
ventilation for 14 days or longer. Patients not functionally
independent before admission had a much higher 1-year
mortality compared with those who were functionally
independent.

When reviewing data across studies, it appears that 
unselected patients receiving prolonged ventilation when
not screened by the severity or nature of the underlying 
disease, evidence of multiple organ dysfunction, lack of
rehabilitative potential and poor functional pre-admission
status have much reduced survival and limited improve-
ment in functional status and quality of life. Therefore, the
outcome of prolonged mechanical ventilation, the treatment
plan and the goals of patient care are heavily influenced by
the patient population that is being described. With this 
in mind, the focus of this chapter is on those patients 
receiving chronic ventilation who are considered to have
rehabilitative potential, lack multiorgan dysfunction and
have a satisfactory pre-admission functional status.

Several reports have shown that patients receiving pro-
longed ventilation are not relegated to a uniformly dismal
outcome in terms of mortality and functional status, when
patients are properly selected and receive aggressive rehab-
ilitation. Data from two of the HCFA Chronic Ventilator
Demonstration sites suggested that the survival of some
patients requiring invasive long-term ventilation is better
than previously reported. Gracey et al. [9] reported the 
outcomes in 206 consecutive patients admitted to the 
Mayo Clinic, Ventilator-Dependent Unit, during a 5-year
study period. Two hundred and six patients who received
mechanical ventilation for at least 6 h/day for 21 consecut-

Impact of multidisciplinary units on
patient outcome

ive days were admitted; 92% (190) survived to be dis-
charged from the hospital, of whom 77% returned to their
homes; 153 of the patients were weaned totally from
mechanical ventilation, whereas 37 remained completely
or partially ventilator dependent. Of the patients receiving
mechanical ventilation at discharge, 73% received it only
nocturnally. The 4-year survival of the patients was 53%. 
A significant percentage of the patients, however, suffered
prolonged ventilation from postoperative conditions (60%),
which may have been responsible for skewing the results to
a more optimistic outcome than other reports covering a
heavier concentration of medical patients.

The report from our HCFA Chronic Ventilator Demon-
stration Project clinical unit comprised 77 patients [10]. Of
these, 74% had medical causes as the reason for ventilator
dependence: neuromuscular disease (26%), advanced lung
disease (29%), congestive heart failure (5%) and a variety
of other medical disorders (40%). In spite of the differences
between the two populations, our results were similar to
those of Gracey et al. [9]. Ninety-three per cent of these
HFCA patients were discharged alive, 82% were still alive
at 6 months and 61% at 1-year follow-up. Eighty-six per
cent of the patients were completely weaned from mech-
anical ventilation, whereas 11% required continuous vent-
ilation and 10% had nocturnal ventilation at discharge. In
patients discharged alive, there was a significant increase 
in functional status at 6 and 12 months’ follow-up. 

Overall, both of these studies suggest that when patients
receiving chronic mechanical ventilation are properly
selected, and following correction of the underlying process
causing respiratory failure, they have an acceptable clinical
outcome with a return to pre-admission functional status
and successful home discharge.

Generally, patients receive long-term ventilation benefit
when that care is provided in a non-intensive care unit
(non-ICU) location that is geared toward multidisciplin-
ary rehabilitation. The advantages that a non-invasive 

Location of care
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Table 52.1 Advantages of a non-invasive respiratory care
unit over standard intensive care unit (ICU) care.

• Less expensive
• Unlocks ICU beds
• Transitions patients to home care
• Emphasis is on achieving maximal functional status
despite the requirement for ventilator support
• Extend capabilities of medical/surgical programmes to
treat patients with advanced lung disease



respiratory care unit has over standard ICU care include a
less expensive location and more effective transition for
patients to eventual home care, or discharge to a non-acute
care location (Table 52.1). The emphasis in those units is
placed on achieving maximal functional status despite
requirements for ventilatory support. Effective use of these
units, moreover, extends the capabilities to treat patients
having severe lung disease with advanced medical and 
surgical therapies in ICUs.

Before patients are transferred to a non-ICU location 
for ventilator care, they must meet certain requirements 
for respiratory and non-respiratory medical stability [11].
Criteria for respiratory–non-respiratory medical stability
are shown in Table 52.2. In all cases, patients must have 
a stable airway place, as afforded by a tracheostomy; they
must also have manageable secretions. They should not be
on sophisticated modes of mechanical ventilation and have
only modest requirements for supplemental oxygen or 
positive end-expiratory pressure (PEEP). In addition, pati-
ents should not have uncontrolled cardiac arrhythmia or
ischaemia, unstable haematological or fluid and electrolyte
disorders, and have secure routes for parenteral access for
medications and also for alimentation.

At our facility, which was one of the four HCFA Chronic
Ventilator Demonstration units, the complex problems of
chronic ventilator patients are addressed by a team com-
prised of specialists including respiratory nurses, nutrition-
ists, psychologists, respiratory physical speech therapists
and social workers. The medical staff includes a rotating
board certified pulmonary and critical care attending physi-
cian and a fellow in training. Weekly meetings are attended
by all team members and are led by the medical director of

the unit. Patients who are admitted to this unit have been
ventilated for at least 21 consecutive days, at least 6 h/day,
and are required to have previously undergone at least two
attempts at weaning from mechanical ventilation that
failed. The emphasis in this unit is placed on rehabilitation
and restoration of functional status, despite requirements
for prolonged ventilation.

Special needs of patients who require chronic invasive vent-
ilation include evaluation of the optimum form of ventila-
tor support. In addition, special attention must be paid to
swallowing dysfunction, impaired communications skills,
psychological dysfunction, optimization of nutrition, respir-
atory and whole body reconditioning and ever-changing
medical conditions (Table 52.3).

Special patient needs
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Table 52.2 Criteria for transfer of ventilator-dependent patients from intensive care unit (ICU) to ventilatory rehabilitation
unit (VRU). (From Make et al. [11], with permission.)

Respiratory stability Non-respiratory medical stability

Airway Tracheostomy for invasive ventilation, minimal aspiration Sepsis controlled

Secretions Manageable with infrequent suctioning No uncontrolled haemorrhage
No arrhythmias, CHF, unstable angina

Oxygen Adequate oxygenation with FiO2 < 60%, PEEP ≤ 10 cm H2O
(SPO2 ≥ 90%)

Ventilator settings Stable, no sophisticated modes No coma

Patient assessment Comfortable, no increased WOB or dyspnoea Secure IV access

Weaning technique Tracheal collar Secure alimentation route

NPPV Tolerates breaks off, stable settings

CHF, congestive heart failure; FiO2, fractional inspired oxygen concentration; IV, intravenous; NPPV, non-invasive positive pressure
ventilation; PEEP, positive end-expiratory pressure; SPO2, saturation of oxygen by pulse oximetry; WOB, work of breathing.

Table 52.3 Special needs of chronically ventilated
patients.

Need some form of mechanical ventilation or special
respiratory treatment device

Patients requiring invasive ventilation require special
attention to:
• Swallowing dysfunction
• Impaired communication skills
• Psychological dysfunction

Renutrition
Respiratory and whole body reconditioning
Close attention to new or changing medical conditions



In an effort to improve patient mobility and facilitate
whole body rehabilitation, patients are transferred to a
portable mechanical ventilator shortly after their admis-
sion to the unit. This enables patients not only to maximize
their functional capabilities, but also to accustom those who
require chronic intermittent or home mechanical ventila-
tion to adjust their ventilator settings and receive instruc-
tions in its use if eventual home discharge with ventilation
is required. In all cases, based on the underlying patho-
logy causing respiratory failure, patients are evaluated for
transition to nocturnal invasive ventilation or to the use of 
non-invasive ventilation.

Psychological dysfunction is an important issue in
patients who receive chronic ventilation (Table 52.4). This
is caused by a number of factors related to permanence 
in ICU, such as continuous input of monotonous sensory
input from multiple audio alarms, sensory deprivation
afforded by the sterile visual environment of an ICU and,
finally, sleep deprivation – a significant and common
finding in an ICU setting. Prior studies have shown that ICU
patients are susceptible to sleep deprivation because of mul-
tiple factors, including the underlying disease, its severity,
the administration of medications and the environment
used to treat the disorder. Bentley et al. [12] demonstrated
that the noise levels in the ICU compared negatively with
that of a general medical floor. Furthermore, the noises are
substantially greater and sustained throughout a 24-h period,
a potentially important factor that could lead to a prolonged
state of sleep deprivation while in the ICU. Other factors
associated with the use of mechanical ventilation can also
contribute to psychological dysfunction (see Table 52.4).

Most patients who survive an episode of respiratory 
failure requiring mechanical ventilation report that the
inability to communicate is one of the single most import-
ant factors contributing to fear, or the inability to rest or
sleep. Also, a lack of capability to perform normal bodily
functions such as eating, talking or ambulation can also

contribute to a feeling of apathy, disorientation and social
withdrawal.

In a study previously reported from our unit, Criner and
Isaac [13] measured cognitive deficits in 28 consecutive
ventilator-dependent patients. A significant number of
them (40%) had problems with orientation, long- and
short-term memory, language processing and reasoning. 
It was rare that a patient had no cognitive disorder, and
more common that patients had multiple cognitive disorders.

Orientation techniques may be useful in helping to
reverse the disorientation that accompanies the process of
mechanical ventilation, as well as the environmental issues
precipitated by the ICU environment. Visual orientation
clues include large clocks, calendars and also a daily care
plan, with personal effects such as pictures and other family
items, and may orientate the patient back into the environ-
ment. Also, it has been shown that a nearby window open
to the outside provides patients with visual clues such as the
time of day and the season of the year, decreasing the incid-
ence of delirium by two-thirds in ICU patients compared
with those without visible windows to the outside [14].

Because speech is such an important issue in patients
who have been chronically ventilated, attempts should 
be made to restore verbal communication in patients as
soon as possible. At least, patients can communicate by 
verbal gestures such as mouthing, and if their hands are 
not impaired by disease, by writing. In a ventilated patient,
however, a buccal resonator, electrolarynx or a one-way
valve (Passy–Muir valve) worn over a deflated tracheostomy
tube in line with the ventilator circuit, or while the patient
is spontaneously breathing, can afford self-initiated speech.
Patients who can communicate verbally are less likely to be
anxious, and thus require less sedation, further fostering
participation in rehabilitative efforts and hastening the
weaning process.

Swallowing dysfunction is an important issue that 
faces patients who receive chronic invasive ventilation. We
previously demonstrated that, in 35 consecutively venti-
lated patients receiving prolonged ventilation, swallowing
dysfunction was common even in those not having an
underlying neurological disease [15]. In that study, 34% of
patients showed evidence of aspiration on bedside swallow
evaluation, with 83% of them having abnormalities that
would predispose them to aspiration of oropharyngeal con-
tents on modified barium swallow using three different 
textures of barium (liquid, semi-solid and solid). The
abnormalities in swallowing observed on bedside examina-
tion, or during the modified barium swallow, are shown in
Tables 52.5 and 52.6.

In some patients who are unable to travel to a radiology
suite to have a modified barium swallow, bedside fibreoptic
endoscopic evaluation of swallowing (FEES) while patients
are fed liquid, solid or semi-solid substances can provide
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Table 52.4 Psychological dysfunction in ventilator-
dependent patients.

Intensive care unit (ICU) environmental factors
Monotonous, meaningless sensory input (e.g. alarms)
Sensory depravation
Sleep deprivation

Factors associated with mechanical ventilation
Hypoxaemia, illness, medication-induced short-term

memory loss
Most report that inability to communicate is most important

factor contributing to fear, or inability to rest or sleep
Lack of normal bodily function (e.g. eating, social

interaction, ambulation)



useful information. After local anaesthesia of the nares,
glottic examination using a laryngoscope or paediatric
bronchoscope can determine whether there is decreased
sensation of the oropharyngeal region, oedema of the 
arytenoids or larynx, pooling of secretions above the vocal
cords, normal movement of the vocal cords, problems 
with premature spillage of oropharyngeal contents into the
glottis or gross aspiration.

At our centre, patients who receive prolonged invasive
ventilation are not allowed any oral intake until jointly
evaluated by the speech therapist and pulmonologist at a
bedside examination. Fibreoptic endoscopic evaluation of
swallowing or modified barium swallow with videofluoro-
scope is used to evaluate swallowing function. The oropha-
ryngeal and hypopharyngeal stages of swallowing with
liquid, semi-solid and solid food textures are comprehens-

ively evaluated, and rehabilitative techniques are developed
as needed to minimize aspiration.

In some chronic ventilated patients, inspiratory muscle
training may have a significant impact. At our institution,
when patients are able to tolerate tracheal collar or T-piece
weaning for at least 2 h/day, they begin inspiratory muscle
training with an inspiratory muscle trainer; the load of
which is placed at one-third of the maximum inspiratory
pressure. The duration of breathing against the load is 
progressively increased to 15 min twice daily. The load and
duration of inspiratory muscle training is then increased 
as the patient’s tolerance increases. In a report by Aldrich 
et al. [16], inspiratory resistive training was used in 27 con-
secutive patients, ventilated for longer than 3 weeks. In 
the group as a whole, increases in maximum inspiratory
pressure and vital capacity were observed. Patients who
successfully underwent respiratory muscle training had a
higher partial or total weaning rate than those who could
not be trained. Inspiratory muscle training in chronically
ventilated patients has not been studied in a prospective
randomized controlled way. Most of the data suggest that
patients with chronic respiratory failure suffer from respir-
atory muscle weakness rather than respiratory muscle
fatigue, and that respiratory muscle training may have 
a reconditioning effort on restoring respiratory muscle
strength and enhancing the patient’s ability to wean from
mechanical ventilation.

Besides inspiratory muscle training, focus is also placed
on training the large groups of accessory inspiratory 
muscles of the chest wall, including the pectoralis, trapezius 
and serratus anterior muscles, which may act as accessory
muscles of respiration. Several investigators [17–19], as
shown in Table 52.7, have shown an increase in ventilatory
muscle endurance, an increase in maximum inspiratory
pressure and increased ability to cough after training the
pectoralis muscles in normal individuals, cystic fibrosis
patients or low tetraplegic patients. Although training 
the upper extremity muscles has not been validated in 
a perspective randomized controlled fashion, in chronic
ventilator-dependent patients, it appears logical that
strengthening and reconditioning skeletal muscles used as
either primary or accessory muscles of ventilation may
have a significant beneficial impact in those patients who
suffer from chronic respiratory failure. As a result, patients
admitted to our institution for chronic invasive ventilation
have as part of their rehabilitative approach, upper extrem-
ity strengthening exercise performed to facilitate the inspir-
atory and expiratory actions of the pectoralis muscles, as
well as improving the respiratory actions of other neck and
chest wall muscle groups. 

We believe that a multidisciplinary systematic approach
to the global reconditioning of patients on prolonged
mechanical ventilation will not only have a positive impact
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Table 52.5 Abnormalities found on bedside examination.
(From Tolep et al. [15], with permission.)

NMD Non-NMD 
(n = 5) (n = 7)

Lingual control 3 2
Palatal elevation 1 0
Swallow reflex 4 0
Laryngeal elevation 2 4
Laryngeal control 2 1
Tainted secretions 1 5

NMD, neuromuscular disorder present; non-NMD, no
neuromuscular disease present.

Table 52.6 Abnormal findings on modified barium
swallow with visual fluoroscopy (n = 19). (From 
Tolep et al. [15], with permission.)

NMD Non-NMD
(n = 11) (n = 8)

Lingual propulsion 6 8
Premature spillage 8 7
Swallow reflex 7 7
Aspiration 4 6
Vallecular stasis 8 5
Pyriform sinus stasis 8 5
Pharyngeal coating 7 6
Laryngeal elevation 6 3
Cricopharyngeal spasm 4 0

NMD, neuromuscular disorder present; non-NMD, 
no neuromuscular disease present.



on improving function status and facilitate weaning from
mechanical ventilation, but it also can have an important
effect on the perception of patients and families about 
the care delivered while they receive chronic mechanical
ventilation.

In one study, we measured the perception in patients and
families about care delivered to the same group of patients
cared for by the same team of pulmonary and critical care
physicians in the ICU compared with the non-invasive 
respiratory care unit [20]. Interestingly, patients and famil-
ies perceived the cognitive impairment (efforts to wean the
patient) was less, and patient encouragement was greater
in the Ventilator Rehabilitation Unit compared with the
ICU. This had nothing to do with the change in the patient’s
severity of illness or change in the approach by the doctors,
but was predominately related to the change in focus of
care towards the patient as a whole, and that the environ-
ment of a non-invasive respiratory care unit was more con-
ducive to rehabilitative efforts than the acutely intensive
and chaotic environment of the ICU.

Data examining the outcome of patients who survive
prolonged mechanical ventilation is limited, and there are
many questions regarding the cost of care, their morbidity
and mortality, and whether their quality of life is accept-
able. We have recently reported on 25 consecutive patients
who survived long-term invasive mechanical ventilation,
and solicited information regarding their quality of life 18
months post-discharge from our non-invasive respiratory
care unit [21]. Overall, we found that using Short Form 
36 (SF-36) Sickness Impact Scores as a measure of quality
of life, these patients were comparable to those patients 
suffering from hypothyroidism or rheumatoid arthritis, 
and substantially better than those who had chronic dis-
eases such as COPD. Overall, the long-term survivors had
satisfactory performance in the physical, psychological and
social interaction domains of the SF-36 measures of quality
of life. These data, although limited, suggest that patients
who survive long-term invasive ventilation achieve a good
quality of life that makes worthwhile the extraordinary
efforts that they, their families and the staff made in their
care during the period of prolonged mechanical ventilation.

Patients who require prolonged invasive mechanical vent-
ilation pose a unique set of circumstances to the pulmonary
and critical care practitioner. This requires a delineation 
of the primary cause for respiratory failure and, in most
cases, a comprehensive multidisciplinary approach to the
management of not only the primary disturbance causing
respiratory failure, but the consequences that immobility,
illness and prolonged ventilation have on swallowing and
ambulatory function, psychosocial interaction and the 
ability to wean from mechanical ventilation.

The development of multidisciplinary rehabilitative units
for patients requiring prolonged mechanical ventilation
have showed not only a reduction in hospital costs and
lengths of stay, but also an improvement in patient sur-
vival, functional status, reduction in ventilator days or need
for mechanical ventilation at discharge and, overall, the
achievement of a satisfactory quality of life.
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CHAPTER 53

Smoking cessation

Philip Tønnesen

Smoking cessation is a main intervention area in COPD 
in all stages. As stated in the GOLD guidelines: ‘Smoking
cessation is the single most effective – and cost-effective –
intervention to reduce the risk of developing COPD and
stop its progression (Evidence A)’ [1]. 

However, for many years the intervention in this area
had a low priority. This was likely because of clinicians’ lack
of knowledge that cigarette smoking results from an addic-
tion to nicotine, combined with lack of skills in the area of
smoking cessation. In addition, some clinicians adopted an
unprofessional attitude towards smokers, blaming or scold-
ing patients in the belief that quitting smoking was only 
a matter of willpower. Recently, increased attention has
focused on both COPD per se and also on smoking cessa-
tion. In part, this may be because of the involvement of the
pharmaceutical industry through the development of new
therapeutic agents for these conditions. Also, several clin-
ical guidelines about smoking cessation have helped focus
attention in this area [2–4]. Despite this, relatively little
research has focused on smoking cessation specifically in
COPD. As a result, current approaches are generally sim-
ilar to the approach in other smokers. Nevertheless, the
major problem in smoking cessation for COPD patients is
adequate implementation of current ‘state of the art’ care 
in daily clinical practice. 

Tobacco dependence is a complex behaviour with both
environmental and genetic influences. From twin studies, 
a substantial genetic component (approximately 50%) 
has been estimated [5]. The enzyme CYP 2A6 metabolizes
nicotine to cotinine and smokers with a defective variant
metabolize nicotine more slowly and exhibit reduced
smoking.

Nicotine receptors and the effect 
of nicotine

Other candidate genes that affect smoking have been
suggested, but inconsistent data exist regarding the effect of
subgroups of dopamine receptors and function on the like-
lihood of initiation of smoking and nicotine dependence. 

Nicotine acts on specific nicotine acetylcholine receptors,
which consist of α- and β-subunits. In the brain, nicotine
receptors are distributed in the mesolimbic system with
particularly high density in the nucleus accumbens 
where nicotine augments the release of dopamine. Nicotine
potentiation of neuronal dopamine release requires the β2-
subunit of the nicotine receptor. Mice lacking this subunit
will not self-administer nicotine, supporting the concept of
the increase in dopamine release associated with the acute
rewarding effect of nicotine [6].

However, noradrenaline, acetylcholine, serotonin, glu-
tamate, γ-aminobutyric acid and opoid peptide release are
also affected by nicotine and these other mediators may
also have a role in nicotine addiction [7]. Chronic smoking
leads to an up-regulation of nicotine receptors which are
also distributed in the prefrontal cortex and outside the
central nervous system (CNS). Nicotine has peripheral
actions, via nicotine receptors, that include release of
adrenaline and stimulation of the carotid and aortic bodies
with a slight increase in blood pressure and heart rate,
tachypnoea and increased intestinal peristalsis. Nausea
results from CNS stimulation. A lethal single dose of nico-
tine is approximately 60 mg and nicotine intoxication leads
to central stimulation, respiratory paralysis and circulatory
collapse.

Cigarette smoking is a complex habit with nicotine depend-
ence as the main component; however, psychological factors
and habituation also have a role. Nicotine dependence 
is most often assessed by the use of a paper and pencil 

Basic elements in smoking cessation
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questionnaire (i.e. the Fagerström Test for Nicotine Depend-
ence [FTND]) with a possible score from 0 to 10, where
6–10 reflects high nicotine dependence (Table 53.1) [8]. The
most important of the seven questions seems to be ‘Smoking
within 30 minutes after awakening in the morning’ corres-
ponding to a low plasma nicotine concentration at that time.

Appoximately 4–8 h after quitting smoking, varying
degrees of withdrawal symptoms appear including irritability,
anxiety, restlessness, difficulty in concentration, depressed
mood, increased appetite and craving for cigarettes. These
peak in intensity after 1 week and then decline over several
weeks to months [9,10]. 

The relapse rate for smokers following cessation is very
similar to that for alcoholics and heroin users following
abstinence. Relapse is highest during the first 3–6 weeks
and then gradually declines (Fig. 53.1) [11]. This emphas-
izes the importance of support during the first few weeks
after a quit day and that it is crucial the patient does not
underdose nicotine replacement therapy (NRT) in the 
initial period after the quit date. 

To accomplish this, a test period of NRT a few days before
the quit day might help smokers become more familiar
with how to use the NRT product. Underdosing of NRT is

most often the case even in trials where the NRT is free of
charge. Use of nicotine gum, inhaler or sublingual tablets
on a fixed schedule (once or twice per hour) during the first
6–8 h of the day might increase nicotine substitution and
enhance efficacy.

Support for smoking cessation should address the follow-
ing elements: the use of pharmacological smoking cessation
agents, handling of withdrawal symptoms, relapse preven-
tion, weight gain and the benefits of quitting cigarettes. 
For many long-term COPD smokers, the first months after
quitting is particularly hard and many miss the relaxing
effect of smoking. The cigarette has been a friend for 
many years that the smoker will miss, and he or she will
have to fight the withdrawal symptoms. In this situation, it
is important for the clinician to have a supportive, positive
and emphatic attitude to reinforce the quitter’s motivation
to stay abstinent.

The intensity of support provided to the smoker making 
a quit attempt will vary for many reasons. However, there 
is a dose–response effect of the time of each session and 
the number of sessions, and success rate increases with the
intensity of intervention (Table 53.2) [2]. 
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Table 53.1 Fagerström Test for Nicotine Dependence
(FTND) [8].

Item Answers Score

1 How soon after you wake up  Within 5 min 3
do you smoke your first cigarette? 6–30 min 2

31–60 min 1
61+ 0

2 Do you find it difficult to refrain Yes 1
from smoking in places where it is No 0
forbidden (e.g. in church, at the 
library, in the cinema)?

3 Which cigarette would you hate The first one  1
most to give up? in the morning

All others 0

4 How many cigarettes per day do 1–10 0
you smoke? 11–20 1

21–30 2
31 or more 3

5 Do you smoke more frequently Yes 1
during the first hours after waking No 0
than during the rest of the day?

6 Do you smoke if you are so ill Yes 1
that you are in bed most of the No 0
day (or absent from work)?

Total score 0–10

Table 53.2 Intensity of intervention from Clinical Practice
Guideline, Treating Tobacco Use and Dependence [2]. Based on
meta-analysis (n = 45 studies).

Minimal (< 3 min) is effective (A)
[1-year quit rate: No contact: 11%; < 3 min: 13%]

Dose–response effect (person-to-person) (A)
[1-year quit rate: < 3 min: 13%; > 10 min: 22%]

Four or more sessions especially effective (A)
[1-year quit rate: 0–1 sessions: 12%; 4–8 sessions; 21%]
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Figure 53.1 The classic relapse curve in addictive disorders
such as cigarette smoking. (After Hughes [11].)



The treatment for smoking cessation consists of two 
elements: a pharmacological agent – NRT or bupropion SR
(amfebutamone) – for 3 months which suppresses the with-
drawal symptoms, thus allowing the subject to cope with
the behavioural and psychological aspects of smoking; and
a behavioural component consisting of advice, support and
follow-up.

One of the most basic and important ‘rules’ is a complete
abstinence from cigarettes from the quit day and avoidance
of smoking even a single cigarette during the following 
2 weeks. Consumption of only a few cigarettes in this
period is predictive of relapse. In the CEASE study enrolling
3575 healthy smokers in 37 lung clinics in Europe, the 1-
year success rate in subjects who smoked a few cigarettes
during the first 2 weeks was 3% compared with 25% in
subjects who were abstinent during the initial period [12]. 

To implement a smoking cessation programme in the indi-
vidual chest unit it is important that the manager/chair of
the department support the idea and allocate the necessary
resources. Smoking cessation in the chest unit – inpatient
or outpatient department – is best achieved with a team
approach where all clinicians work together to potentiate the
effect of intervention, as different types of clinician seem to
be more efficacious in promoting smoking cessation than a
single clinician type [2]. Another important element is the
prescription of NRT or bupropion SR (Table 53.3). 

Results from nine studies showed that the estimated
intervention rate by clinicians with their patients who
smoke increased from 39% to 66% with a screening system
in place to identify smoking status [2]. Different systems
have been used to increase identification rate. Stickers in
nursing notes and/or in patient medical files can be useful.

Identification of the smoking 
COPD patient 

Routine inclusion of smoking habits in all patient medical
files is another way of emphasizing the importance of this
area (Table 53.4). It is important that one person have the
responsibility for the smoking cessation programme when
first implemented. Accreditation standards for smoking 
cessation programmes that include all elements required
might facilitate programme implementation. An example
of such an accreditation standard is the one proposed for
the assessment of carbon monoxide (CO) in Table 53.5.

The patient’s report of smoking status combined with a 
biochemical verification of smoking status (CO and/or 
cotinine) is the usual way to confirm abstinence. A detailed
history of smoking should be obtained: age when smoking
started, number of cigarettes smoked per day, pack-years
([cigarettes per day × years, which may not be constant

Verification of smoking status
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Table 53.3 Smoking cessation in the chest unit for 
COPD patients.

Smoke-free units
Teamwork between different types of clinicians
Systematic identification of smokers
Strong advice to quit from physician
Smoking cessation counsellors
NRT and bupropion SR free of charge
Carbon monoxide assessments
Tobacco habits in medical file
Follow-up: clinic visits

NRT, nicotine replacement therapy.

Table 53.4 Example of medical file for smoking habits.

History Action to be taken

Tobacco: never smoker
Ex-smoker Do not start (again)
Quit since: ___/___/___ Stop here
_______ cig./day Advise to quit: yes/no
Pack-years: _______ NRT: dose/duration
Motivation to quit: Bupropion SR: 

no/maybe/yes dose/duration
Prescribe counselling

FTND-1: (0–3): ___ Brochure (diff. choices)
CO: ___ ppm (< 6–10) Follow-up: 

visit/letter/phone/nurse/etc.

CO, carbon monoxide; FTND, Fagerström Test for Nicotine
Dependence; NRT, nicotine replacement therapy.

Table 53.5 Proposal for accreditation standard for 
carbon monoxide assessment.

Standards Specifications

Carbon monoxide air 1 app. per unit
Instruction for use In national language
Training of staff One responsible
Calibration Every 3 months/log book
False-positive Lactose malabsorption
False-negative Too short breath 

holding/cut-off too high
A-puncture Severe COPD/cut-off?
Cut-off for smokers 6–10 ppm



over the smoking history] : 20), prior quit attempts, 
prior use and effect of NRT and/or bupropion SR, motiva-
tion to quit, measure of nicotine dependency (question 1 in
FTND: How soon after you wake do you smoke: within 
5 min (3), within 6–30 min (2), within 31–60 min (1), later
(0)) (Table 53.1). During examination of the patient, the
smell of tobacco smoke in clothes, hair or skin, and yellow
fingertips as well as a cigarette box is indicative of recent
smoking.

CO is a product of combustion, and smokers have elev-
ated levels of CO in both blood and expiratory air, while
subjects using smokeless tobacco and/or NRT have levels
indicative of non-smoking. The plasma half-life of CO is
approximately 2 h during activity and 8 h during sleep. The
CO level in expired air is 1–4 ppm in most non-smokers
compared with 15–25 ppm in regular smokers, with a 
parallel increase in CO levels with increasing cigarette 
consumption. Through exposure to environmental tobacco
smoke (ETS), non-smokers can attain expiratory CO levels
of 6–9 ppm [13] and the cut-off between non-smokers and
smokers is 8–10 ppm in most smoking cessation studies.

The correlation between arterial blood CO levels and
expiratory air CO levels is high but in more severe COPD
patients with decreased diffusion capacity, expiratory air
CO might underestimate the blood levels and in light 
smokers, smoking 3–6 cigarettes daily, CO levels might 
be below 10 ppm. 

The portable CO analyser is a relative simple, cheap 
and quick method to assess the CO level in expiratory air. 
It is important to hold the breath for 15–20 s to attain 
equilibrium between capillary and alveolar CO levels. The
result is displayed immediately. False-positive values may
be observed in subjects with lactose malabsorption and
although an ethanol filter is present, high concentrations of
ethanol in the breath may interfere with measurements.
Drifting of the zero point may be observed if many smokers
are tested consecutively. Calibration of the CO analyser 
is indicated every 3 months with a 50 ppm CO test gas.
Without CO monitoring, approximately 10% of relapsers
may state that they do not smoke. 

Whenever an arterial blood sample is obtained in COPD
patients on long-term oxygen therapy (LTOT), the CO level
should also be analysed to identify smokers. Such indi-
viduals should be encouraged to stop smoking and should
be specifically warned of the risk of fire. 

The mean baseline expiratory air CO level in the CEASE
study was 27 ppm (mean), (SD, 10 ppm) in 3575 smokers
with a mean consumption of 27 cigarettes/day (SD, 10 ppm),
all smokers consuming > 14 cigarettes/day [12]. In an
Italian study of 550 consecutive patients with COPD and
100 patients on LTOT, arterial carboxyhaemoglobin was
more than 2% (= 10 ppm) in 26% of the 550 COPD patients
and in 21% of the patients on LTOT who smoked [14].

Plasma, saliva or urinary nicotine can be used to deter-
mine smoking status when taken in the afternoon; how-
ever, because of its short half-life of 2 h its not useful in
assessing smoking more than 8–12 h previously. Cotinine,
the major metabolite of nicotine with a half-life of 16–36 h, 
has a high specificity for tobacco use with a cut-off level
indicating smoking of 15 ng/mL in saliva and plasma and 
50 ng/mL in urine, if the patient does not use NRT. 

Thiocyanate, with a half-life of 3–14 days, is a reasonable
biomarker for heavy smoking, but is not good for detecting
light smoking because of the contribution from dietary
sources. The cut-off level of 78–88 μmol/L in plasma is
commonly used [15].

Figure 53.2 is a flow diagram for the management of the
individual smoking COPD patient. All smoking COPD
patients should be advised to quit smoking by the physician
and the message should be repeated on subsequent visits
and the advice to quit should be personalized and related to
the individual patient (degree of reduced lung function,
daily respiratory symptoms, other smoking-related risk 
factors). The advice to quit should be given independently
of the smoker’s motivation to quit.

If the smoker wants to quit, a target quit day should be
set. If the patient is hospitalized – this should be regarded 
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as a window of opportunity – and a quit attempt should 
be started at once, irrespective of the patient’s motivation 
to quit. Smoke-free units facilitate this process and should
be implemented worldwide.

Nicotine replacement therapy

Nicotine is liberated from the acid cigarette smoke as a gas,
inhaled to the lungs, transferred via the alveoli to the blood
and is measurable in the brain in less than 8 s after inhala-
tion. All the nicotine products that are used for the purpose
of smoking cessation are absorbed through the skin or
mucous membranes. The delivery of nicotine by these
routes is much slower than by inhalation, and does not give
the quick plasma concentration as does cigarette smoking.
In addition, acidification of the mouth (e.g. by acidic food or
beverages), by increasing the fraction of nicotine that is ion-
ized, will further decrease absorption of oral formulations.
Six hours after a 21-mg transdermal patch is applied, the
blood level is approximately 10–17 ng/mL, in contrast 
to approximately 15–25 ng/mL within minutes after a
cigarette [16].

The rapid absorption from cigarette smoke results in a
transient high blood concentration. This has a greater psy-
choactive effect and likely biological effect that reinforces
addiction, compared with the equivalent dose of nicotine
delivered from gums or patches [17]. Compared with
cigarette smoking, NRT produces lower plasma nicotine
levels (i.e. one-third to half of the levels attained over sev-
eral hours) and without the high peak levels. The slower
absorption of nicotine from these products does not pro-
duce the same cardiovascular stimulation as does nicotine
delivered by cigarette smoke [18].

The average 12-month success rate reported in most
smoking cessation studies is approximately 15–25% [2].

The efficacy of NRT from a Cochrane meta-analysis
reported an odds ratio for success of NRT compared with
controls of 1.73 (95% CI, 1.62–1.85), with no statistical 
differences across the different formulations (Table 53.6)
[19].

Nicotine transdermal patch 

Absorption of nicotine from the transdermal nicotine patch
is approximately 1 mg/h nicotine for 16 h (daytime patch)
or for 24 h (24-h patch). Nicotine substitution is approx-
imately 50% of the smoking level (21-mg patch/24 h and
15-mg patch/16 h) [16]. It is much easier to administer and
use the patch than the gum. The recommended treatment
duration is 8–12 weeks. Side-effects are mainly self-limited,
mild, local skin irritation, occurring in 10–20% of users. A
few per cent of subjects will terminate patch use because of
more persistent and severe skin irritation in the nicotine

patch area [17]. Wearing the patch during waking hours
(approximately 16 h/day) has been found to be as effective
as wearing it for 24 h/day and there is no evidence that
tapered therapy is better than abrupt withdrawal.

While the patch is a fixed delivery system, the delivered
dose from the gum, inhaler, nasal spray and lozenge is
dependent on the frequency of dosing. A basic advantage of
these four products is the ability to self-titrate the dose as
opposed to the patch, which delivers a fixed dose. Thus, it 
is possible to administer a dose whenever needed during
the day; however, the principal disadvantage is potential
underdosing. These products may also replace some of the
habit patterns associated with smoking (e.g. handling rein-
forcement) along with providing nicotine replacement.

Nicotine chewing gum

With the use of nicotine gum throughout the day, blood
levels of approximately one-third (for 2-mg gum) and two-
thirds (for 4-mg gum) of the nicotine obtained through
smoking are achieved. 

In most studies the gum has been used for at least 6–
12 weeks and, in some, up to 1 year, but individualization 
of treatment duration is recommended. As many as 10% 
of successful quitters still use the gum after 12 months
[20–22]. While controversial, many believe that this long-
term substitution of gum has fewer health risks than con-
tinued smoking. 

Instruction in gum use is very important to increase
effectiveness and adherence to therapy. Gum users should
chew a piece of gum only 5–10 times until they can taste
the nicotine. At that point, they should then let the gum
rest in the cheek for a few minutes, while the nicotine is
absorbed. This occurs through the buccal mucosa, and
swallowing should be avoided. After this, they can chew
again to expose a new surface of the gum, which will
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Table 53.6 Meta-analysis of controlled trials with nicotine
replacement therapy from The Cochrane Register. Success
rates sustained for 1 year [19,37].

NRT versus placebo 1.73
(108 studies) (95% CI, 1.62–1.85)
Nicotine gum 1.66
Nicotine patch 1.76
Nicotine nasal spray 2.27
Nicotine inhaler 2.08
Nicotine sublingual tablet 1.73

Bupropion SR versus placebo 1.97

(16 studies) (95% CI, 1.67–2.34)

CI, confidence interval; NRT, nicotine replacement therapy.



release more nicotine. Overexuberant chewing may release
too much nicotine, which may be swallowed and may 
contribute to gastric side-effects. The gum can be chewed for
approximately 20–30 min and, with proper use, approxim-
ately 0.8–1.0 mg nicotine is absorbed from a piece of 2-mg
nicotine gum and 1.2–1.4 mg nicotine from a 4-mg piece.
The principal disadvantage of gum use is potential under-
dosing, which might explain the lack of effect in several trials.
Programmes with more intense counselling generally get
better results with the gum, perhaps because these pro-
grammes include training in its use. The approximate dose
equivalent with most nicotine patches is approximately 
20 pieces of 2-mg gum, whereas the mean number of pieces
of gum used daily is only around 5–6 in most studies, con-
sistent with the general underdosing of the gum. 

Side-effects of the gum consist mainly of mild, transient,
local symptoms in the mouth, throat and stomach due 
to swallowed nicotine (e.g. nausea, vomiting, indigestion
and hiccups). After adequate instruction most smokers can
learn to use the gum properly but without instructions
many will discontinue use or underdose themselves. 

In the Lung Health Study, among 3094 smokers who
were followed for 5 years, the use of the 2-mg gum
appeared safe and did not produce cardiovascular problems
or other adverse events even in subjects who continued to
smoke and still used nicotine gum [23]. 

It is suggested that smokers be instructed to use the nico-
tine gum on a fixed schedule (e.g. every hour, from early
morning, for at least 8–10 h) and use extra pieces of gum
whenever needed.

Nicotine inhaler

An inhaler consists of a mouthpiece and a plastic tube with
a porous plug impregnated with nicotine, which releases
nicotine vapour when air is drawn through the plug. Most
of the nicotine released by this device is absorbed through
the mucosa of the mouth and throat. Very little of the 
nicotine is contained in particles of sufficient size to be
inhaled into the lung. Each inhaler contains 10 mg nicotine
and can release approximately 4–5 mg nicotine. In clinical
use, each inhaler releases approximately 2–3 mg nicotine
and the number of inhalers used daily averages 5–6. Thus,
nicotine levels comparable with those found with use of 
the 2-mg nicotine gum are attainable (i.e. relatively low
concentrations are achieved).

The inhaler may replace some of the habit patterns asso-
ciated with smoking (e.g. oral and handling reinforcement)
along with providing nicotine replacement. Current recom-
mendations suggest at least four inhalers should be used 
per day, with the goal being 4–10 per day. The duration 
of use is generally 3 months with another 3 months of
downtitration if needed. With rapid and frequent puffing 

it is possible to increase the delivered dose of nicotine. It 
has been suggested that the number of puffs on the inhaler
should be around 10 times that of the usual puffing on a
cigarette to get a similar amount of nicotine. 

The efficacy of the inhaler in clinical trials is in the same
range as the other NRT products [24–27].

Nicotine lozenge (sublingual tablet)

One to two sublingual tablets should be placed under the
tongue where they will disintegrate within 20–30 min. The
free nicotine released from the tablets will be absorbed
through the oral mucous membrane. The dose delivered
from the tablet is comparable with the 2-mg nicotine chew-
ing gum. One tablet per hour is the recommended dosage,
up to 20 per day (i.e. up to 2 tablets per hour). In highly
dependent subjects, a maximum dose up to 40 tablets per
day can be used. Swallowing results in delivery of nicotine
to the stomach, which can cause side-effects but does not
contribute to efficacy. Mild transient side-effects include
hiccups, nausea and dyspepsia, and gingival bleeding. The
tablets should be used for up to 3 months. The dosage is
8–20 (40) tablets per day or 1–2 tablets per hour, depending
on withdrawal symptoms and craving [28].

Nicotine nasal spray

Nicotine nasal spray is an aqueous solution of nicotine 
(10 mg/mL) that delivers 0.5 mg nicotine per actuation [2].
When sprayed in the nose, nicotine is absorbed across the
nasal mucosa, with peak blood levels being achieved in
approximately 10 min. This delivery is much more rapid
than that of other forms of NRT. In clinical trials, however,
cessation rates are comparable with other NRT trials, with
quit rates about double that of placebo. Side-effects include
nasal irritation, which may be severe and is extremely com-
mon. The usual regimen is two actuations per dose (1 mg
total) once or twice per hour, with a maximum total dosage
of 40 mg/day. 

Combination of NRT products and 
dose–response effects

There is conflicting evidence regarding the efficacy of the
combination of two different nicotine products. In some
studies the use of combinations has increased short-term
cessation rates, but there is no consistent evidence of a
long-term effect [19]. However, available data suggest that
combinations can be used safely without symptoms of nico-
tine overdose such as weakness, nausea, sweating, palpita-
tions and diarrhoea.

A small dose–response effect has been observed with the
nicotine gum and patch. For highly nicotine-dependent
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smokers, 4-mg nicotine gum has been shown to result in a
higher success rate than the 2-mg gum.

In subjects who relapse, repeated treatment should be
undertaken at the earliest appropriate occasion. The success
rate seems higher for subjects who had tried to quit previ-
ously without nicotine products, but most smokers achieve
long-term abstinence only after several attempts. 

In the Lung Health Study, where 3000 subjects were
exposed to nicotine gum for up to 5 years, the concomitant
use of cigarettes and NRT appeared to be safe and unrelated
to any cardiovascular illness or other serious side-effects [23].

Thus, the current recommendation is to use one NRT
product in most smokers. In the heavily dependent smoker,
a combination of the patch with gum, inhaler or lozenge
can be tried. 

If the smoker has not tried NRT before, initial use of the
patch is reasonable. First, it is easier for the patient and 
the physician. Secondly, self-selection of an NRT product
does not increase success rate. If a patient has tried one of
the NRT products earlier, a reasonable recommendation
would be to try bupropion SR (see below) or another NRT
product (Table 53.7). A test period with NRT for a few days
before the target quit day to habituate the patient to the
product might facilitate adequate initial dosing, which is
important for success.

The effect of intensity of support is shown in Table 53.8.
Three studies with a more intensive supportive programme

Effect of support

with weekly group meetings showed high continuous suc-
cess rates in both active NRT and placebo groups. In con-
trast, two other NRT studies with lower support but a very
similar design reported much lower success rates, although
the relative effect of NRT versus placebo was maintained
[24,25,29–31]. The support in the bupropion SR study is
moderate as are the success rates (Table 53.8) [32]. A meta-
analysis evaluating behavioural interventions does not sug-
gest that group therapy is more effective than individual
counselling, but the total contact time per patient may be
higher during group treatment [2].

Hypnosis and acupuncture have not proven to be of any
effect in smoking cessation.

614 CHAPTER 53

Table 53.7 Suggestions for use of four different nicotine replacement products.

Patch Gum Inhaler Lozenge

Absorption Skin Mouth Mouth, throat Mouth
Principle* Fixed Ad lib Ad lib Ad lib
Daily dose 1 patch 15–25 mg 1 piece/h 10–20 mg 6–10, 10–15 mg 8–20 tablets, 16–40 mg
Dose per piece 15 mg/16 h, 21 mg/24 h 2/4 mg 10 mg 1 mg/2 mg
Delivered dose 15 or 21 mg 0.8/1.4 mg 3–5 mg 0.8–1.0 mg
Duration of use 3 months 3 months (12 months) 3 months (6 months) 3 months (6 months) 
Side-effects Skin irritation Hiccups, irritation Irritation in throat Irritation in mouth,

in mouth, dyspepsia hiccups, dyspepsia
Precautions Eczema Dentures Pharyngitis Oral disease
Low dependency +++ +++ +++ ++
High dependency + +++ ++ ++

Combination treatment: patch plus either gum/inhaler or lozenge.
Long-term treatment or relapse situations: gum, inhaler or lozenge.
High-dependent subjects: patch 25 mg/16 h or 21 mg/24 h; 4 mg gum.
* Nicotine ‘infusion’ through the skin is constant with the patch.

Table 53.8 Intensive group therapy or low intervention
combined with nicotine replacement therapy or placebo.
Continuous 12-month success rates. (Data from
Hjalmarson et al. [25,29,30] and Tønnesen et al.
[24,31,32].)

Intensive support (Hjalmarson) Intensive support 
(Hjalmarson)

Gum 29% Placebo 16%
Nasal spray 27% Placebo 15%
Inhaler 28% Placebo 18%

Low support (Tønnesen) Low support 
(Tønnesen)

Inhaler 15% Placebo 5%
Patch 17% Placebo 4%
Bupropion SR 21% Placebo 11%



The Lung Health Study I was a multicentre randomized
study evaluating the rate of decline of lung function. It com-
pared the effect of a smoking intervention versus usual care
and also tested an inhaled anticholinergic bronchodilator 
or placebo. The study enrolled a total of 5887 subjects with
mild COPD: a mean forced expiratory volume in 1 s (FEV1)
of 75% predicted (2.7 L [SD, 0.6 L]). They had a mean age
of 48 years, with a smoking history of 40 pack-years [33].
During the first 3 months, an intensive 12-session smoking
cessations programme took place, with the use of nicotine
chewing gum plus adjunctive behavioural modification,
with a relapse prevention programme every 4 months for 
5 years. At entry, strong physician advice to quit was given,
and a target-quit day was set. Two milligram nicotine gum
was used aggressively.

The sustained quit rate was high in the intervention
group and declined as usual over the years of the study.
Continuous abstinence rates in the intervention group
were 35% after 1 year, but had declined to 22% after 
5 years. These compared with 10% after 1 year and 5%
after 5 years in the control group (Fig. 53.3). However, 
the cross-sectional quit rate increased slightly during the 
5 years of the study to 39% in the intervention group and
22% in the control group (Fig. 53.4). This supports the
importance of subsequent quit attempts.

A major finding of the Lung Health Study I was that
smoking cessation significantly reduced the age-related de-
cline in FEV1. The change in FEV1 was –72 mL over 5 years
for sustained quitters and –301 mL over 5 years for continu-
ing smokers. Follow-up after 11 years showed that 22%
(odds ratio [OR] = 4.45) of the subjects assigned to the inter-

Lung Health Study I
vention group maintained abstinence versus only 6% in
the control group [34]. 

Overall, this large well-conducted study showed that
aggressive and intensive smoking cessation programmes
can produce high long-term quit rates in smokers with mild
airway obstruction. Also, the improvement in the rate of the
decline of FEV1 supports the concept that smoking cessation
is the first and most important intervention in smokers with
mild COPD. 

Bupropion SR (Zyban®, GlaxoWellcome) is an older 
antidepressant drug – an amino-ketone agent – with an
inhibitory effect on noradrenaline and dopamine reuptake.
In addition, it may also have direct effects on nicotine
receptors. However, the exact mechanism by which bupro-
pion SR aids in smoking cessation is not known.

Bupropion SR for 7–12 weeks is more effective than
placebo. When combined with moderate behavioural 
support (weekly clinic visits during the first 7 weeks and
follow-up), a 1-year sustained quit rate of 18–25% was
observed for bupropion SR and 10% for placebo [35,36]. 
A meta-analysis of 16 studies found OR 1.97 (95% CI,
1.7–2.3) for 1-year success rate for active versus placebo
therapy. This efficacy is in accordance with the success rates
found in many studies with NRT that provided support 
in the same range. Thus, bupropion SR and NRT seem to 
be equally effective for smoking cessation (Table 53.6) [37].
Although when used for 1 year bupropion SR prolongs
time to relapse, this difference in continuous abstinence
rate was not significant from week 36 through to month 
24 [38]. Thus, 7–12 weeks’ treatment with bupropion 

Bupropion SR
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Figure 53.3 Lung Health Study: sustained abstinence 
(n = 5587.) (Data from Anthonisen et al. [33].)
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SR seems an adequate treatment duration for smoking 
cessation, although longer treatment prolongs time to
relapse.

The recommended regimen for bupropion SR is 
150 mg a.m. for 6 days prior to the quit date, in order to
establish adequate brain levels. Therapy should then con-
tinue with 150 mg b.i.d. for 7–12 weeks. Success has been
achieved in some individuals with a reduced dosage of 
150 mg/day.

Although body-weight gain is significantly reduced dur-
ing the drug treatment period with bupropion SR, this
effect is lost after 1–2 years.

Recycling (i.e. repeated treatment with bupropion SR) 
in smokers treated previously with bupropion SR should 
be tried as this increased successful outcome in a random-
ized controlled trial of 450 smokers. In this study of relapsed
smokers, a 6-month continuous success rate of 12% was
observed for the bupropion SR group and 2% for the
placebo group [39].

The most common adverse events from bupropion SR 
are insomnia (42%) and dry mouth (11%). In clinical trials,
in approximately 10–12% of subjects, the treatment was
stopped because of adverse events. The most serious
adverse event was major motor seizures, which have been
reported in 0.1% of patients treated with bupropion SR,
and allergic reactions (1–2) with 0.1% of serious cases of
hypersensitivity [40].

Bupropion SR is not indicated for individuals with 
an increased risk of seizures (e.g. epilepsy, history of head
trauma, anorexia nervosa). Similarly, it is important not 
to increase the dose above 300 mg, and to administer the
daily dose divided with an interval of at least 8 h. The last
dose should not be taken later than 6 p.m. if insomnia is a
problem.

In summary, bupropion SR is of similar efficacy to NRT
and is generally well tolerated in smoking cessation. 
It is regarded a first-line medication in some guidelines [2].
As bupropion SR has a more severe side-effect profile, 
more contraindications and is only available on prescrip-
tion, NRT is often regarded as first-line medication and
bupropion SR as a second-line, although this is a matter 
of personal judgement. Some physicians who are com-
fortable with the medication will use bupropion SR as a
first-line medication.

As another antidepressant, nortriptyline, has been shown
to be effective in smoking cessation, it is not clear if the
effect in smoking cessation of these two agents is drug-
specific or a class effect. The dosage of nortriptyline in
smoking cessation is 75–150 mg/day. However, several
other antidepressants including selective serotonin reup-
take inhibitors have not been found to be effective in 
smoking cessation (e.g. doxepin, fluoxetine, sertraline,
moclobemide and venlafaxine) [37].

One study has specifically evaluated bupropion SR in 
COPD patients. In this study, 404 COPD patients (15+
cigarettes per day) in 11 centres in the USA were allocated
to bupropion SR for 3 months or placebo in a design 
that included moderately intensive behavioural support
(i.e. 10 visits) with weekly individual sessions during the
first 7 weeks (Fig. 53.5) [41]. Most patients had COPD with
an FEV1 > 50% although 15% had an FEV1 < 35–49%.
Cigarette consumption averaged 28 cigarettes per day and
subjects had smoked an average of 52 pack-years. These
subjects were relatively highly addicted with an average
Fagerström score of 7 (maximal score 11). Abstinence rate
was significantly higher at 6 months in the bupropion 
SR group versus placebo (16 vs 9%). After 1 year the
significance was lost with a success rate of 10 vs 8%. These
abstinence rates are much lower than those observed in
similar studies with bupropion SR in healthy subjects [42],
suggesting that COPD patients may be relatively ‘hard
core’. Nevertheless, the data support use of bupropion SR in
this group. 

Two large trials were conducted by the British Thoracic
Society (BTS) in the UK in 1983 and 1990. One study com-
prised 1618 outpatients with respiratory disease attending a
chest clinic [43]. Four methods were evaluated: physician
advice, plus a booklet, plus placebo gum, and plus 2-mg
nicotine chewing gum. The overall 1-year success rate for

Lung clinic interventions

Bupropion SR COPD Study
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the entire population was 9.7% (95% CI, 8.3–11.3%) with
no significant differences between the four groups.

The other study included two multicentre trials with out-
patients attending hospital or chest clinics [44]. A total 
of 87% of the enrolled patients suffered from respiratory
disease, mainly chronic bronchitis and emphysema.

In study A, the effect of physician advice to stop smoking
was compared with the same advice plus a signed agree-
ment to stop smoking by a target quit day plus two visits by
a health visitor plus several letters. These two interventions
were found to be equally effective. In study B, four groups
were compared: physician advice versus advice plus a
signed agreement versus advice plus letters versus advice
plus letters plus a signed agreement. A signed agreement
did not affect outcome but letters increased successful 
outcome from 5.1% to 8.7%. A secondary stratification 
and analysis of the two studies combined found that 5%
stopped with advice alone; postal encouragement increased
the success rate by more than half as much again; and out-
patient visits seemed to increase the success rate. In conclu-
sion, physician advice supported by encouraging letters and
follow-up was found to be more effective than advice alone
in a group of outpatients with respiratory disease. 

In the lung clinic of the author, we have observed that
minimal intervention (i.e. advice by nurses) increased 1-
year quit rates from 3.6% to 8.7% [45] and that a nurse-
directed smoking cessation programme which included
nicotine patches increased quitting from 6% to 16% [46].
Similar programmes could easily be implemented as rou-
tine in most lung clinics. 

Weight gain can be regarded as a withdrawal symptom. It
occurs in part because of increased hunger and increased
caloric intake, but metabolic effects may also have a role. As
a result, a weight gain of 4–5 kg for abstainers after 1 year is
found in most studies. About half of the participants in
smoking cessation studies are specifically afraid of gaining
weight, a problem that may be more prominent for females.
Both NRT – especially nicotine gum – and bupropion SR
can delay post-cessation weight gain. However, when 
NRT or bupropion SR are stopped, the ex-smoker will 
eventually end up with a similar weight gain as quitters
who had not used medication [19,37].

In the Lung Health Study sustained quitters gained 5.2 kg
(women) and 4.9 kg (men) in year 1 and experienced an
additional gain of 3.4 kg (women) and 2.6 kg (men) in
years 1–5. Over 5 years, 33% of the abstainers gained 10 kg
in weight [47]. A weight gain after 3 months of 4.5 kg in
men and 3.6 kg in women was found in the study with
COPD patients and bupropion SR or placebo [41]. Weight

Weight gain

gain prevention using caffeine plus ephedrine or a sero-
tonergic anorexic drug – difenfluramine – did not increase
the success rate for abstinence and, while weight gain was 
less in the prevention group during active treatment, there
were no differences at 1 year [48]. In an open smoking 
cessation study with 287 females, nicotine gum combined
with a behavioural weight control programme including a
very low energy diet versus a control group without the 
diet resulted in an increase in success rate although there
was no difference in weight gain after 1 year [49]. Thus,
diet intervention and daily exercise might be a way to 
control excessive weight gain in the long term. For those
COPD patients with low body mass index (BMI), this post-
cessation weight increase might be an advantage together
with increased appetite.

From the Lung Health Study it was reported that the
weight gain in sustained quitters had a small negative effect
on lung function; a reduction of forced vital capacity (FVC)
of 17 mL/kg (men) and 11 mL/kg (women), and for FEV1 of
11 mL/kg (men) and 6 mL/kg (women), respectively [50],
but compared with the beneficial effect of smoking cessa-
tion this effect of weight gain is small.

Why do COPD smokers achieve a lower success rate in
smoking cessation? This might in part be because of selec-
tion, as the more motivated and less nicotine-dependent
smokers with COPD probably successfully quit smoking
when they suffered acute respiratory symptoms or were
advised to stop smoking by their physician. In support of
this, in a random population sample of smokers, subjects
with COPD had a higher nicotine dependence and higher
CO levels compared with smokers without COPD [51]. In
addition, nearly half of all patients with COPD experience
some depressive symptoms and 20% have had at least one
major depressive episode. Depression is a predictor of
relapse in smoking cessation, and the prevalence of this
comorbidity may contribute to the refractoriness of smok-
ing in COPD patients. Finally, there is an overrepresenta-
tion of the lower socio-economic classes among COPD
patients, who also often have a poor social network and
support system. Both lower social class and poor social sup-
port are predictors of failure in smoking cessation [52].

Approximately one-third of moderate to severe COPD
patients evaluated in many clinical trials are still smoking.
In a 1-year study of formoterol/budesonide with 812 COPD
patients with a mean FEV1 of 36% predicted normal, 34%
were smokers [53]. In another 3-year study with fluti-
casone with 391 with mild COPD (FEV1 = 1.6 L), 35% were
smokers. Among 359 with severe COPD (FEV1 = 1.0 L), 41%
were smokers [54]. This group consists of more heavily

Profile of COPD smokers
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dependent and persistent smokers and is representative 
of the group of COPD patients with frequent exacerbations
and hospitalizations. Anticipated quit rates among these
COPD patients would be lower than among healthy self-
referred smokers enrolled in most smoking cessation studies.

There are limited data on the efficacy of smoking cessa-
tion interventions in COPD patients. Bupropion SR has
efficacy in COPD patients compared with placebo, although
quit rates are lower than in healthy subjects [41]. In two
studies with patients with COPD and cardiovascular dis-
eases, no effect of NRT was found, but NRT was used for 
an interval that was likely less than optimal (3 weeks and
4–6 weeks, respectively) [55,56]. 

A meta-analysis of 17 trials of smoking cessation inter-
ventions for hospitalized patients showed that ‘intensive
intervention’ (inpatient contact plus follow-up for at least 
a month) was associated with higher quit rates than in 
controls (OR 1.82; 95% CI, 1.49–2.22, six trials). Results of
NRT treatment in this group of patients were compatible
with data from other trials, suggesting that NRT increases
quit rates [57]. 

From a review of five smoking cessation studies with
COPD patients, two of which were of high quality (see 
the discussion of the BTS studies above), it was concluded
that a combination of psychosocial and pharmacological
intervention was superior to no treatment or psychosocial
therapy alone [58]. In a recent trial 370 COPD patients
were enrolled in a smoking cessation study with low and
high support and use of sublingual nicotine of placebo for
12 weeks [59]. They smoked a mean of 19.6 cigarettes/day
with a mean of 42.7 pack-years and with a mean FEV1 of
56% predicted. The 6 and 12 month point-prevalence
abstinence rate for nicotine sublingual vs placebo was 23 vs
10% and 17 vs 10%, respectively. This success rate is in the
same range as healthy smokers. Quality of life assessed 
by the St. Georges’s Respiratory Questionnaire score improved
significantly in abstainers vs non-abstainers; the changes in
mean scores were −10.9 vs −2.9 for tatal score, and −28.6 vs
2.3 for symptom score, respectively. This is the first trial
documenting that NRT is also effective in a COPD population.

The rationale for smoking reduction is as follows:
1 By using this approach it should be possible to recruit a
new segment of smokers (i.e. smokers low in motivation 
to quit).
2 It should be possible to induce a permanent change in the
smoking habit to maintain the reduced smoking level.
3 Compensatory smoking is not 100% so that reduction in
smoking will result in reduced toxin exposure.
4 This concept will not interfere with smoking cessation.

Smoking reduction

Four randomized controlled trials used nicotine inhalers
and nicotine gum and reported – surprisingly – a smoking
cessation rate of approximately 10% after 2 years and a low
reduction rate of 6% [60,61]. An example of a smoker who
reduced and then quit is shown in Fig. 53.6. Regarding
reduction, an analysis of 19 trials reported a reduction in
cigarettes per day (CPD) of 25% (8 cigarettes) to 55% (23
cigarettes) in NRT groups compared with 13% (3 cigarettes)
to 26% (8 cigarettes) in control groups [62].

However, there is no consistent evidence that smoking
reduction per se will be followed by harm reduction. In a
prospective population study, self-reported smoking reduc-
tion was not associated with lower risk of hospital admis-
sion for COPD, while quitting smoking was associated with
a relative hazard of 0.57 for hospitalization [63]. In the
same population, with a 16-year follow-up it was observed
that smoking cessation reduces mortality and morbidity
risk while smoking reduction did not [64]. 

An approach for COPD smokers not motivated to quit
could be to prescribe NRT – nicotine gum or inhaler – for
2–3 months and recommended to reduce the number of
cigarettes by at least 50% during the first 1–2 weeks and
then to try to reduce further, although this concept has 
only been tested in healthy smokers. If the smoker has 
not reduced by more than 50% after 3 months NRT 
should be stopped. The goal is that smoking reduction will
motivate this group of recalcitrant smokers to quit during
this process.

Another way to attain smoking reduction and reduce 
the harm of smoking could be through tobacco product
modification. The use of such products, however, raises a
number of extremely controversial issues [65]. At the pre-
sent time, there is no evidence supporting health benefits
from their use. However, as it is likely that smoking will
remain a highly prevalent condition, the development of a
less hazardous cigarette might be an advantage. How such a
product should be regulated and used will require careful
scrutiny.
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There is a strong need to increase our knowledge of the
efficacy of NRT and bupropion SR in COPD patients. Long-
term treatment that includes combination pharmaco-
therapy and group therapy might be of special value for the
more severe COPD patient with a vulnerable social network.
The influence of depression and psychiatric comorbidity on
smoking cessation in COPD should be further explored.
Correlation between nicotine dependence, motivation to
quit and severity of COPD is another unexplored area. 

The design of the Lung Health Study needs to be applied
in studies enrolling severe COPD patients.

Pathophysiological studies need to be performed in
smokers with mild to severe COPD before and after quit-
ting, looking at lung function, inflammatory mediators and
pulmonary imaging.

Studies of implementation of smoking cessation pro-
grammes in the chest clinic and quality control of this ther-
apy could increase interest in this area. Standards for
smoking cessation interventions and formal accreditation
of this area might be a way to increase implementation of
smoking cessation. 

Several new agents for smoking cessation are being
tested in clinical trials and these agents should also be tested
in the COPD population. Although lower success rates may
be observed among COPD patients compared with healthy
smokers, knowledge of how these treatments work in spe-
cial populations is crucial.

In summary, smoking cessation should be an integral part
of the treatment of COPD patients. This is clearly stated in
the recently published COPD guidelines: all COPD patients
still smoking, regardless of age, should be encouraged to
stop smoking and offered help with appropriate support to
do so at every opportunity [65].

Every chest clinic should be smoke-free and have a 
teamwork-oriented organization for smoking cessation. As
a result, every smoking COPD patient should be identified,
advised to quit smoking and, if willing to quit, instructed 
in the use of NRT or bupropion SR and follow-up for the
smoking cessation arranged. Every quit attempt should be
given the maximal chance for success. Because both NRT
and bupropion SR double long-term success in smoking
cessation when used for 3 months, at least one should be
used on every attempt. 

The programme used in the Lung Health Study with an
intensive initial smoking cessation programme with NRT,
followed by boosters during subsequent visits, seems to be a

Conclusions

Research recommendations
design with a high sustained quit rate in COPD patients.
Smoking should regarded as a chronic relapsing disorder,
and it might be necessary to make several cessation
attempts before permanent cessation is obtained. The
COPD patient should be regarded as a hard-core smoker
with the need for more aggressive therapy both with regard
to NRT and behavioural support and might be a candidate
for long-term NRT substitution. 
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CHAPTER 54

Oxygen therapy in COPD

Brian Tiep and Rick Carter

Long-term oxygen therapy (LTOT) serves a critical role in
the clinical management of patients with advanced lung
disease. A map of the multiple considerations for LTOT is
presented in Figure 54.1. Clinicians prescribe oxygen to
protect the patient from the deleterious effects of tissue
hypoxia. In addition, they prescribe it to improve survival,
control dyspnoea, enhance exercise performance and max-
imize functional ability. The survival benefit of LTOT for
severe hypoxaemia is well established [1,2]. There does 
not appear to be a survival benefit for patients with mild 
to moderate hypoxaemia [3]. However, there are other
hypothesized benefits that await confirmation through
well-designed clinical trials.

Oxygen for severely hypoxaemic patients appears to
reduce hospitalization [4], improve pulmonary haemo-
dynamics [5,6] and enhance psychomotor performance
[7–10]. Nocturnal oxygen administration for patients who
desaturate but who do not have obstructive sleep apnoea
prevents nocturnal desaturations [11]; yet its impact on
longevity remains unclear. Oxygen used during exercise
prevents exercise-induced desaturation while improving
exercise performance; however, its long-term benefits have
not been fully defined. Providing oxygen during air travel
in patients whose oxygen requirement on the ground is
borderline, suggests good clinical judgement within the
scope of our present state of knowledge, but its overall 
protective benefit is not yet known. 

It is important to bear in mind that the introduction of
oxygen into the lung is only the first of a series of steps that
include oxygen transport, uptake and utilization at the 
cellular level. The movement of oxygen across the alveolar–
capillary membrane, haemoglobin uptake and release, 
cardiovascular dynamics, cell membrane transport and
mitochondrial utilization are essential processes of cellular
respiration and life. These are also sites of potential barriers
to oxygen transport. It is common for clinicians to focus
attention on maintenance of arterial oxygen saturation

because the data are easy to obtain, it is non-invasive 
and provides ongoing monitoring capabilities. However,
that perspective should be widened to include haemoglobin
and cardiovascular transport, while observing for adequate
end-organ function. Therapeutically, aerobic exercise im-
proves the totality of oxygen transport and thus becomes an
essential intervention in maintaining cellular oxygenation
while maximizing efficiency of the cardiopulmonary and
bioenergetic systems.

Exercise imposes a higher metabolic demand, with a 
corresponding increase in oxygen uptake. In health, the
lungs are quite capable of rapidly responding to the increase
in metabolic demand and thereby do not impose a limita-
tion to oxygen transport. In severe COPD, there is minimal
lung function reserve as a result of the presence of airway
obstruction with or without alveolar capillary block. An
increase in ventilatory response often leads to progressive
hyperinflation, contributes to ventilation–perfusion (2/6)
mismatching, higher VD/VT and a shortened red cell transit
time – thereby widening the A–ā gradient. These adjust-
ments undermine the competency of gas exchange. Hyper-
inflation places the respiratory muscles at a mechanical 
disadvantage, elevating the work of breathing and its asso-
ciated metabolic needs. This effect, along with progressive
muscle weakness – also a characteristic of this illness – 
creates a weaker and less effective ventilatory pump at a
time of greater metabolic demand.

The collaborative benefits of oxygen therapy, exercise
and an active lifestyle [12], while accommodating for an
increase in metabolic requirement for oxygen, suggests 
that oxygen systems should adequately oxygenate patients
during exertion and be very portable. The ideal portable
system should be minimally intrusive and support an active
lifestyle with moment-to-moment adjustments conforming
to the physiological requirements. 

Patients who require oxygen are frequently self-conscious
and avoid social gatherings. To complicate the picture,
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patients often regard oxygen as a grim reminder that they
have a relentlessly disabling illness. Consistent with the
therapeutic goal, oxygen must be presented as being enabling.
The patient must understand that oxygen serves a protective
function and supports an active lifestyle. The patient should
fully accept their oxygen and adhere to its prescription. 

The cause of hypoxaemia bears on the clinical expectations
from LTOT [13]. A low fraction of inspired oxygen (FiO2),
such as experienced at higher altitudes, is easily corrected
by supplemental oxygen or return to sea level where the
fractional content/driving pressure of oxygen in air is greater.
Hypoventilation, which occurs during sleep apnoea, pro-
motes a concomitant increase in PaCO2. Measures to improve
ventilation are effective for improving oxygen transport
and carbon dioxide (CO2) removal. Diffusion impairment,
which worsens during exercise – particularly in patients
with pulmonary fibrosis – presents a major challenge to main-
taining arterial oxygenation during exertion. Ventilation–
perfusion mismatching is the usual reason why COPD
patients become hypoxaemic and may also contribute to CO2

retention, and usually responds to supplemental oxygen.
Patients with a significant arterial–venous shunt defy 
correction of their hypoxaemia. 

The consequences of hypoxaemia and tissue hypoxia 
are dependent on multiple factors. Severe acute hypoxia
can cause rapid and irreversible tissue damage. Chronic
hypoxia will variably impair cellular function and may
progress to necrosis. This depends on the target tissue or cell
line affected. Initially, the oxygen-deprived cell will resort
to anaerobic glycolysis, with a resulting lactic acidosis. 
Cells can function temporarily within an anaerobic envir-
onment, but they do so inefficiently and uncomfortably. 
A rapid return to oxidative metabolism is necessary for 
re-establishment of a normal pH through removal of anaer-
obically generated lactic acid.

Recognition of signs of tissue hypoxia depends on the
affected tissue [14]. Brain tissue hypoxia manifests as a loss
of short-term memory, followed by euphoria, and impaired
judgement. Severe cerebral hypoxia will trigger cerebral
oedema, which is life-threatening. Cardiac muscle hypoxia
is accompanied by tachycardia, a reduction in stroke vol-
ume, atrial and/or ventricular arrhythmia and congestive
heart failure. Hypoxia in the lung causes pulmonary vaso-
constriction that may lead to right heart failure, bron-
chospasm and weakened respiratory muscles. Lowering in
gastric pH may be seen in conditions of tissue hypoxia and,
although somewhat cumbersome, may be used to monitor
the presence of tissue oxygenation.

The consequences of long-term hypoxaemia along with

Physiological considerations

the impact of LTOT were addressed in two companion,
landmark, randomly controlled clinical trials reported in early
1980s [1,2]. The British Medical Research Council (MRC)
study randomly assigned hypoxaemic COPD patients to
receive oxygen therapy 15 h/day (including the hours of
sleep) versus no oxygen [1]. The survival benefit, which be-
came apparent after 4 years, showed that 55% of the oxygen
therapy group was alive versus 33% of the control group. 

The National Institutes of Health Nocturnal Oxygen
Therapy Trial (NOTT), performed at several centres in North
America on a similar population of COPD patients, com-
pared patients receiving oxygen 12 h/day (including the
hours of sleep) versus 24 h/day [2]. Actually, the 24 h/day
group used their oxygen an average of 19 h/day. Survival
after 3 years was 70% for the continuous group versus 50%
for the nocturnal oxygen therapy group. This survival 
difference became apparent after 12 months of oxygen use.

The results were more impressive when patients were
stratified by the level of CO2 retention [2]. A significant
decrease in haematocrit and pulmonary vascular resistance
was seen in the continuous oxygen group. However, these
changes were not sufficient to explain the difference in 
survival. Autopsies on some of the NOTT patients failed 
to reveal a difference in pathology, which lends support 
to the conclusion that the observed survival difference 
may be related to the number of hours per day of oxygen
therapy [15].

Because these two studies were performed on similar
groups of patients with the common denominators being
COPD and hypoxaemia, the results are often combined to
present a unified message (Fig. 54.2): survival is positively
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Figure 54.2 Combined results of the Medical Research
Council (MRC) and National Institutes of Health Nocturnal
Oxygen Therapy Trial (NOTT) studies. Survival is determined
by the hours per day of oxygen therapy.



correlated with the number of hours per day of oxygen usage.
However, several important areas were not specifically
addressed. For example, we do not know if these patients
benefited from oxygen during exertion or even if they used
their oxygen during exertion. Also, even though implied by
the MRC study, we do not know whether patients receiving
oxygen during sleep improved their survival. 

When LTOT was administered to a different group of
patients with moderate hypoxaemia (partial pressure of
arterial oxygen [PaO2] 55–65 mmHg) no survival benefit
could be demonstrated [3]. Younger age, better lung func-
tion as assessed using spirometry and higher body mass
index (BMI) have been identified as positive predictors of
survival. Certainly, survival is important but it does not
relate to the many comorbidities encountered by the patients
nor does it impact on the quality of life prior to mortality.
Thus, we must also focus our attention toward other import-
ant and relevant endpoints. As will be shown in the sections
that follow, oxygen has a positive effect on the ability to
exert and exercise. Oxygen can improve the patient’s 
ability to function, partly by reducing dyspnoea which 
discourages attempts to be active. Further, quality of life is
improved, hospitalizations are decreased, enhanced neu-
ropsychological performance is realized and there is the
suggestion that oxygen may act as a reparative agent for the
lung and other organs [16].

Overall, oxygen therapy is safe. However, it is important to
recognize conditions where oxygen, its associated equip-
ment and patient misuse presents either clinical hazards, such
as absorptive atelectasis, oxygen toxicity, CO2 retention, or
the risk of accidents relating to oxygen storage and handling. 

Absorptive atelectasis

Oxygen administered in high concentrations may cause
absorptive atelectasis and attenuation of hypoxic vasocon-
striction [17]. Each of these responses may widen V/Q
inequality. While some negative potential exists even at
moderately low flows, the goal of LTOT is to prevent
hypoxaemia. Thus, the benefits for correction of hypox-
aemia support the administration of oxygen to a wide array
of patients.

Oxygen toxicity

Patients experiencing prolonged exposure to oxygen, in
high concentrations above 50%, may be subject to oxygen
toxicity [18]. Oxygen toxicity is related to free radical load
in the lung. The major end product of normal oxygen meta-

Hazards of oxygen therapy

bolism is water. However, some oxygen molecules are not
fully reduced and form reactive oxygen metabolites. These
include superoxide anions, perhydroxy radicals, hydroxyl
radicals and hydrogen peroxide. These free radicals are
damaging to alveolar and tracheobronchial cells [19].
Normally, antioxidant enzymes, including metalloproteins
(superoxide dismutase), catalase and glutathione peroxi-
dase, protect cells by scavenging oxygen radicals. However,
in the face of prolonged exposure to high concentrations 
of oxygen and/or chronic inflammation, the antioxidant
system becomes overwhelmed, thereby permitting oxid-
ative destruction of lung tissue. 

Concern for oxygen toxicity generally begins at an FiO2 of
more than 50%. In the case of LTOT, pure oxygen is admin-
istered at a low flow that is rapidly diluted by a much higher
flow of atmospheric air. This results in a FiO2 that is much
closer to atmospheric air than pure oxygen. For example,
the most common oxygen setting is 2 L/min, which pro-
duces an FiO2 of 27–28%. Even at 4 L/min the FiO2 is usu-
ally less than 36%.

In considering the hazards of long-term exposure to 
low-flow LTOT, an uncontrolled autopsy study of COPD
patients revealed exudative and proliferative changes con-
sistent with oxygen toxicity [20]; however, there was no
indication that these changes altered survival. Animal stud-
ies suggest that long-term exposure to 80% FiO2 may stimu-
late greater levels of protective antioxidant enzymes. In
general, the benefits of LTOT far outweigh the risks.

CO2 retention

Concern that oxygen therapy will depress the respiratory
drive and promote retention of CO2 in COPD patients has
led to inadequate oxygen prescriptions. Oxygen-induced
hypercapnia does rarely occur, but it does not usually lead
to respiratory acidosis. The cause of CO2 retention in some
patients has been the subject of debate. Originally, it was
believed that patients with severe disease, particularly with
CO2 retention, possessed a defective CO2 drive. Adaptively,
they would then breathe from their hypoxaemia drive and
administering oxygen would depress that drive. Aubier 
et al. [21] and Sassoon et al. [22] demonstrated an increase
in VD/VT (VD, physiological dead space; VT, tidal volume)
rather than a decrease in ventilation consistent with a
widening of 2a/6 mismatch. Dunn et al. [23] found some
evidence for depressed respiratory drive. Robinson et al.
[24] found that a reduction in ventilation does occur in
some patients during an exacerbation. Patients with lower
room air oxygen saturation (%) (SaO2) tended to be retainers
and that providing high concentrations of oxygen had a
specific effect on perfusion. In general, titrating oxygen
flow so as to maintain PaO2 between 60 and 65 mmHg can
minimize the likelihood of hypercapnia and respiratory 
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acidosis while providing adequate oxygenation. Initial 
oxygen delivery settings should be adjusted via arterial
blood gas (ABG) rather than oximetry to assess PaCO2 and
acid–base changes.

Many patients can tolerate chronic hypercapnia because
of renal compensation that maintains their pH in the nor-
mal range. In fact, the ability of patients to tolerate hyper-
capnia may be an adaptive mechanism that minimizes their
work of breathing. It is reasonable to accept chronic hyper-
capnia in this patient cohort. Thus, chronic hypercapnia
may not always be a poor prognostic sign [25]. Adverse
consequences of hypercapnia are related to acute acidaemia
that can be detected by serial ABGs and the monitoring of
mental status. In summary, correction of hypoxaemia takes
precedence over concerns about CO2 retention for patients
with COPD. 

Physical hazards

Oxygen therapy is safe and few accidents have been
reported. Most major concerns relate to combustion. Some
fires have been caused by patients lighting a cigarette as
oxygen is flowing into their noses with destructive and
sometimes fatal consequences [26]. The plastic cannula
does not burn unless oxygen is flowing and a fire is lit.
Hence, smoking in the presence of oxygen is to be strictly
avoided.

Compressed gas oxygen is stored under pressure. It is
possible, albeit rare, that an oxygen cylinder gets knocked
over causing an explosive disconnection of the regulator,
rendering the cylinder into a dangerous missile. Mis-
handling liquid oxygen systems can rarely lead to freeze
burns during transfilling. Most accidents are completely
avoidable by following manufacturers’ directions and com-
mon sense.

Optimal medical management of a chronic illness with far-
reaching systemic manifestations requires that the clinician
maximize all aspects of care. COPD is chronic and progress-
ive with episodes of acute exacerbations. However, all parts
of the disease are treatable including most comorbidities.
V/Q mismatching, a prevalent cause of hypoxaemia, is 
often worsened by bronchoconstriction, inflammation and
hyperinflation, and V/Q mismatch tends to further widen
during an exacerbation. Therefore, by addressing these
components, the need for oxygen may be reduced. For 
the already hypoxaemic patient, oxygen appears to have a
reparative effect over time – beyond simple therapeutic
replacement. By reducing hypoxic vasoconstriction of the
pulmonary arteries, V/Q matching is improved [16,27].

LTOT and optimal medical management

Hence, oxygen therapy performs a fundamental role in
optimal medical management.

Again, the full route of oxygen transport requires regular
clinical attention. Correction of anaemia, control of congest-
ive heart failure and assuring adequate renal function are
inherent components of medical management. An exercise
programme delivered during the non-acute phase of the
disease process will enhance oxygen transport and utiliza-
tion and improve efficiency for many bodily functions. 

A significant portion of the day is spent sleeping. Healthy
persons commonly experience transient mild desaturations
during sleep, particularly during rapid eye movement
(REM) sleep. For the COPD patient, these desaturations are
more common, more pronounced and tend to start from a
lower baseline level. COPD patients with no sign of obstruc-
tive sleep apnoea (OSA) may undergo desaturations of
9–21% [28]. Thus, saturations dipping below 90% are fre-
quent, with some patients spending more than 30% of the
night below 90% [29]. 

The mechanisms vary but rapid shallow breathing with
alveolar hypoventilation seem to be the major cause of
sleep oxygen desaturation [11]. Nocturnal oxygen desatu-
ration has also been attributed to suppression of the vent-
ilatory drive that occurs largely during REM sleep, although
it can occur in any stage including just after sleep onset.
Other mechanisms include an increase in VD/VT and an
increase in V/Q mismatch. Desaturation at night may not be
totally predictable from daytime arterial blood gases,
because sleep pattern abnormalities and their consequence
on respiration may also contribute independent of the
awake state [28]. 

Most COPD patients with well-corrected daytime satura-
tion require an increase in oxygen flow during sleep in
order to maintain an adequate saturation. This was recog-
nized during the 1970s before the advent of modern oxime-
ters. Patients in the NOTT study were prescribed an increase
in flow of 1 L/min at night [2]. Patients with both hyper-
capnia and hypoxaemia are likely to desaturate at night
[30]. Patients who desaturate at night have an increased
risk of ventricular ectopy, higher pulmonary artery pres-
sure and pulmonary vascular resistance and shortened sur-
vival [31]. In patients with nocturnal desaturation, adequate
oxygenation during sleep may prevent or reverse those
complications [32].

Nocturnal oxygen desaturation with adequate
daytime saturations

Chaouat et al. [33] studied nocturnal desaturators with mild

Oxygen during sleep
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daytime hypoxaemia (SaO2 greater than 88%) and compared
them with non-desaturators for a total of 2 years [33]. The
desaturators tended to be those with a slightly higher PaCO2

and pulmonary artery pressure (PAP), whereas the non-
desaturators had no increase in their PaCO2 or PAP. This
study concluded that nocturnal oxygen desaturation is
specifically associated with CO2 retention [33]. Other 
studies have concluded that disease severity, CO2 retention
and high BMI are predictive of nocturnal oxygen desatura-
tion [34]. Fletcher et al. [35] found that COPD patients with
severely impaired pulmonary mechanics along with CO2

retention were more likely to desaturate during sleep.
Whether LTOT during sleep in this population improves

survival or ameliorates the consequences of nocturnal
desaturations warrants further study. The risks and con-
cerns as previously described as well as from OSA research
are substantial. A large multicentred trial studied patients
with mild daytime hypoxaemia and noted that nocturnal
oxygen therapy did not modify the evolution of pulmonary
hypertension or delay the patient from meeting the criteria
for LTOT. They did not detect a survival difference – albeit
their population was small and the study did not last 
long enough to draw a definite conclusion [36]. On the
other hand, Fletcher et al. [32], in a relatively small group 
of patients, found that oxygen therapy for nocturnal 
desaturation reduced pulmonary artery pressure with the
suggestion of improved survival.

Overlap syndrome

Some patients have a coexistance of COPD and OSA – called
overlap syndrome [37]. It is questionable whether the in-
cidence of OSA is higher in COPD than the general popu-
lation. Weitzenblum et al. [38] reported that 11% of their
OSA patients had coexisting COPD. Patients with overlap
syndrome may have an abnormally high rise in PAP during
exercise [39]. The recommended approach for these
patients is to perform a polysomnography and to address
the OSA component [40] independent of the COPD.

Prescribing nocturnal oxygen

Patients who require LTOT because of daytime hypoxaemia
will require nocturnal oxygen as well. If there are no 
symptoms of nocturnal desaturation, it is usually adequate
to increase daytime setting by 1 L/m equivalent. Alternat-
ively, a nocturnal saturation study can be utilized to 
establish the setting. In COPD patients with mild daytime
hypoxaemia, who have cor pulmonale, right heart failure
or erythrocytosis, nocturnal oxygen therapy may be war-
ranted. Patients with mild daytime hypoxaemia in whom
nocturnal desaturation has been documented can benefit
from nocturnal oxygen therapy depending on the degree of

desaturation, percentage of the night below SaO2 of 90%
and tendency for hypercarbia. The supplementation of 
oxygen to patients with these characteristics remains a clin-
ical judgement. Screening asymptomatic non-hypoxaemic
patients for nocturnal oxygen desaturation is not warranted
based on our present understanding.

Exercise hypoxaemia

Exercise training improves strength, endurance and con-
fidence and lessens exertional dyspnoea – enabling an
active lifestyle. In healthy individuals, the lungs easily meet
oxygen uptake demands of exercising muscle by delivering
adequate amounts of oxygen to the alveoli to participate in
gas exchange thereby maintaining arterial oxygenation
[41]. Red cell transit time can decrease from 0.75–1.0 s at
rest to less than 0.5 s during exercise. DL/Q as well as V/Q
matching is maintained by recruiting previously non-
communicating alveolar units to meet the oxygen delivery
demands for cellular respiration/metabolism of active 
muscle tissues during exercise.

The pathophysiological progression of COPD eventually
leads to hypoxaemia during exertion. During rest patients
are generally not limited by lung diffusion or red cell transit
time [42]. During exercise these factors come into play [43]
along with a widening of the V/Q mismatch, progressive
hyperinflation [44], an increase in oxygen cost and work of
breathing [45], and suboptimal length–tension positioning
of foreshortened ventilatory muscles. Otherwise stated,
increasing oxygen uptake demands are met by inefficient
lungs powered by a weakened ventilatory pump that drains
a disproportionate share of the inspired oxygen.

Healthy individuals living at high altitude and exercising
at low altitudes have improved performance and greater
VO2max, whereas persons living at low altitude and exer-
cising at high altitude had the opposite effect [46]. Thus,
exercising in hypoxaemic conditions impairs performance
and the resultant tissue hypoxia may be harmful. In COPD
patients, exercise-induced hypoxaemia over the long term
portends poor survival [47]. What remains to be deter-
mined is whether administering oxygen during exercise
improves survival. 

Short-term benefits of oxygen during exercise

Early studies demonstrated substantial short-term benefits
of oxygen supplementation during exercise. Oxygen
enables patients to exercise at higher workloads for longer
periods, more intensely and with less dyspnoea [48–50].
There is less hyperinflation, which places the tidal loop in a

Oxygen during exercise
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more advantageous position along the flow–volume loop,
decreasing the overall work of breathing thereby provid-
ing some relief to the compromised ventilatory muscles
[44,51].

To some degree, higher exercise tolerance is made pos-
sible by depressing the carotid and aortic body chemosensors
[52]. Oxygen can increase exercise tolerance by reducing
minute ventilation at similar workloads [53]. A reduction
in minute ventilation, which tolerates mild CO2 retention,
further eases the ventilatory burden. Oxygen administered
during exercise may prevent transient increases in pul-
monary artery pressure and pulmonary vascular resist-
ance [54]. Oxygen therapy improves indices of oxidative
metabolism in peripheral muscles. Some of the exercise
metabolic indices remain abnormal, possibly indicating 
persistent cellular damage from chronic hypoxaemia [55].
Eaton et al. [56], in a randomized trial, showed that ambu-
latory oxygen can improve quality of life.

Oxygen to prevent exercise oxygen desaturation

McDonald et al. [57] compared delivery of oxygen versus
compressed air using a portable cylinder with an oxygen-
conserving device. They demonstrated immediate improve-
ments in exercise performance, but failed to demonstrate
longer term effects on exercise performance or quality of
life. Survival benefits have not been demonstrated nor have
functional improvements in rehabilitation performance
over the long term [57–60]. Rooyackers et al. [59] compared
training with oxygen versus room air. SaO2 was never
below 90%. Both groups improved exercise capacity and
quality of life indices, but oxygen did not add to the benefits
of training on room air [59]. Garrod et al. [60] showed a
reduction of dyspnoea during exercise but no training effect
from ambulatory oxygen therapy in a rehabilitation pro-
gramme. Definitive studies combining pulmonary rehab-
ilitation and disease management with oxygen therapy 
to prevent exercise desaturation are needed. Definitive
research is required to fully understand the long-term
benefits of preventing exercise desaturation. Clinical judge-
ment suggests that exercise oxygen, delivered at the correct
flow rate, is an important and essential component COPD
disease management. 

Oxygen to enhance exercise benefits

Exercise training in COPD patients is able to achieve a physi-
ological training effect [61]. Previous investigations that
studied the ability of hyperoxic mixtures to improve exer-
cise and functional performance and boost 2O2 to peri-
pheral muscle have led to mixed results [52]. Early studies by
Cotes and Gilson [48] in 1956 found progressive improve-
ment in exercise performance up to FiO2 of 0.5. Somfay et al.

[51] later demonstrated a dose-dependent reduction in
hyperinflation and improvement in endurance with FiO2 up
to 0.5, with no further benefit at higher FiO2. O’Donnell 
et al. [44] determined that exercise dyspnoea was amelior-
ated by lowering the ventilatory demand, reducing hyper-
inflation and decreasing lactate levels. Dean et al. [62]
found a positive relationship between exercise performance
and decreased dyspnoea, but minute ventilation, heart rate
or right ventricular pressure remained unchanged. Mannix
et al. [63] found that 30% oxygen lowered the oxygen 
cost of ventilation. Jolly et al. [49] observed no increase in
exercise performance in non-destaturators in spite of the
fact oxygen led to a substantial reduction in dyspnoea.

Muscle performance is improved with oxygen supple-
mentation with no alteration in muscle kinetics [55,64].
The immediate effect of exercise oxygen is to reduce minute
ventilation by slowing breath rate and reducing tidal vol-
ume. The net effect is to decrease the work of breathing by
lowering minute ventilation at the cost of minimal CO2

retention. The reduction in respiratory rate decreases hyper-
inflation, thereby alleviating dyspnoea [44]. The mechanism
appears to be a blunting of the chemoreceptor response [55].
Maltais et al. [65], utilizing an FiO2 of 0.75, demonstrated
improvement in blood flow to the lower limb muscles.

Emtner et al. [66], in a randomized double-blinded 
trial, administered oxygen versus compressed room air to
COPD patients (FEV1 = 36% predicted), who were non-
hypoxaemic at rest and did not desaturate below 89% dur-
ing exercise. Patients participated in high-intensity training
to 75% of maximum workload. Both groups benefited 
from exercise training, achieving greater endurance, higher
exercise tolerance and lower respiratory rate, with the 
oxygen trained group performing significantly better. After
training, the oxygen group performed better on constant
work rate tests with lower breath rates, while breathing
both room air and oxygen. Thus, oxygen is considered to be
a therapeutic enabler for exercise training beyond simple
protection against hypoxaemia. 

Prescribing exercise oxygen

Patients should be evaluated using the same delivery
devices they expect to use at home (e.g. nasal cannula or
oxygen conserving device). Exercise testing is best carried
out using muscle groups where dyspnoea is most pro-
nounced (e.g. legs versus arms). The American Thoracic
Society and European Respiratory Society (ATS-ERS) 
standards [67] recommend that exercise oxygen setting be
titrated during a typical exercise such as a hallway walk. In
daily life, most people tend to be inactive, interspersed with 
short bursts of activity approaching peak limits given the
underlying impairment. In such circumstances, patients
have little time to achieve a steady state. The resulting
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desaturation and ensuing dyspnoea discourages an active
lifestyle. It is known that hypoxaemic COPD patients
undergo many short periods of oxygen desaturation daily
while complying with their oxygen prescription [68–71].
As such, a hallway walk at a steady pace may be inadequate
to prevent these saturation dips. Also, many patients tend
to forget to increase their oxygen setting during exertion –
particularly for short intervals. Either the exercise setting
must be increased or the setting adjustment needs to be
automated. Recently, such a device has been announced,
but studies in the home setting are recommended to deter-
mine its applicability. 

Guidelines for determining which patients will qualify 
for LTOT are based on the physiology and survival benefits
as revealed in the MRC and NOTT studies [1,2]. Deter-
mination as to which patients will actually receive LTOT 
is heavily influenced by reimbursement, which varies by
country. On the basis of both the MRC and NOTT studies,
patients who meet the qualification criteria for home 
oxygen should use it continuously – at least 15 h/day [1,2].

Both ATS-ERS Standards and the Global initiative for
Obstructive Lung Disease (GOLD) Guidelines qualify COPD
patients for LTOT with PaO2 less than 55 mmHg (7.3 kPa) or
SaO2 less than 88%. Patients may also qualify with PaO2

between 55 and 60 mmHg (7.3–8.0 kPa) or SaO2 of 89% with
evidence of pulmonary hypertension, peripheral oedema
indicating right heart failure, or polycythaemia [67,72].

Arterial blood gases

Initial qualification for LTOT should be based on arterial
blood gases (ABG) measurement. It is more accurate than
non-invasive oximetry and includes PaCO2, pH and SaO2.
GOLD recommends an ABG when the forced expiratory
volume in 1 s (FEV1) is less than 40% predicted or if there
are signs of respiratory failure or right heart failure [72]. An
early indicator of respiratory distress is dyspnoea; a late
clinical sign of respiratory failure is cyanosis. Right heart
failure is indicated by pedal oedema or an increase in 
jugular venous pressure. An added benefit is the ability to
detect carboxyhaemoglobin in arterial blood through co-
oximetry. This clinical knowledge may be used to reinforce
smoking cessation or compliance. 

Pulse oximetry

The SpO2 represents the arterial oxygen saturation (SaO2)
measured by pulse oximetry. Oximetry SpO2 closely tracks
arterial SaO2 under most conditions and is non-invasive.

Physiological qualification for LTOT

With its continuous readout, oximetry has the advantage in
being able to track changes over time. SpO2 during exercise
helps to determine the speed and extent of the desatura-
tion response. Unfortunately, absolute values may not be
accurate during exercise, particularly in patients with poor
peripheral perfusion. Also, there is a time lag between
desaturation and detection at the fingertip [73]. Verifica-
tion of oximetry accuracy can be accomplished by obtaining
ABG before and after exercise. A therapeutic use for pulse
oximetry is as a biofeedback guide in conjunction with
pursed lips breathing. The patient guided by the oximetry
SpO2 readout can learn to alter breathing patterns to
increase SpO2 and lessen dyspnoea [74].

An ABG drawn, while breathing room air, is used to deter-
mine whether the patient qualifies for LTOT. Concomitant
oximetry provides a corresponding SpO2 useful for flow
adjustments. The ATS-ERS standards algorithm (Fig. 54.3) is 
a guide to adjusting oxygen settings. The resting flow rate
can be adjusted via oximetry to SpO2 of 92% or greater. Full
equilibration may require 15 min or more. Concerns about
hypercarbia may be addressed by drawing an ABG after the
SpO2 reaches 92%. If there is greater CO2 retention, check
the pH for acidosis. If the pH is balanced, that patient 
is chronically hypercapnic and no further adjustment is
necessary.

COPD patients are encouraged live an active life and
maintain an exercise programme. Accordingly, there should
be a highly portable component to the oxygen system. The
patient should be tested on the system being prescribed –
particularly if an oxygen conserving device is included –
during a typical or higher level of exertion than commonly
experienced, such as walking with the oxygen flow setting
titrated to achieve an SpO2 of more than 92%. If dyspnoea is
especially prevalent during arm exertion, the patient may
also be tested while performing arm tasks. If an autoadjusting
conserving device is prescribed, the setting should also be
determined with the patient alternately sitting and walking.

Oxygen therapy during sleep is often set 1 L/min higher
than daytime resting setting. If there are signs of cor 
pulmonale despite adequate daytime SpO2, a sleep oximetry
may be performed to establish fluctuations in SpO2 and
provide titration feedback to achieve an SpO2 of more 
than 90%. 

Oxygen is supplied and packaged as either compressed gas,
liquid or oxygen concentrator. There are advantages and

Oxygen systems

Determining the LTOT prescription
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disadvantages to each system depending on the needs of
the individual patient, clinical application, and practical
considerations such as availability, cost, ease of use, deliv-
ery to the home, and maintenance. 

Compressed gas oxygen

Compressed gas oxygen is typically pressurized to 2200 psi
and stored in steel or aluminum cylinders. The H cylinder is
large, weighs over 200 lb (91 kg), stores 6900 L and lasts for
2.4 days set at 2 L/min. The E cylinder is a commonly used
portable system; however, it is heavy and requires a cart.
An aluminum E cylinder weighs 16–18 lb (7.3–8.2 kg)
stores, 523 L, and lasts 5 h at 2 L/min. It must be wheeled
on a cart that may add as much as 1 kg (2.2 lb) to the total
weight. The M-6 aluminum cylinder weighs 4 lb (1.8 kg)
and lasts about 1.2 h at 2 L/min. These cylinders are
designed for use with an oxygen-conserving device that
extends the cylinder life threefold or more. Transfillable

cylinders, which fill from an oxygen concentrator, enable
patients to be free from home deliveries. 

Oxygen concentrator

Oxygen concentrators extract oxygen directly from room
air. Using a molecular sieve constructed of zeolite, oxygen is
separated from nitrogen, which is returned to the room air.
The purity at low flows is about 97% oxygen and drops to
94% at higher flows largely due to the presence of argon.
Most oxygen concentrators are large consoles that operate
on wall current. However, battery powered concentrators
are now available – some weighing less than 10 lb with a
battery that lasts approximately 50 min on a charge. The
biggest advantages of standard concentrators are their low
cost and high availability. Accordingly, concentrators are
used as a stationary system in the home. Specialized con-
centrators are now available that refill small 4 lb portable
cylinders that, combined with an oxygen conserving device,
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Hypoxaemia from disease progression
or recovering from acute exacerbation

PaO2 < 55 mmHg; SaO2 < 88%
or

PaO2 = 55–59 mmHg with cor pulmonale,
polycythaemia with optimal medical management

Prescribe oxygen
Goal: PaO2 > 60 mmHg (SaO2 > 90%)

Rest – Sleep – Exertion

Titrate flow to goal:
Rest (SaO2 > 90%)

Exertion: add 1 L/min
Sleep: add 1 L/min

Continue LTOT

no

Recheck ABG 30–90 days

Titrate exercise flow:
SaO2 > 90%

or

yes

Discontinue LTOT
no

Titrate sleep flow:
8 h sleep – SaO2 > 90%

or

Hypoxaemia identified
during exacerbation?

Titrate flow:
Assure SaO2 > 90%

Rest – Sleep – Exertion

yesPaO2 55–59 mmHg = 7.3–8.0 kPa

PaO2 < 55 or 55–59 +
cor pulmonale/polycythaemia

rest, sleep, exertion?

Figure 54.3 An algorithm for long-term oxygen therapy from the American Thoracic Society and European Respiratory Society
(ATS-ERS) standards for the diagnosis and management of COPD. ABG, arterial blood gas; LTOT, long-term oxygen therapy; 
PaO2, partial pressure arterial oxygen; SaO2, arterial oxygen saturation.



last up to 10 h at 2 L/min. Such systems are fully self-
contained as they free the patient from home deliveries.
These systems have demonstrated that they are easy for the
patient to operate, are safe and reliable. 

Liquid oxygen

Liquid oxygen is supercooled to convert it to its liquid state.
It is stored in a special thermos called a Dewar flask.
Because it is in its liquid state, a large volume of oxygen can
be stored in a small, lightweight container. One liquid litre
expands to nearly 1000 gaseous litres of oxygen. Liquid oxygen
is easily transfilled by the patient from a larger stationary
unit to a portable unit that patients can easily carry. Several
manufactures now supply liquid portable oxygen systems
with a built-in oxygen-conserving device. This further reduces
the size and weight so that a unit that weighs 3.5 lb (1.6 kg)
can provide up to 10 h of oxygen at a 2 L/min setting. 

Continuous-flow nasal cannulas

Continuous flow delivery via a standard dual prong nasal
cannula provides a small flow of oxygen entrained in a
much larger flow of inspired air. Each increase in litre flow
of 1.0 L/min adds approximately 3–4% to the FiO2 (Table
54.1). One model of delivery is based on a breath cycle of 3 s
for a patient breathing 20 breaths/min [75]. COPD patients
tend to have inspiratory–expiratory ratios of 1 : 2. This
means that 1 s is devoted to inspiration and 2 s is devoted to
exhalation. The last one-third of the inspiratory volume fills
the dead space, which does not participate in gas exchange.
Given that the breath slows at end-inspiration, approx-
imately 0.5 s will be spent in filling the dead space. This
leaves 0.5 s for early inhalation where filling of the alveolus
and gas exchange takes place. That is the gas exchange win-
dow of opportunity [75].

Oxygen delivery methods

A patient delivered oxygen at 2 L/min using standard
flow delivery will receive approximately 16.7 mL of oxygen
in the first 0.5 s of inhalation. If mixed into the first 200 mL
of inspired gas, this calculates to a FiO2 of 27.6%. At 20
breaths/min the patient receives 333.3 mL (20 × 16.7 mL)
of oxygen per minute. Thus, only 17% (333.3 mL/2000
mL) of the oxygen flow arrives during the gas exchange
window of opportunity. The rest is largely wasted.

Reservoir cannulas

Reservoir cannulas function by storing oxygen during
exhalation for delivery during the next inhalation [75]. 
A thin, compliant membrane creates the 20-mL chamber
that expands and contracts in response to nasal airflow.
Reservoir cannulas are supplied with continuous flow oxy-
gen. The reservoir adds approximately 18 mL of oxygen to
the inspiratory mixture, which is the equivalent of adding
approximately 2 L/min to the FiO2 (see Table 54.1). 

Reservoir cannulas are available as an Oxymizer and
Pendant [76,77]. In the Oxymizer, the reservoir is located
immediately beneath the nose, whereas the Pendant stores
oxygen in a chamber located at the anterior chest wall, as
well as the tubing leading to the nasal prongs. Both the
Oxymizer and the Pendant maintain the same efficacy. The
Oxymizer is more noticeable but more comfortable than
the Pendant. Reservoir cannulas are inexpensive and reli-
able, but do not support pursed lips breathing at low flows.
Both reservoir cannulas have been utilized with success for
high-flow oxygen delivery [78,79].

Transtracheal catheters

Transtracheal oxygen (TTO) is delivered through a small
stoma placed surgically through the neck into the trachea.
The objective is to deliver oxygen to the upper airway
thereby reducing some dead space ventilation, improving
V/Q and lessening the work of breathing [80]. This con-
serves oxygen and reduces inspired flow to achieve equival-
ent oxygenation to continuous flow nasal cannulas. The
flow setting can be reduced by 50% at rest and 30% during
exercise [81–84]. 

TTO has a cosmetic advantage because oxygen and its
paraphernalia are removed from the face. Because oxygen
flows directly into the trachea, TTO is able to reduce 
dyspnoea, minute ventilation, dead space and tension–time
index of the diaphragm [84]. TTO candidates are usually
active people who are both willing and able to follow a 
strict care protocol. A trained team of clinicians evaluates,
educate and monitor patients [82,83]. TTO patients should
not be heavy sputum producers nor experience frequent
exacerbations. They should live within 2 h of the institution
or have similar follow-up in their home community.
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Table 54.1 Approximate fraction of inspired oxygen (FiO2)
from continuous flow and reservoir cannula.

FiO2 continuous FiO2 reservoir
Oxygen setting flow (%) cannula (%)

Room air 21 21
1 L/min 24 32
2 L/min 28 36
3 L/min 32 40
4 L/min 36 44
5 L/min 40 46



Demand delivery devices

Pulse demand oxygen delivery devices sense the beginning
of inhalation – at which point they deliver a small oxygen
pulse [85–89]. By delivering during the early part of inhala-
tion, they conserve oxygen that would be otherwise wasted
during late inhalation and exhalation. Demand pulsing
devices vary in efficiency from 2 : 1 to 7 : 1 as compared
with continuous flow. The more rapidly these devices
respond while confining the pulse to the first 0.5 s of
inhalation, the more efficacious the delivery [85].

Pulse demand oxygen delivery devices operate using 
several different technologies. The most efficient and effect-
ive devices sense the onset of inhalation electronically and
deliver via a solenoid-controlled pulse. Pneumatic devices
both sense and deliver pneumatically and thus do not
require a battery. Newer devices now combine the low vol-
ume storage of liquid oxygen with oxygen conservation 
to create systems that are very small, portable and long-
lasting. An oxygen-conserving device that automatically
tracks activity and adjusts for exertion is under evaluation.
As such, oxygen becomes utilized as a therapeutic tool to
assure better oxygenation during usual daily activities.

Many demand oxygen delivery devices are available.
Some have undergone clinical studies but most have not.
Some devices are relatively insensitive and slow to respond
to the beginning of inhalation. Late delivery undoubtedly
results in desaturation, particularly during exercise. Since
patients vary in their breath pattern, pathology and how
much airflow is parcelled to the nose versus mouth, SpO2

testing using the device being contemplated during rest and
exercise is essential to assure adequate oxygenation. It is
important to select a device that is easy to use and has
demonstrated reliability over the long haul because the 
typical patient breathes 16 breaths/min; 23 040 breaths/
day; 8 409 600 breaths/year. 

There has been some concern that delivering oxygen will
dry the nasal passages and the lungs. However, oxygen is
provided at low flows relative to inhalation of atmospheric
gas. As demonstrated in Table 54.1, oxygen represents a
minor portion of inhalation. Moreover, oxygen flowing
through the bubble humidifier is at room temperature;
when it is raised to body temperature, the relative humidity
falls. Finally, the nose is a very efficient and effective
humidifier.

There is no evidence that humidification is necessary
when oxygen is given by nasal cannula at flows less than 
5 L/min [90]. There are no differences in subjective 
complaints or in severity of symptoms over time. This does

Humidification

not apply to patients receiving oxygen by tracheostomy or
TTO therapy, in whom the upper airway has been bypassed
by the catheter; for these patients, humidification of
inspired gas is essential even at low flow rates (1 L/min).
TTO patients at high risk for mucus ball formation, includ-
ing those with oxygen flows more than 5 L/min, large
amounts of mucus, or weak cough, may benefit from 
a servo-controlled heated humidifier because this device
more efficiently humidifies inspired gas.

Education and training is a continuous process that is 
central to oxygen supplementation, disease management
and rehabilitation. One educational goal is help the patient
understand their disease and how it impacts their life.
Patients must be provided with an optimistic assessment of
the enabling benefits of utilizing oxygen, as prescribed.
They must be trained, and regularly evaluated, and rein-
forced with respect to the use of their equipment. The 
care and cleaning of equipment for proper functioning 
and prevention of infection is an essential component. It 
is especially important that patients and caregivers learn
and develop the habits of appropriately adjusting oxygen
delivery to rest, exertion and sleep. It is also imperative that
patients and their caregivers received education regarding
signs and symptoms of infection or other medical changes
indicating worsening of their condition and to seek medical
assistance at the first opportunity. 

Human life depends on the adequate delivery of oxygen to
the peripheral tissues. The process requires the efficient
function of the respiratory pump, finely tuned matching of
ventilation and circulation, and a fluid and efficient method
of uptake, transport and delivery. The disruption of these
steps with progressive COPD has dire consequences to the
patient. The supplementation of oxygen is an important,
essential and often misunderstood therapy in the manage-
ment of hypoxaemic COPD patients. Oxygen is prescribed
to prevent cellular hypoxia and end-organ destruction. It is
a kind of replacement therapy – providing supplementation
where the lungs have failed. Excellent studies have lent
support to its life-saving benefits, as well as its ability to
reduce mortality, improve psychomotor performance and
prevent hospitalizations. A recent and exciting area of
research is the use of oxygen as a tool to improve exercise
performance and rehabilitation. Thus, oxygen also becomes
a therapeutic tool. Technology has come through with the
development of highly portable delivery devices, a portable

Conclusions

Patient education and training
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oxygen concentrator, a concentrator that refills portable
cylinders and an oxygen-conserving device that automat-
ically adjusts to assure higher flows during usual exertion.
For patients requiring oxygen supplementation, technolo-
gical innovation, coupled with a better understanding of
the patient, has provided realistic, reliable and cost-effective
options for delivering oxygen and maintaining function.
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CHAPTER 55

Surgical therapy for COPD

Fernando J. Martinez

COPD is a category of diseases with a varying pathophysio-
logical basis but with a common picture of chronic airflow
obstruction and hyperinflation [1]. Despite advances in
medical therapy [2,3], many patients continue to experi-
ence incapacitating breathlessness and exercise limitation.
Over the past several decades this has led to numerous sur-
gical approaches to ameliorate symptoms in these patients.

Detailed discussions of the surgical history of emphysema
management have been provided by several authors [4–6],
with the surgical approaches reflecting the state of know-
ledge for their era. Early studies attempted to improve 
thoracic mobility, with procedures including costochon-
drectomy and transverse sternotomy [4,5], with unpredict-
able results. Later on, surgeons utilized techniques to
decrease the size of the thoracic cage, including thora-
coplasty and phrenicectomy, or to improve diaphragmatic
architecture and function [4,5]. Although transient relief
was noted, practical considerations limited widespread use
[4,5]. Denervation was used to treat the chronic airflow
obstruction, while various prosthetic devices supported the
membranous trachea [5]. Significant morbidity and unpre-
dictable results dampened the initial enthusiasm.

Brantigan et al. [7,8] hypothesized that by surgically
removing lung volume one could restore radial traction on
the terminal bronchioles, thereby improving airflow obstruc-
tion and improving diaphragmatic position and function.
Although symptomatic improvement was reported in many
patients, operative mortality was significant (18%) [7].
Widespread application of this technique never materialized.
Over the subsequent 40 years various groups applied similar
principles in small case series using various surgical tech-
niques [9–14]. The current era of surgical lung volume reduc-

History of surgical therapy for
emphysema

tion was ushered by Cooper et al. [15] who reported dramatic
improvement with bilateral procedure performed via
median sternotomy. Multiple investigators subsequently
reported more limited improvements [16–19]. The results
of the National Emphysema Treatment Trial (NETT) [21,22]
have provided more definitive recommendations regard-
ing the role of lung volume reduction surgery (LVRS) in
patients with advanced emphysema. 

Lung transplantation dates to the early 1960s, with 
36 transplants performed between 1963 and 1974, 14 in
patients with emphysema [22]. Uniformly poor results
were described, with only three patients living more than 
1 month. The major causes of death among the COPD
patients were respiratory failure resulting from rejection,
infection or bronchial disruption [23–25]. The first success-
ful lung transplantation was performed as a heart–lung
block for pulmonary vascular disease in 1981 [26]. The first
successful single lung transplant (SLT) was reported in 1986
in patients with idiopathic pulmonary fibrosis. Because of
differences in lung compliance, SLT was felt inappropriate
for COPD patients [27,28]. Patterson et al. [29–31] reported
successful double lung transplantation (DLT) in COPD
patients, with Mal et al. [32] reporting successful SLT in
COPD patients. SLT has become the predominant surgical
therapy for advanced COPD [6,22].

An exhaustive description of the surgical techniques is out-
side the scope of this chapter. The important concepts are
briefly reviewed here.

Bullectomy

Multiple techniques have been utilized to achieve resection
of localized bullae, including standard lateral thoracotomy

Surgical techniques
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[4], bilateral resection via median sternotomy (MS) [33],
and video-assisted thoracoscopy (VATS) with stapling [34]
or VATS with endoloop ligation [35]. 

LVRS without giant bullae

The approach to LVRS has included MS [36], standard tho-
racotomy and VATS [37]. Laser ablation has fallen out of
favour as postoperative improvements were shown to be
similar to stapled unilateral LVRS but with a higher com-
plication rate [38]. Comparative studies have confirmed
greater improvement with bilateral procedures [39,40],
although not all investigators concur with this impression
[41]. Results from the recently completed NETT study
prospectively compared bilateral VATS with MS [21].
Similar morbidity and mortality were noted with both sur-
gical techniques although the overall length of stay was
longer for MS (10 days vs 9 days; P = 0.01). By 30 days after
surgery, 70.5% of MS patients and 80.9% of VATS patients
were living independently. 

Lung transplantation

The current surgical approaches and principles of postoper-
ative management are outside the scope of this chapter [22,
42–44]. Although controversy continues to revolve around
the optimal transplant procedure in patients with COPD
[45], increasing data have suggested improved long-term
outcomes in COPD patients treated with DLT versus SLT
[46–49]. These data are limited by the lack of prospective
data collection and randomization to ensure comparable
treatment groups. As such, clear recommendations require
further data collection.

Short-term results

Bullectomy
Bullectomy appears to result in short-term benefit in highly
selected patients [50–56]. Snider [57], in providing an 
elegant review of case series published from 1950 to the
early 1990s, noted that none of the 22 studies included 
a control group and the majority were retrospective in
nature, such that firm conclusions were difficult to reach.
Nevertheless, improvement in hypoxaemia and hyper-
capnia were most frequently reported, with improvement
in airflow being more heterogeneous. When measured,
total lung capacity, residual volume and trapped gas gener-
ally decreased. In highly selected patients, cor pulmonale
reversed if hypoxaemia and hypercapnia were present.
Most authors described improvement in dyspnoea, with

What are the results of surgery?

several investigative groups reporting quantitative improve-
ment in breathlessness. For example, the most recent series
confirmed significant improvement in spirometry, residual
volume (RV) and 6-minute walk distance [58].

LVRS without giant bullae
Since the early report of Cooper et al. in 1995 [15] numer-
ous investigators have reported results of LVRS. Summaries
of these studies have been reviewed by several authors
[18,19]. Although several of these studies likely suffered
from duplicate reporting of patient data, it is evident that
major problems are consistently noted in the literature.
These include:
1 Variable surgical techniques and selection criteria;
2 Short and often incomplete postoperative follow-up;
3 Retrospective data collection in most series; and
4 The absence of a control group in all but a few published
reports.
Recently, however, results of several randomized con-
trolled trials have clarified expectations [20,59–61]. 

Pulmonary function
Although Cooper et al. [15] initially documented an 82%
improvement in forced expiratory volume in 1 s (FEV1)
after bilateral LVRS via MS, subsequent studies by this group
and those of subsequent case series by others confirmed
significant mean improvements in spirometry although to a
lesser extent than initially suggested [18]. The NETT clearly
demonstrated a modest improvement in FEV1 for patients
treated surgically compared with a modest decrement in
medically treated patients (Fig. 55.1).

In general, bilateral surgical procedures have been associ-
ated with greater short-term improvement, although direct
comparisons between unilateral and bilateral reduction are
rare [39–41,62–66]. A multicentre prospective study com-
paring unilateral VATS LVRS (n = 338) with bilateral VATS
LVRS (n = 344) noted greater pulmonary function improve-
ment with the bilateral approach [66]. Unfortunately, 
no prospective randomized comparison exists although a
strong suggestion is apparent of improved spirometric
results in patients undergoing bilateral procedures. The
results of laser procedures appear to be worse than those
with stapling techniques. McKenna et al. [38] confirmed a
greater short-term improvement in FEV1 (32.9%) for those
patients treated with staple resection than those undergo-
ing laser reduction (13.4%). In addition, Keenan et al. [67]
noted higher morbidity in a limited number of patients
undergoing unilateral laser reduction (n = 10) compared
with a group undergoing predominantly stapled resections
(n = 57). As such, current laser technology has a limited role
in LVRS.

Several investigators have compared the short-term
physiological results of bilateral LVRS performed via VATS
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or MS. Kotloff et al. [63] noted no difference in short-term
spirometric outcomes although the total in-hospital mor-
tality was higher in the MS group (13.8 vs 2.5%). Wisser 
et al. [68] noted little difference in all outcomes between 
15 patients treated with bilateral LVRS via MS compared
with 15 undergoing bilateral thoracoscopic LVRS. These data
corroborate the retrospective findings of other investigators
[64,69]. In contrast, Ko and Waters [70] noted a higher
total mortality (25%) in 19 patients undergoing bilateral
LVRS via MS compared with 23 patients treated thoraco-
scopically (8%); the improvement in FEV1 was higher in
the VATS group (62 vs 28%). Data from the NETT have
recently confirmed similar functional benefits between
bilateral LVRS performed using MS or VATS [21].

The variance around the mean improvement in FEV1

is demonstrated in remarkably few studies [63,71,72].
Figure 55.2 demonstrates the heterogeneity in spirometric
response for the NETT. These data support the contention
of others that 20–50% of patients show little short-term
spirometric improvement after LVRS [73]. Interestingly,
many patients who experience little spirometric improve-
ment experience significant improvement in breathless-

ness, highlighting the limitation of FEV1 as the sole measure
of improvement [74].

Although published data are limited, lung volumes have
generally decreased during short-term follow-up while the
diffusing capacity of lung for carbon monoxide (DLCO)
changes modestly [18]. Changes in resting arterial blood gases
(ABGs) have also been heterogeneous [18]. For example,
Albert et al. [75] noted minimal changes in ABGs for a group
of patients as whole; some patients experienced significant
improvement while others experienced worsening. In addi-
tion, no correlation was seen between ABG changes and
the change in spirometry, lung volumes or DLCO. 

Exercise capacity
The majority of investigators have confirmed improve-
ments in simple measures of exercise capacity such as timed
measures of walk distance [18]. Unfortunately, limited
descriptions of the methodology utilized have been pro-
vided, which is particularly important for the 6-minute
walk distance [76]. For example, NETT investigators have
confirmed the effect of repeated testing and varying exer-
cise format on outcomes in a large cohort of patients with
severe emphysema [77]. Similarly, these investigators
confirmed a modest improvement in 6-minute walk dis-
tance for the surgically treated patients compared with a
consistent decrease in medically treated patients [20]. 

Similarly, numerous groups have reported results of car-
diopulmonary exercise testing (CPET) [18], with consistent
short-term increases in maximal work load, 2O2 and 1E

generally reported [71,74,78–82]. The improved maximal
ventilation appears to be achieved through increased tidal
volume, VT, with little change in respiratory rate, fb [71];
mean inspiratory and expiratory flows increased signific-
antly while PaO2 improved in 20 [71]. Benditt et al. [78]
confirmed an improved exercise capacity after bilateral
LVRS while noting decreased heart rate at similar work
loads; the primary limitation to exercise was felt to be venti-
latory. An improved VT and physiological dead space at 
submaximal work loads during steady-state testing was
associated with a decreased PaCO2 during exercise in one
series [80]. The NETT investigators confirmed an increase
in maximal achieved wattage during oxygen supplemented
cycle ergometry in surgical patients, while lesser improve-
ment was noted in patients that continued aggressive med-
ical management (Fig. 55.3) [20]. Additional results from
another randomized trial have been recently published by
Dolmage et al. [82]. These investigators documented an
improved 2O2 peak and power with a greater minute vent-
ilation and tidal volume [82]. Importantly, an improvement
in operational lung volumes was confirmed with LVRS.
Importantly, the improvement in dyspnoea after surgery
has been demonstrated to correlate best with decreased
dynamic hyperinflation [74]. 
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Figure 55.1 Box plots of changes from post-rehabilitation
baseline in percentage of the predicted value for FEV1 among
National Emphysema Treatment Trial (NETT) patients who
provided data after 6, 12 or 24 months of follow-up. High-
risk patients were excluded. Solid boxes represent patients
assigned to lung volume reduction surgery (LVRS); open
boxes represent patients assigned to medical therapy. The 
line inside each box indicates the median value, the top and
bottom of each box indicate the first and third quartiles, and
the tails of the boxes extend to the most extreme values not
considered to be outliers. Values outside the tails of the box
plot are considered to be outliers. FEV1, forced expiratory
volume in 1 s; SD, standard deviation. (From the National
Emphysema Treatment Trial Research Group [20], with
permission.)
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Figure 55.2 Histograms of changes from baseline in FEV1 after 6, 12 and 24 months of follow-up. (a) Percentage of patients
experiencing a change in FEV1 per cent predicted 6 months after randomization to lung volume reduction surgery (LVRS) or
medical therapy. (b) Percentage of patients experiencing a change in FEV1 per cent predicted 12 months after randomization 
to LVRS or medical therapy. (c) Percentage of patients experiencing a change in FEV1 per cent predicted 24 months after
randomization to LVRS or medical therapy. Baseline measurements were performed after pulmonary rehabilitation. Patients
previously identified as high risk were excluded. Patients who were too ill to complete the procedure or who declined to complete
the procedure but did not explain why were included in the ‘missing’ category. P values were determined by the Wilcoxon rank-
sum test. The degree to which the bars are shifted to the upper left of the chart indicates the degree of relative benefit of LVRS over
medical treatment. The percentage shown in each quadrant is the percentage of patients in the specified treatment group with a
change in the outcome falling into that quadrant. This was an intention-to-treat analysis. FEV1, forced expiratory volume in 1 s.
(From the National Emphysema Treatment Trial Research Group [20], with permission.)
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Figure 55.3 Histograms of changes from baseline in maximal achieved workload after 6, 12 and 24 months of follow-up. 
(a) Percentage of patients experiencing a change in maximal achieved work load predicted 6 months after randomization to 
lung volume reduction surgery (LVRS) or medical therapy. (b) Percentage of patients experiencing a change in maximum
achieved work load 12 months after randomization to LVRS or medical therapy. (c) Percentage of patients experiencing a 
change in maximum achieved work load 24 months after randomization to LVRS or medical therapy. Baseline measurements
were performed after pulmonary rehabilitation. Patients previously identified as high risk were excluded. Patients who were too 
ill to complete the procedure or who declined to complete the procedure but did not explain why were included in the ‘missing’
category. P values were determined by the Wilcoxon rank-sum test. The degree to which the bars are shifted to the upper left of
the chart indicates the degree of relative benefit of LVRS over medical treatment. The percentage shown in each quadrant is the
percentage of patients in the specified treatment group with a change in the outcome falling into that quadrant. This was an
intention-to-treat analysis. (From the National Emphysema Treatment Trial Research Group [20], with permission.)



The short-term effects of LVRS on the pulmonary vascu-
lar response to exercise have been described by several
investigative groups [83–85]. Most groups noted little
change in pulmonary haemodynamics at rest or during
exercise, although improvement in right heart function
during exercise has been reported [86]. In contrast, Weg 
et al. [87] reported an elevation of resting pulmonary 
artery pressures 3 months after bilateral LVRS. Further pro-
spective data are required to better define these changes
and their clinical significance.

Medication and oxygen requirements
Several groups have described improvements in oxygen re-
quirement after surgery [18,39,62,67,88–91]. For example,
Cooper et al. [92] reported that of the 52% of patients using
O2 continuously before surgery, only 16% were using O2

continuously 6 months after bilateral LVRS. Of the 92%
who were using O2 with exertion preoperatively, only 44%
were doing so postoperatively. Similar data have been
reported by others [38,68–70,91,93–95]. Several groups
have noted discontinuation of oral steroid requirement
after LVRS [15,62,69,88,89,92,96,97], although the major-
ity of studies provided limited detail regarding specific
steroid reduction protocols. 

Health status
Several groups have demonstrated short-term improve-
ment in the Medical Research Council (MRC) dyspnoea
scoring system [15,38–40,62,92,98–102]. Others have
confirmed similar improvement using the transitional 
dyspnoea index (TDI) of Mahler et al. [103]; the range of
improvement has varied widely [15,67,71,74,88,90,92,
95,97,104–106]. The NETT investigators presented detailed
assessment of breathlessness using the University of
California Shortness of Breath Questionnaire (UCSD
SOBQ), a symptom-based instrument validated in COPD
[107]. Figure 55.4 demonstrates the heterogeneity of
response noted, although a clear benefit is noted in the 
surgically treated group compared with medically managed
patients. Some have suggested little difference in dyspnoea
improvement between unilateral or bilateral LVRS [40], or
between bilateral compared with unilateral LVRS [68],
while others have reported better improvement with bilat-
eral procedures [39]. 

The improvement in health status has been extensively
reviewed [108]. Cooper et al. [15,92] confirmed short-
term improvements using two generic instruments, the
Medical Outcomes Survey-Short Form 36 (SF-36) and 
the Nottingham Health Profile (NHP), which have been 
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Figure 55.4 Histograms of changes from baseline in the University of California Shortness of Breath Questionnaire (UCSD SOBQ)
after 6, 12 and 24 months of follow-up. (a) Percentage of patients experiencing a change in the UCSD SOBQ 6 months after
randomization to lung volume reduction surgery (LVRS) or medical therapy. (b) Percentage of patients experiencing a change 
in the UCSD SOBQ 12 months after randomization to LVRS or medical therapy. (c) Percentage of patients experiencing a change
in the UCSD SOBQ 24 months after randomization to LVRS or medical therapy. Baseline measurements were performed after
pulmonary rehabilitation. Patients previously identified as high risk were excluded. Patients who were too ill to complete the
procedure or who declined to complete the procedure but did not explain why were included in the ‘missing’ category. P values
were determined by the Wilcoxon rank-sum test. The degree to which the bars are shifted to the upper left of the chart indicates
the degree of relative benefit of LVRS over medical treatment. The percentage shown in each quadrant is the percentage of
patients in the specified treatment group with a change in the outcome falling into that quadrant. This was an intention-to-treat
analysis. (From the National Emphysema Treatment Trial Research Group [20], with permission.)



validated in COPD patients [109–111]. Similar results have
been reported by other groups [69,80,112]. Several groups
have described detailed analyses of health status as mea-
sured with the SF-36. Moy et al. [113] measured health-
related quality of life (HRQL) with the SF-36 before and
after comprehensive pulmonary rehabilitation and again
after bilateral LVRS via VATS in 19 patients [114]. No
significant change in any of the domains was noted after
pulmonary rehabilitation although significant improve-
ment was noted in vitality after LVRS. When compared
with baseline, the combination of rehabilitation and bilat-
eral LVRS resulted in significant improvement in four of the
eight domains (physical functioning, role limitations
because of physical problems, social functioning and vital-
ity). Importantly, pulmonary rehabilitation accounted for
most of the improvement in role limitations while LVRS
accounted for most of the improvement in physical func-
tioning, vitality and social functioning.

Change in health status measured with disease-specific
instruments has been reported. Bagley et al. [91] described
improvement in the Chronic Respiratory Questionnaire
(CRQ) while Norman et al. [115] reported improvement

using the St. George’s Respiratory Questionnaire (SGRQ).
Canadian investigators noted clear improvement in the
CRQ in patients treated surgically compared with a matched
group randomized to medical therapy (Fig. 55.5) [61]. The
NETT investigators noted significant improvement in the
SGRQ of surgically treated patients compared with more
modest effects [20]. Importantly, clinically significant
improvement in SGRQ scores was seen in a minority of
medically treated patients.

Lung transplantation

Pulmonary function
Spirometric improvement after both SLT and DLT has been
consistently reported with lesser improvement generally
reported in SLT recipients [46,94,116–125]. For example,
Levine et al. [116] described functional results in 28 patients
undergoing 29 SLT procedures; a rise in FEV1 from a base-
line of 16% predicted to 57% predicted at 3 months and
60% predicted at 6 months after SLT. Brunsting et al. [125]
suggested that recipient chest wall factors determined post-
operative pulmonary function, while Cheriyan et al. [126]
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confirmed the importance of recipient factors by noting
that pulmonary function after SLT reflected restriction of
the transplanted lung and obstruction in the native lung
with a decreased transpulmonary pressure. In an elegant
study, Estenne et al. [127] confirmed hyperinflation of the
native lung in all patients with a lower, yet stable, total 
lung capacity (TLC) in the allograft. The graft exhibited a
normal functional residual capacity (FRC) suggesting the
expansion of the rib cage allows preservation of the FRC in
the transplanted lung. In contrast to SLT, DLT recipients
experience a significantly higher FEV1 with most series
reporting values near normal [94,118,119].

Exercise capacity
Several early reports noted rising distance walked after SLT
[117,121]. Early comparisons suggested a greater improve-
ment in walk distance in emphysema patients undergoing
SLT compared with DLT [46,118,124]. In contrast, others
described similar 6-minute walk distance in patients after
both types of transplantation for COPD [94,119]. 

Numerous investigators have confirmed persistent 
aerobic limitation after SLT or DLT with little evidence for
ventilatory limitation [128,129]. In fact, short-term data
reported by other investigators have been remarkably con-
sistent [130–132]. Schwaiblmair et al. [133] demonstrated 
a severe aerobic limitation before transplantation which
improved significantly after surgery. Importantly, no evid-
ence of ventilatory limitation was noted after transplanta-
tion with a significant decrease in physiological dead space
and P(A–a)O2 at peak exercise. 

Persistent aerobic limitation after transplantation has
been consistently noted, with most reports supporting
peripheral muscle dysfunction as the predominant cause of
exercise limitation [134,135]. Pantoja et al. [136] examined
nine lung transplant recipients (eight SLT, one DLT) 5–
102 months after transplantation. In a subset, maximal 
voluntary contraction of the tibialis anterior muscle was
decreased. Although maximal inspiratory pressures did not
differ from control values, the maximal expiratory pres-
sures were diminished by 30% relative to control (P <
0.05). The authors concluded that peripheral and expira-
tory muscle weakness, atrophy and reduction in muscular
function with exercise was present in patients up to 3 years
post-transplant [136]. Evans et al. [137] noted that quadri-
ceps muscle intracellular pH was more acidic at rest and fell
during exercise at a lower metabolic rate in transplant
recipients versus healthy controls. In fact, the persistent
decrease in VO2max correlated closely with the metabolic
rate at which muscle pH fell. Using non-invasive optical
techniques, Tirdel et al. [138] reported that lung transplant
recipients had a reduced maximum VO2 and an earlier onset
of anaerobic threshold compared with matched healthy
controls, suggesting an alteration in peripheral oxygen 

utilization by the myocyte. Wang et al. [139] extended
these findings by analysing vastus lateralis muscle biopsies
in lung transplant recipients following exercise. These bio-
psies demonstrated a lower mitochondrial adenosine tripho-
sphate (ATP) production rate, lower activity of mitochondrial
enzymes, a lower proportion of type 1 fibres and a higher
lactate and inosine monophosphate content in the trans-
plant recipients compared with controls. These findings
were concordant with previous reports that reduced muscle
calcium regulation and impaired potassium regulation 
after lung transplantation contributed to impaired muscle
performance during exercise [140,141]. The cause of 
this peripheral muscle dysfunction post-transplantation
remains unclear, although chronic disease, drug therapy,
disuse and poor nutrition have all been suggested as con-
tributing factors. For example, ciclosporin inhibits maximal
coupled and uncoupled skeletal muscle mitochondrial 
respiration in vitro [142–144].

Health status
Gross et al. [145] administered to lung transplant candidates
and recipients the Medical Outcome Study Health Survey
(MOS 20), the Index of Well-Being, the Karnofsky Perform-
ance Status Index and questions assessing work history.
Lung transplant candidates, most of who suffered from
obstructive diseases, demonstrated significant impairment
in health status. In those with sequential measurements,
significant improvement was noted 6–12 months after
transplantation. In a rare, prospective longitudinal study,
TenVergert et al. [146] noted improvement in NHP 1 month
after transplantation (13/24 patients with emphysema).
Further improvement was noted during the first 4 post-
operative months such that NHP scores were comparable to
those of the general population. Cohen et al. [147] extended
these findings by noting that pretransplant anxiety and 
psychopathology predicted post-transplant adjustment with
greater anxiety predicting worse post-transplant quality 
of life.

Long-term results

Bullectomy
Fitzgerald et al. [51] reported results in 84 patients who
underwent 95 surgical procedures performed over a greater
than 20 year period. The mean follow-up was 7.3 years
[51], with long-term follow-up available in 47 patients.
Inconsistent maintenance of improvement was noted
although some patients demonstrated improvement for
3–5 years. Pearson and Ogilvie [148] noted short-term
improvement in 11 patients during a mean follow-up of 
7.3 years, although a gradual decrement in physiological
improvement was noted in most patients. During a mean
follow-up of 4.5 years in 43 patients, Schipper et al. [58]
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noted initial improvement in spirometry, residual volume
and 6-minute walk distance, although a gradual worsening
was noted over the years. Most authors have reported
poorest long-term outcome in those individuals with
greater degrees of emphysema in the remaining lung and
greater underlying chronic bronchitis.

LVRS without giant bullae
Roue et al. [149] reported symptomatic improvement in
12/13 patients 6 months after LVRS (unilateral in 11).
Although collection was incomplete, four of six patients with
available data maintained a greater than 20% improve-
ment in FEV1 at 2 years, but neither of two patients main-
tained improvement at 4 years. Brenner et al. [150] noted a
higher rate of drop in FEV1 (0.255 ± 0.057 L/year) in those
patients experiencing the greatest improvement in the ini-
tial 6 months after surgery (those treated with bilateral sta-
pling). The lowest rate of drop was noted in those with the
least initial improvement. Flaherty et al. [106] documented
a gradual decrement in FEV1 over the course of 3 years after
bilateral LVRS, while the Washington University group has
recently reported that the majority of 200 consecutive
patients exhibited spirometric improvement 3 and 5 years
after surgery [151]. 

Cordova et al. [152] noted a higher 6-minute walk dis-
tance in six patients 18 months after surgery compared with
preoperative values; improvement in cardiopulmonary
performance tended to be maintained 12 months after
surgery. Flaherty et al. [106] also described maintenance of
improvement in 6-minute walk distance despite spiromet-
ric decrement over 3 years after bilateral surgery. The NETT
investigative group noted that surgical patients, in contrast
to medically treated patients, were more likely to maintain
improved maximal wattage during oxygen supplemented
cardiopulmonary exercise testing up to 2 years after surgery
[20].

Data regarding improved dyspnoea or health status have
been limited. Appleton et al. [153] noted a sustained
improvement in MRC scale and transitional dyspnoea
scores during a mean of 51 months of follow-up. Cordova 
et al. [152] reported maintenance of improvement in 
sickness impact profile (SIP) in five of six patients with 
18 months follow-up. Yusen et al. [151] reported improve-
ment in MRC scores in 52% and 40% of patients 3 or 
5 years after bilateral LVRS, respectively. Sixty nine per
cent and 57% reported clinically significant improve-
ment in the pulmonary function component and 65% 
and 54% in the dysponea component, 3 and 5 years after
surgery, respectively. Similarly, the NETT investigators
reported that surgical patients compared with medically
treated patients were more likely to demonstrated clinically
significant improvements in the SGRQ up to 2 years after
surgery [20].

Lung transplantation
Clinical results
Data from the Registry of the International Society for
Heart and Lung Transplantation suggests an approxim-
ately 80% 1 year, 50% 5 year and 35% 10 year survival for
emphysema patients [48]. Long-term mortality seems pos-
itively related to increasing recipient age but appears less 
in patients with underlying emphysema [48]. The most fre-
quent causes of late death include obliterative bronchiolitis,
infection and malignancy [48,154]. 

Pulmonary function
Early reports noted that some patients demonstrated 
stability in FEV1 improvement while others experienced a
decline in pulmonary function after several months
[116,121]. The importance of obliterative bronchiolitis on
this loss of lung function has been reviewed recently
[155,156]. Bjortuft et al. [123] compared pulmonary func-
tion in stable SLT recipients to recipients who developed
histological obliterative bronchiolitis or obliterative bron-
chiolitis syndrome (BOS). Several groups have suggested
that decrease in pulmonary function with BOS is particu-
larly likely in SLT recipients [46,157]. Given the difficulty
in histological confirmation of obliterative bronchiolitis,
BOS has been defined physiologically as a persistent, greater
than 20% drop in FEV1 from the post-transplant baseline,
in the absence of other acute conditions (airway complica-
tions, infection, congestive heart failure, reversible airway
reactivity and systemic disease) [158]. Furthermore, BOS
can be staged according to the drop in FEV1 from the peak
post-transplant value. Obliterative bronchiolitis is asso-
ciated not only with a drop in pulmonary function but also
by increased mortality [154,156].

Exercise capacity
Sundaresan et al. [46] noted persistent improvement in 
6-minute walk distance after both SLT and DLT for COPD
up to 4 years after transplantation. The same group has
recently noted a mild decrease in 6-minute walk distance 
5 years after transplantation [49]. Maximal achieved 2O2 has
been documented to change little in SLT or DLT recipients
from 3 months to 1–2 years after transplantation [116,130].
As such, a significant limitation to exercise remains for
patients after lung transplantation, although the effect of
long-term aerobic training has not been described in this
patient population.

Health status
Gross et al. [145] noted a similar result on the MOS 20 
questionnaire in 17 recipients tested 19–36 months and 
16 recipients tested greater than 36 months after trans-
plantation when compared with responses 11 months 
after surgery. Importantly, recipients with BOS showed
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decrements in health status, particularly in the physical and
social functioning and bodily pain. Similar results have
been demonstrated by others [146,159,160].

Bullectomy

Most investigators have attempted to identify optimal sur-
gical candidates using physiological tests and radiographical
studies to identify compressed normal lung that is most
likely to respond to bullectomy. These are summarized in
Tables 55.1 and 55.2.

Which patients should and which should
not be considered for surgery?

Clinical features
In general, optimal candidates suffer from persistent exer-
tional limitation despite optimal medical therapy and pul-
monary rehabilitation. A worse surgical result has been
associated with older age in some series [51,52]. Some
investigators have suggested a higher morbidity and worse
long-term results in the presence of superimposed chronic
bronchitis [51,52,56]. Although imperfect, a history of
chronic sputum production and recurrent respiratory infec-
tions may provide a suggestion of such primary airway 
disease [1].

Physiological features
In general, ideal patients exhibit a ‘restrictive’ spirometric
pattern with simultaneous elevation of the FRC and TLC
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Table 55.1 Potential indications for classical bullectomy and lung volume reduction surgery (LVRS) in the absence of giant
bullae. (Adapted from www.thoracic.org/copd/)

Parameter Bullectomy LVRS without giant bullae

Clinical Young age (< 50 years) Age < 75 years
Clinical picture consistent with emphysema

Rapid progressive dyspnoea despite maximal Dyspnoea despite maximal medical treatment 
medical therapy pulmonary rehabilitation

Ex smoker Ex-smoker (> 6 months)
Requiring < 20 mg prednisone/day

Physiological Normal or slightly ↓ FVC FEV1 after bronchodilator < 45% prednisone
FEV1 > 40% prednisone  Hyperinflation:
Little bronchoreversibility TLC > 100% prednisone
‘High’ trapped lung volume RV > 150%
Normal or near normal DLCO PaO2 > 45 mmHg
Normal PaO2 and PaCO2 PaCO2 < 60 mmHg

Post-rehabilitation 6-min walk distance > 140 m
Low post-rehabilitation maximal achieved cycle 

ergometry watts

Imaging CXR CXR
Bulla > 1/3 hemithorax Hyperinflation
CT CT
Large and localized bulla with vascular   High-resolution CT confirming severe emphysema, 

crowding and normal, compressed  ideally with upper lobe predominance
pulmonary parenchyma around bulla

Angiography
Vascular crowding with preserved distal 

vascular branching

Isotope scan
Well-localized matching defect with normal 

uptake and washout for underlying lung

CT, computed tomography; CXR, chest X-ray; DLCO, diffusing capacity of lung for CO2; FEV1, forced expiratory volume in 1 s; 
FVC, forced vital capacity; PaCO2, arterial carbon dioxide tension; PaO2, arterial oxygen tension.



[161]; severe obstruction, particularly when associated
with smaller bullae, have been associated with poor long-
term results [161]. One group noted the best improvement
in patients with an FEV1 of more than 40% predicted [162].
Significant bronchoreversibility has been proposed as 
an additional relative contraindication (see Table 55.2)
[4,161]. Baseline elevation of the trapped gas volume has
been noted in groups demonstrating better responses to
classic bullectomy [51,161]. Some have utilized the DLCO
as a marker of greater underlying emphysema; two groups
have suggested a better response in those patients with
higher DLCO and lack of exertional desaturation [50,162].
However, absolute thresholds are not available.

Imaging
Multiple groups have noted inferior surgical results in
patients with bullae occupying less than one-third of the
hemithorax, particularly for the long-term maintenance of
functional improvement [51–53,163]. Angiography was a
popular method used to identify crowded vasculature in
compressed lung [161], although computed tomography
(CT) has demonstrated a clear advantage. CT allows an

assessment of the volume of air in bullae, the presence of
compressed lung and an examination of the structure of the
remaining lung tissue [53,161,164,165]. Some authors
have advocated the use of radionuclide scans to assess the
relative function of bullous and non-bullous areas, which
may be particularly useful in identifying lung zones that
appear normal or minimally involved on CT or chest radio-
graph [166].

Lung volume reduction without giant bullae

Clinical features
The clinical evaluation aims to identify patients with
emphysema. As such, the presence of frequent respiratory
infections and chronic copious sputum production may be
useful in identifying patients with primary airway disease
[167]. In addition, the clinical assessment should attempt to
identify features predicting a higher mortality or likelihood
of poor functional result (see Tables 55.1 and 55.2). Signi-
ficant comorbidity, such as advanced cancer or multiorgan
disease, is a reasonable contraindication (see Table 55.2).
Coronary artery disease is frequently seen in this patient
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Table 55.2 Potential contraindications for classical bullectomy and lung volume reduction surgery (LVRS) in the absence 
of giant bullae. (Adapted from www.thoracic.org/copd/)

Parameter Bullectomy LVRS without giant bullae

Clinical Age > 50 years Age > 75–80 years
Comorbid illness Comorbid illness that increases surgical mortality
Cardiac disease Clinically significant coronary artery disease
Pulmonary hypertension > 10% weight loss Pulmonary hypertension (PA systolic > 45, PA mean > 35 mmHg)
Frequent respiratory infections Surgical constraints:
Chronic bronchitis Previous thoracic procedure

Pleuradesis
Chest wall deformity

Physiologic FEV1 < 35% prednisone FEV1 ≤ 20% predicted and DLCO ≤ 20% prednisone
‘Low’ trapped gas volume ↑ inspiratory resistance
Decreased DLCO

Imaging CXR Homogeneous emphysema and FEV1 ≤ 20% predicted
Vanishing lung syndrome Non-upper lobe predominant emphysema and high 
Poorly defined bullae post-rehabilitation cycle ergometry maximal achieved wattage

CT
Multiple ill-defined bullae in underlying lung

Angiography
Vague bullae; disrupted vasculature elsewhere

Isotope scan
Absence of target zones, poor washout in 

remaining lung

CT, computed tomography; CXR, chest X-ray; DLCO, diffusing capacity of lung for carbon monoxide; FEV1, forced expiratory
volume in 1 s; PA, pulmonary artery.



population [168], although it is not an absolute contraindi-
cation to surgery. Successful combined LVRS and cardiac
surgery has been well documented [169,170]. Similarly,
pulmonary hypertension has been described as a relative
contraindication for LVRS [171], although prohibitive 
pulmonary hypertension is infrequent in this patient popu-
lation [172–174]. The effect of milder pulmonary hyper-
tension has not been prospectively studied [16]. Several
groups have reported either no consistent change or a mild
improvement in pulmonary artery pressure early after
bilateral LVRS [84,85,175,176] or improved right ventricu-
lar function early after LVRS [83,86,177]. In contrast, some
have reported worsening resting pulmonary hypertension
after LVRS [87]. 

Less favourable outcomes have been reported in the pre-
sence of α1-antitrypsin deficiency by some groups [36,178].
Cassina et al. [99] noted similar short-term clinical and
physiological responses in 12 patients with α1-antitrypsin
deficiency compared with 18 patients with typical smoker’s
related emphysema; long-term response (12–24 months)
was clearly poorer in those with α1-antitrypsin deficiency
[99]. Similarly, Gelb et al. [179] described only modest
spirometric improvement after lower lobe LVRS via VATS
in six patients with α1-antitrypsin deficiency [179]. In con-
trast, one group has recently reported good long-term results
in a group of emphysema patients with α1-antitrypsin
deficiency who were followed up to 5 years after thoraco-
scopic LVRS [180].

An impaired nutritional status, as measured by a lower
body mass index or by decreased percentage of ideal body
weight or fat-free mass index, has been associated with
increased perioperative complications [181,182]. Import-
antly, clinical severity of disease has not proven a consistent
contraindication [91,97,183,184].

Physiological features
Pulmonary function testing has proven instrumental in
identifying optimal candidates for surgery (see Table 55.1).
A lower limit of FEV1 that identifies individuals at pro-
hibitive risk has not been agreed upon, with some invest-
igators reporting acceptable outcomes in patients with very
severely decreased FEV1 less than 500 mL [62,97,183,185].
As the mechanism of improvement in spirometry relates to
improvement in elastic recoil [186], patients with airflow
obstruction from structural emphysema appear to be the
ones who benefit most from LVRS. Ingenito et al. [187]
reported a relationship between low inspiratory resistance
(as a measure of primarily airway disease) and short-term
improvements in FEV1. These same investigators have
confirmed that measurement of inspiratory resistance pro-
vides additional information to emphysema distribution 
as defined by perfusion scintigraphy [188]. One group 
has recently confirmed that greater histopathological

abnormalities of the smaller airways are associated with
poorer short-term response to LVRS [189].

Although some have advocated LVRS only in those
patients with a significant elevation of TLC [171], the RV
and RV : TLC ratio may be better predictors of response
[190]. Preliminary data have suggested that an elevated 
RV : TLC ratio may be the best physiological parameter to
identify patients demonstrating improved quality of life,
pulmonary function and exercise capacity after bilateral
LVRS [191]. Importantly, the NETT did not identify lung
volume as a predictor of mortality or functional improve-
ment after bilateral LVRS [20].

Several investigators have suggested that a very low
DLCO increases risk [67,90,192], but others have not
confirmed these findings [185]. The NETT identified two
subgroups of patients at particularly high risk of surgical
mortality after bilateral LVRS [193]. One subgroup, com-
posed of patients with a post-bronchodilator FEV1 ≤ 20%
predicted and a DLCO ≤ 20% predicted, experienced a
much higher mortality with LVRS than with medical man-
agement (odds ratio [OR] 2.98; 95% confidence interval
[CI], 1.3–7.7).

ABG abnormalities have been suggested to predict a 
bad outcome. Several investigators have suggested higher
mortality in patients with hypercapnia [38,80,90,194],
while others have not confirmed this finding [97,195–198].
The most definitive data come from the NETT where base-
line PaCO2 was not associated with impaired outcome despite
over 30% of randomized patients exhibiting baseline
hypercapnia [20].

Preoperative exercise capacity has been documented to
be a predictor of outcome by numerous investigators
[90,183,194]. The most compelling data comes from the
NETT, where one of the primary endpoints was maximal
achieved work load achieved on a cycle ergometer while
breathing supplemental oxygen [20]. A threshold of 40%
of the baseline workload demonstrated a clear breakpoint
in mortality for the overall study group; this corresponded
to a work load of 25 watts (W) for females and 40 W for
male patients [20]. These thresholds, in conjunction with
computed tomography data, allowed a clear separation 
of non-high risk patients into four distinct categories 
(Fig. 55.6 and Table 55.3). 

Imaging
Thoracic imaging is vital in the evaluation for LVRS [199],
with most authorities considering topographical hetero-
geneity an important predictor of an optimal response from
LVRS [16,18]. Some investigative groups have utilized
chest radiographs to identify a favourable distribution of
emphysema [200]. CT has proven particularly useful in this
regard [201–203]. The severity of emphysema on CT may
be associated with outcome after LVRS [204–206]. The
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importance of emphysema heterogeneity has been con-
sistently identified by many investigative groups [185,192,
206–212]. The most compelling data supporting the value
of visual grading of emphysema distribution have been pro-
vided by NETT investigators [20]. Radiologists at 17 parti-
cipating clinical centres classified HRCT scans as exhibiting
predominantly upper lobe or non-upper lobe emphysema
based on visual scoring of disproportionate disease between
non-anatomical thirds divided equally from apex to base
[213]. Using this method, in conjunction with the maximal
achieved workload during oxygen supplemented maximal
cycle ergometry, NETT investigators published two sentinel
studies that clarified the role of CT imaging in the evalu-
ation of patients for LVRS. An early manuscript identified 
an increased risk of surgical mortality in patients with
severe obstruction (FEV1 ≤ 20% predicted) and either 
diffuse emphysema on HRCT or a DLCO ≤ 20% predicted
(relative risk [RR] 3.9; 95% CI, 1.9–9.0) [193]. Patients

with upper-lobe predominant emphysema and a low post-
rehabilitation exercise tolerance exhibited a decreased risk
of mortality (RR 0.47; P = 0.005) after LVRS compared 
with medical therapy [20]. Patients with non-upper lobe
predominant emphysema and a high post-rehabilitation
exercise capacity exhibited an increased risk of death during
follow-up after LVRS (RR 2.06; P = 0.02) (see Table 55.3).
Patients with upper lobe predominant emphysema and a
high post-rehabilitation exercise capacity or patients with
non-upper lobe predominant emphysema and a low post-
rehabilitation exercise capacity did not have a survival
advantage or disadvantage [20]. In addition, patients with
upper lobe predominant emphysema treated surgically
were more likely to improve their exercise capacity com-
pared with medically treated patients (see Table 55.3).
Figure 55.6 and Table 55.3 illustrate an approach to the
evaluation of patients based on NETT data. 

Unfortunately, the definition of emphysema heterogeneity
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Figure 55.6 Diagnostic
algorithm for patients being
considered for lung volume
reduction surgery (LVRS) based
on data from the National
Emphysema Treatment Trial
(NETT) [20]. FEV1, forced
expiratory volume in 1 s; DLCO,
diffusing capacity of lung for
carbon monoxide. (From
Martinez et al. [244], with
permission.)



has varied widely [213]. As such, many investigators have
utilized quantitative CT methodology to define disease 
heterogeneity. Several groups have confirmed moderately
strong correlations between several quantitative CT values
and outcome measures [106,214]. Nakano et al. [215]
reported a positive correlation between the amount of
amount of severe emphysema in the peripheral 50% of the
lung and improvement in maximal achieved watts during
cycle ergometry after LVRS [215]. This same group exam-
ined the relationship between the number and size of
emphysematous lesions and the short-term response to
LVRS [216]. The power law exponent (D) represents the
slope of the relationship between the log of the cumulative
number of emphysematous lesions and the log of the
emphysema lesion size. As such, a steep slope and thus
large D represents lungs with predominantly small lesions,
while a shallow slope and small D suggests lungs with larger
emphysematous lesions. A positive correlation was noted
between the change in D and the change in maximal
wattage achieved during cycle ergometry after surgery. As
such, the authors suggested that patients with larger upper
lobe lesions respond better to surgery than patients with
small, uniformly distributed lesions [216].

Several groups have suggested that identifying heteroge-
neous perfusion during perfusion scanning may predict
outcome after LVRS [217–219]. Thurnheer et al. [101]
reported that functional improvement after surgery corre-
lated better with physiological hyperinflation and emphy-
sema heterogeneity as assessed by CT compared with
perfusion heterogeneity assessed by scintigraphy. Hunsaker
et al. [205] noted that patients with more heterogeneous
emphysema, as determined by CT or V/Q imaging, tended
to show a greater magnitude and likelihood for improved
FEV1. Cederlund et al. [220] noted little difference in
emphysema heterogeneity classification based on CT or
scintigraphy alone; the combination of the two was super-
ior when contrasted with quantitative methodology as the
‘gold standard’. It is likely that CT and scintigraphy demon-
strate similar predictive ability in suggesting outcome after
LVRS.

Lung transplantation

Given the significant morbidity and mortality associated
with lung transplantation, careful patient selection is cru-
cial. This is particularly relevant in COPD, as controversy
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Table 55.3 Results of bilateral lung volume reduction surgery (LVRS) compared with medical therapy in patients with severe
emphysema. Values in parentheses indicates percentage. Groups A–E refer to the patients as defined in Figure 55.6. (Adapted
from National Emphysema Treatment Trial Research Group [20] and Martinez et al. [240], with permission.)

90-day mortality Total mortality

Patients LVRS Medical therapy P value LVRS Medical therapy Risk ratio* P value

Group A 20/70 (28.6) 0/70 (0) < 0.001 42/70 30/70 1.82 0.06
Group B 4/139 (2.9) 5/151 (3.3) 1.00 26/139 51/151 0.47 0.005
Group C 6/206 (2.9) 2/213 (0.9) 0.17 34/206 39/213 0.98 0.70
Group D 7/84 (8.3) 0/65 (0) 0.02 28/84 26/65 0.81 0.49
Group E 11/109 (10.1) 1/111 (0.9) 0.003 27/109 14/111 2.06 0.02

Improvement in exercise capacity† Improvement in health-related quality of life‡

Patients LVRS Medical therapy Odds ratio P value LVRS Medical therapy Odds ratio P value

Group A 4/58 (7) 1/48 (2) 3.48 0.37 6/58 (10) 0/48 (0) – 0.03
Group B 25/84 (30) 0/92 (0) – < 0.001 40/84 (48) 9/92 (10) 8.38 < 0.001
Group C 17/115 (15) 4/138 (3) 5.81 0.001 47/115 (41) 15/138 (11) 5.67 < 0.001
Group D 6/49 (12) 3/41 (7) 1.77 0.50 18/49 (37) 3/41 (7) 7.35 0.001
Group E 2/65 (3) 2/59 (3) 0.90 1.00 10/65 (15) 7/59 (12) 1.35 0.61

* Risk ratio for total mortality in surgically versus medically treated patients during a mean follow-up of 29.2 months.
† Increase in the maximal workload of more than 10 W from the patient’s post-rehabilitation base-line value (24 months after
randomization).
‡ Improvement in the health-related quality of life was defined as a decrease in the score on the St. George’s Respiratory
Questionnaire of more than 8 points (on a 100-point scale) from the patient’s post-rehabilitation baseline score (24 months 
after randomization).



exists regarding whether a survival benefit is noted after
lung transplantation in this condition [154,221–224]. A
summary of potential selection criteria is contrasted with
bullectomy and LVRS in Tables 55.4 and 55.5.

Clinical features
The initial evaluation should include an assessment of 
the general surgical risks associated with age, as older 
recipients have a significantly worse survival rate [48]. The
Joint Statement of the American Society for Transplant
Physicians, the American Thoracic Society, the European
Respiratory Society and the International Society for Heart
and Lung Transplantation suggests that potential age limits
included approximately 55 years for HLT, 65 years for SLT
and 60 years for DLT [225]. Several clinical characteristics
are felt to represent absolute or relative contraindications as
enumerated in Table 55.3 [22,225–230]. 

Physiological features
Physiological testing has been the most frequently used
modality to assess prognosis in patients with COPD [231].
Numerous investigators have documented that the FEV1

after bronchodilator administration is an important pre-
dictor of mortality in COPD [232–236]. An emphysema
patient can be considered an appropriate candidate for
transplantation when the FEV1 is below 25% predicted

and/or the PaCO2 ≥ 55 mmHg [225]. A recent study has 
suggested that a multidimensional index incorporating
FEV1, 6-minute walk distance, measurement of dyspnoea
and body mass index predicts survival better in COPD than
spirometry alone [237]. How this index will impact trans-
plant listing decision making requires further investigation.
Similarly, the presence of pulmonary hypertension with
progressive deterioration should be considered an addi-
tional feature suggesting that transplantation should be
considered an appropriate surgical intervention.

Imaging
Imaging techniques have a less defined role in the pre-
operative evaluation for lung transplantation. CT appears 
to alter the surgical approach to lung transplantation.
Kazerooni et al. [238] noted a change in the determination
of which lung was more severely diseased in 27/169
patients examined with preoperative chest radiography and
CT. Of the 45 patients who subsequently underwent trans-
plantation, CT prompted a change in the determination of
which side to perform SLT in four. This same group has
identified pulmonary nodules, suspicious for malignancy,
in eight of 190 patients evaluated for lung transplantation
[239]. As an active malignancy precludes transplantation,
such a finding would clearly alter the candidacy of a patient
for lung transplantation. Finally, the presence of unsus-
pected bronchiectasis could alter the decision to perform
DLT in contrast to SLT. 

Extensive literature has been published regarding surgical
therapies for advanced COPD, with the most widely
accepted directed at surgical relief of hyperinflation.
Bullectomy and LVRS are established surgical techniques
for a very limited number of patients. The patients with the
poorest long-term outcomes appear to be those with the
most abnormal respiratory function or greater extent of
emphysema on imaging studies. Lung transplantation may

Conclusions
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Table 55.4 General selection guidelines for candidate
selection for lung transplantation in COPD patients.
(Adapted from [225,227–229,241,242] and
www.thoracic.org/copd/)

Relative contraindications
Age limits

Heart-lung transplants ~ 55 years
Double lung transplant ~ 60 years
Single lung transplant ~ 65 years

Poorly or untreated, symptomatic osteoporosis
Oral corticosteroids > 20 mg/day prednisone
Ideal body weight < 70% or > 130%
Psychosocial problems
Requirement for invasive mechanical ventilation
Colonization with fungi or atypical mycobacteria

Absolute contraindications
Severe musculoskeletal disease affecting the thorax
Substance addiction within previous 6 months
Dysfunction of extrathoracic organ, particularly renal 

dysfunction
Human immunodeficiency virus infection
Active malignancy within 2 years except basal or squamous 

cell carcinoma of skin
Hepatitis B antigen positivity
Hepatitis C with biopsy-proven evidence of liver disease

Table 55.5 Disease-specific guidelines for candidate
referral for lung transplantation in COPD patients.
(Modified from [227,242,243].)

FEV1 < 20–25% prednisone
PcO2 > 7.3 kPa (55 mmHg)
Homogeneous emphysema distribution
Pulmonary hypertension

FEV1, forced expiratory volume in 1 s; PCO2, arterial carbon
dioxide tension.



serve as a viable therapeutic option for some of these COPD
patients.
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CHAPTER 56

Anticholinergics in COPD

Theodore J. Witek, Jr

Bronchodilators are regarded as the mainstay of COPD phar-
macotherapy [1–4] and the anticholinergic class of agents has
proven over several decades to provide effective maintenance
therapy [5]. This recognition of the value of anticholinergic
therapy in COPD is anchored by the fascinating centuries of
history of the medicinal properties of plants containing bel-
ladonna alkaloids and the present-day introduction of the
new generation agent tiotropium. The recent introduction
of tiotropium represents a significant advance in therapy,
not only being the first inhaled once-daily agent, but also by
its consistently better bronchodilatory effects relative to
existing therapy as demonstrated in clinical trials [6–10]. 

This chapter briefly reviews the history and basic phar-
macology of anticholinergics followed by a summary of the
major clinical trials that have characterized the efficacy and
safety of this class of agents in the treatment of COPD.

Uses of medicinal properties

The medicinal uses of inhaled antimuscarinics have been
documented for centuries [11,12] and this history is made
more fascinating by the fact that new generations of this
class are being developed and introduced as innovative
therapy at the present day. 

In the time of Hippocrates, vapour inhalation was
recorded and the use of the alkaloid in the treatment of
asthma was cited in the 17th century. This practice was
transferred from India to Great Britain where a more
widespread use was observed in the 1800s. An interesting
paper by Herxheimer in 1959 [13] described spirometric
results following inhalation of asthma cigarettes containing
atropine. Not only was his work among the first known to
this author to evaluate spirometric therapeutic responses, it
should not be overlooked that his insights to combine both

History

atropine and ephedrine was also novel in combination
bronchodilator therapy.

Clearly, the ability of atropine as a bronchodilator was
known, but its therapeutic utility was limited by systematic
antimuscarinic side-effects. The first major advance was the
discovery and development of ipratropium bromide, whose
structure allowed preservation of bronchodilatation, but
minimized absorption and side-effects [14,15]. Ipratropium
bromide evolved to first-line maintenance treatment in
COPD [16], and has been established as an effective and
safe agent over decades of use. Its main disadvantage of four
times daily dosing has recently been overcome with the lat-
est generation compound tiotropium [17]. Tiotropium has
significantly longer binding to muscarinic receptors than both
atropine and ipratropium [18,19] with resultant functional
consequences in vitro (Fig. 56.1) [20]. The clinical profile of
these agents are detailed subsequently in this chapter.
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Figure 56.1 Time course of effects of BA679 BR (10−9 mol)
(circles), ipratropium bromide (10−8 mol) (squares) and
atropine (10−8 mol) (triangles) after washout of the test drugs
in guinea pig trachea. Each value is the mean ± SEM of five
animals. (From Takahashi et al. [20], with permission.)



Evolution of pharmacology

Muscarinic pharmacology had its modern foundation in
1914 when Sir Henry Dale [21] classified receptors for
acetylcholine as nicotinic and muscarinic. Receptor subtyp-
ing was reported in 1980 and was rooted in the establish-
ment of high (M1) or low (M2) affinity for the antagonist
pirenzepine. This basis of using selective antagonists to clas-
sify subtypes was expanded with further division of the M2

receptor into M2, M3 and M4 (Table 56.1). 
The description of the autonomic nervous system that

has evolved over the past century encompasses many 
terms as one describes cholinergic nerves travelling down
to the vagus nerve into parasympathetic ganglia within the
airway. Its principal neurotransmitter, acetylcholine, is
released at ganglionic synapses and postganglionic neuroef-
fector junctions. Acetylcholine acts at both nicotinic and
muscarinic cholinergic receptors – the former located at

parasympathetic ganglia and mediating ganglionic neuro-
transmission and the later located on postganglionic nerve
fibres and on target cells such as epithelium, submucosal
glands and airway smooth muscle. Nicotinic transmission at
ganglia can be provoked by either acetylcholine or nicotine
– transmission here can be interrupted by cholinergic
blockers such as hexamenthonium or D-tubocurare. The
acetylcholine released at postganglionic fibres has been
termed muscarinic because transmission can be mimicked
by muscarine. Effects resulting from muscarinic activity 
are blocked by antimuscarinics such as atropine; they are
not blocked by curare. Thus, the evolution to the clinical
referral of atropine and atropine-derived agents such as
ipratropium and tiotropium as anticholinergics is correct;
however, their description as antimuscarinics is more 
accurate. Box 56.1 lists excerpts from Dale’s suggestions on
such nomenclature in a 1933 note to the American
Physiologic Society [22]. 
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Table 56.1 Muscarinic receptor subtypes nomenclature and characterization. (Derived from Roux et al. [101].)

Subtype M1 M2 M3

Selective antagonists Pirenzepine Methoctramine 4-DAMP
(Range of affinity) (M1 > M4 > M3 ≥ M2) (M2 ≥ M4 > M1 ≥ M3) (M3 ≥ M1 ≥ M4 > M2)

Telenzepine AF-DX 116 p-F-HHSiD 
(M1 > M4 > M3 ≥ M2) (M2 ≥ M4 > M1 ≥ M3) (M3 ≥ M1 ≥ M4 > M2)

Himbacine
(M2 ≥ M4 > M1 ≥ M3)

Genes m1 m2 m3

Localization in airway tissue Parasympathetic ganglia Postganglionic nerves Airway smooth muscle
Submucosal glands Airway smooth muscle Submucosal glands
Alveolar walls Epithelial cells

Endothelial cells

4-DAMP, 4-diphenylacetoxy-N-methylpiperidine.

Box 56.1 Excerpts from H. H. Dales’ 1933 letter to American Physiologic Society on Anatomic Nervous System Nomenclature [22].

‘Evidence has been rapidly accumulating in favour of the view that the effects of nervous impulses in the postganglionic fibres of
the autonomic system are chemically transmitted, by substances liberated in relation to their endings, and directly acting on the
effector cells’.

‘My own earlier observations [1914] on acetylcholine had indicated a substance of this kind as a likely candidate 
for the function of transmitting the effects of impulses in peripheral parasympathetic fibres; and the evidence in 
recent years has all tended to increase the probability that this choline ester is the actual parasymphatetic transmitter’.

‘Chemical transmission occurs at synapses in a symphathetic ganglion, and that the transmitter, even though the preganglionic
fibres are anatomically sympathetic, is a substance indistinguishable from that which transmits the effects of postganglionic
parasymphatetic impulses’.

‘These observations bring into the physiological picture the other aspect of the action of acetylcholine, which I called “nicotine
like”. To avoid elaborate periphrasis, and to promote clear ideas, we seem to need words which will briefly indicate action by 
two kinds of chemical transmission, due in one case to some substance like adrenaline, in the other case to a substance like
acetylcholine, so that we may distinguish between chemical function and anatomical origin. I suggest the words “adrenergic”
and “cholinergic”, respectively for use in this sense’.



Muscarinic receptors

The function of the various muscarinic receptor subtypes
comes from observations in many species with the general
understanding that M1 receptors found in parasympathetic
ganglia facilitate neurotransmission, M2 receptors are 
localized to postganglionic cholinergic nerve terminals and
provide a negative feedback modulation of acetylcholine
release, and M3 receptors are present on airway smooth
muscle cells and mucosal glands with functional mediation
of bronchoconstriction and glandular secretion (see Table
56.1). Several reviews describe investigations leading to
this understanding [23–25]. 

Signal transduction

Ligand–receptor interaction of the muscarinic nature
involves a biochemical pathway leading to an ultimate 

Basic pharmacology overview
tissue response (e.g. contraction of airway smooth muscle;
Fig. 56.2). While these events are complex, with several
investigations advancing fundamental concepts, it is accepted
that the neurotransmitter acetylcholine interacts with G
proteins, stimulating phospholipose C (PLC) and the 
breakdown of membranes lipids (e.g. phosphatidylinositol
polyphosphates → inositol phosphates [IP]) resulting in the
release of intracellular calcium from the endoplasmic reticu-
lum. These collective events lead to the end organ effect. Of
most relevance in COPD are the airway smooth muscle
contraction and possibly glandular secretion. Diacylglycerol
is another second messenger which is associated with 
protein kinase C (PKC) activation. There have been some
theories put forth that PKC could be involved in a slow, 
sustained contractile response where as IP may be more
related to initiation of contraction [26–28].

The number, distribution and special function of these
receptor subtypes in human lung tissue is not fully under-
stood. In the human trachea, muscarinic receptors are
likely of the M2 and M3 receptor subtype as they have low
affinity for the M1 specific antagonist pirenzepine [29].
Furthermore, mRNA for M2 and M3 receptors have been
detected in human bronchi [30]. 

Potential cellular effects of relevance

While the focus of the role of bronchodilators in COPD has
for decades been based on their ability to dilate airways 
via smooth muscle contraction, there has been a recent
surge in interest in the role of inflammation in this disease,
particularly in those with more severe illness and prone to
frequent exacerbations. In fact, the consistent findings of
reduced exacerbations evaluated as secondary endpoints 
in clinical trials of antimuscarinic bronchodilators have
sparked interest. A potential effect can be both indirect and
direct. First, prolonged maintenance of bronchial opening
from the long-acting agent tiotropium may minimize phys-
ical forces that could lead to effects potentially associated
with exacerbations [31]. Secondly, while acetylcholine has
long been viewed solely as a neurotransmitter, it may have
non-neuronal roles that may offer explanations for some of
the favourable outcomes observed in clinical trials [32]. 

Disse [32] first raised the possible anti-inflammatory
potential of antimuscarinics in this light, based on observa-
tions on the influence of acetylcholine on mast cells, epithial
mediator release and alveolar macrophase chemotactic
activity release. Additionally, recent evidence suggests a
synergistic role of methylcholine with platelet-derived
growth factor (PDGF) in potentiating mitogenesis in bovine
tracheal smooth muscle cells [33]. 

While the clinical relevance of the role of antimuscarinics
in the inflammatory arena is not clear, current observations
prompt need for further characterization. For example,
incubation of human lung tissue with acetylcholine (10−7 mol)
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Figure 56.2 Guanosine triphosphate (GTP)-binding protein-
coupled muscarinic cholinoceptor. This superfamily of
receptors features seven transmembrane domains (TM1–7).
Acetylcholine binds to a cleft formed by the extracellular 
part of each of the seven TM domains and in particular to
aminoacid residues located in the third, fifth, sixth and
seventh TM regions. Among the three intracellular loops
(i1–i3), i2 and i3 as well as the membrane proximal part of the
intracellular tail of the receptor are implicated in G-protein
coupling. Critical determinants for G-coupling selectivity are
in i3. M2 cholinoceptors are coupled to Gi protein, leading to
adenylyl cyclase inhibition and a decrease in cyclic adenosine
monophosphate (cAMP). M3 cholinoceptors are coupled to 
Gq-11 protein, leading to phospholipase C activation and an
increase in Ca2+. (From Roux et al. [101], with permission 
from Elsevier.)



showed increased histamine release with antigen exposure
[34,35]. Furthermore, acetylcholine (10−7 to 10−4 mol)
potentiated the release of 15-hydroxyeicosatetraenoic acid
(15-HETE) and, to a lesser extent, prostaglandin E2 (PGE2),
in the pressure of 10 μmol arachidonic acid [36]. Perhaps of
more relevance to COPD is the cholinergic influence on the
release of chemotactic activity by alveolar macrophages.
Sato et al. [37] reported that chemotactic activity more than
doubled in the presence of acetylcholine (10−7 to 10−5 mol).
This stimulation of release was blunted by the M3-selective
antagonist 4-diphenylacetoxy-N-methylpiperidine (4-DAMP).
As pointed out by Disse [32], acetylcholine concentrations
in the range of 10−5 mol can be reached locally; therefore, a
potential ‘non-neuronal’ therapeutic role of muscarinic
blockage in the airways may be operating.

Pharmacodynamic effects in humans

The primary intended role of antimuscarinics in respiratory
care is bronchodilatation. The basis for this effect rests on
the role of the parasympathetic nervous system in regulat-
ing bronchomotor tone. In healthy individuals, indirect
evidence for the presence of cholinergic airway tone can be
seen in spirometric improvements following inhalation of
atropine or ipratropium [38–40]. Dose-ordered reductions
in airway resistance have also been observed in early
human pharmacological studies with tiotropium [41]. The
blunting of the response of the cholinergic agonist metha-
choline with tiotropium (Fig. 56.3) also provides a clin-
ical demonstration of the pharmacological concept and 
agonist–antagonist interactions at the receptor level [42]. 

Clinical pharmacology overview

β-Adrenergic agonists dilate airways through functional
antagonism (i.e. they functionally reverse or inhibit the
action of another agonist). By way of this unspecific mecha-
nism they can cover a broad range of bronchoconstrictive
effects. In COPD, the agonist acetylcholine causes bron-
choconstriction which can be functionally antagonized 
by giving an adrenergic agonist (Fig. 56.4). Competitive
antagonism invokes competing of an agonist (e.g. acetyl-
choline) directly with an antagonist (e.g. tiotropium). The
fact that anticholinergics provide equal or greater bron-
chodilatation than β-agonists is the basis for cholinergic
tone being the major reversible component in COPD. Such
is not the case in asthma. 

The heightened cholinergic tone in COPD has been pro-
posed based on greater bronchodilator responses in COPD
versus healthy subjects, with the amount of bronchodilata-
tion being directly proportional to severity of airflow limita-
tion [38]. Other indirect support for a prominent role of the
cholinergic system in COPD comes from the greater bron-
chodilatation most often observed with antimuscarinics
versus β-adrenergic agonists [6,7,10]. 

Muscarinic receptors are located throughout the body
and end-organ-driven pharmacodynamic effects can be
anticipated based on concentrations at these sites which
will be indirectly driven by the agent administered (e.g.
potency) and the route of administration (e.g. inhalation).
As there is not equal sensitivity to muscarinic receptor
antagonists at the parasympathetic neuroeffector junctions
in different end organs [43], dose–response effects can be
observed clinically – as long described for atropine. The
unintended pharmacodynamic effects that can be observed
with inhaled therapeutic doses of ipratropium and
tiotropium are minimized by their quaternary structure
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Figure 56.3 Change in PC20, from placebo, for each dose of
tiotropium at each time point after treatment, expressed in
terms of doubling dose protection. (From O’Connor et al. [42],
with permission.)
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Figure 56.4 A schematic simplification of functional and
competitive antagonism. The greater bronchodilatation with
competitive antagonism of acetylcholine with anticholinergics
versus that seen with functional antagonism via stimulation of
β-receptors gives evidence that cholinergic tone is the major
reversible competitor in COPD.



and less absorption, with the most commonly observed
unintended pharmacodynamic effect being dry mouth [8].
The manifestation of dry mouth and the observation of
reduced salivary secretion as the most sensitive antimus-
carinic effect is supported by early clinical studies with
tiotropium [41], where these effects were the first to mani-
fest at high inhaled doses in the absence of heart rate or
pupillary diameter changes. 

The cholinergic system is involved in airway mucociliary
system control [43], but a clear picture of clinical relevance
does not emerge when considering endpoints such as spu-
tum volume. For example, no reduction in sputum volume
was observed after three times daily inhalation of 200 μg of
either ipratropium [44] or oxitropium [45], while Ghafouri
et al. [46] noted a significant reduction after 7 weeks of
inhaled ipratropium (40 mg, q.i.d.). A reduction in sputum
volume after 7 weeks’ treatment with 200 μg oxitropium
was also observed [47]. As the first two trials were of 
4 weeks’ duration, it may be that the duration of therapy is
an important feature of any possible effect. Untoward
effects of antimuscarinic therapy on mucociliary clearance
have not been observed with quaternary agents such as
ipratropium [45,48] and tiotropium [49].

The antimuscarinic effects of constipation (from decreased
gastrointestinal tone and motility) and difficult urination
(from decreased tone and contraction of urinary bladder)
have been observed in small numbers in clinical trials with
both ipratropium and tiotropium. Antimuscarinic action 
in the eye results in dilatation of pupils (mydriasis) and
accommodation paralysis (cycloplegia). While these effects
are uncommon in respiratory therapy, care should always
be taken to avoid exposure of drug in the eye. Tachycardia
and superventricular tachycardia have been observed in
small numbers in controlled clinical trials.

There are case reports and small-scale clinical trials on the
response to atropine of healthy subjects and those with
COPD [38,40,50]. These observations confirm the intended
pharmacodynamic effect of bronchodilatation as measured
by lung function tests as well as the fact that antimuscarinic
side-effects manifest more commonly with the tertiary
amine atropine. The clinical development programmes
leading to regulatory reviews and approvals of ipratropium,
alone and in combination with albuterol as well as
tiotropium, have provided the largest body of evidence of
the beneficial therapeutic window of this class of agents in
COPD. Also, given the decades of experience with anti-
muscarinics such as ipratropium, observational studies and
evaluation of patient databases have contributed further to
our knowledge of the utility of these agents in COPD. While
some observational and retrospective cohort analyses 

Clinical observations

have reported possible associations of antimuscarinics with
increased risk of cardiovascular morbidity and mortality
[51–53], no effects have been consistently shown [54], par-
ticularly after controlling for confounders such as disease
severity [55,56]. 

Ipratropium

Among the early large-scale studies with ipratropium in
COPD were the comparative studies with metaproterenol
where its bronchodilator effect and safety were demon-
strated [57,58] and the anticholinergic class of broncho-
dilators as foundation therapy was grounded. The largest
controlled observation with ipratropium comes with the
original Lung Health Study [59] where it was concluded
that ipratropium bromide sustained its maintenance bron-
chodilatation over 5 years; however, there was no impact of
ipratropium treatment on the longer term decline in forced
expiratory volume in 1 s (FEV1). A retrospective analysis of
seven clinical trials comparing ipratropium with short-
acting β-agonists in COPD found that baseline lung func-
tion improved with the anticholinergic over 90 days – an
effect that was not seen with the β-agonist [60]. Additional
present day studies with ipratropium come in the form of it
being a gold standard comparator during the development
of alternative delivery systems and long-acting β-agonists.
For example, comparable efficacy and safety of chloro-
fluorocarbon (CFC) and hydrofluoroalkane (HFA) driven
metered dose inhaler (MDI) ipratropium has been demon-
strated [61,62]. The efficacy and safety of ipratropium have
been confirmed in trials evaluating salmeterol [63,64] 
and formoterol [65]. In the salmeterol trials, the efficacy of
ipratropium four times daily was reconfirmed and was sim-
ilar to salmeterol twice daily. The effects of ipratropium on
dyspnoea relief were more consistent than observed with
salmeterol. In the formoterol trial [65], ipratropium (40 μg
q.i.d.) significantly increased the area-under-the-curve
over placebo for FEV1; significantly greater responses were
seen in the formoterol-treated patients, which can be
caused, in part, by the fact that patients treated regularly
with anticholinergic therapy were not allowed to parti-
cipate in the study [66].

Short-acting anticholinergic–β-agonist
combinations

Ipratropium was the first bronchodilator to focus its clinical
development in COPD. Additionally, it was realized that
with the polypharmacy common in COPD, many patients
were co-prescribed a β-agonist with ipratropium. This was
the basis for the development of the fixed combination of
ipratropium bromide and albuterol, ultimately marketed 
as Combivent® [67]. The pharmacological basis for this
therapy rested on the distinct mechanisms of action of
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antimuscarinics and sympathomimetics which supported
the clinical research hypothesis that the combination
would provide superior bronchodilatation than either
agent administered alone. This was established in adequate
and well-controlled clinical trials where the fixed combina-
tion provided significant increases in spirometric endpoints
over the individual agents [68–70]. As illustrated in 
Figure 56.5, the additive benefit of the combination was 
consistent and maintained over the 3-month study period.
In a retrospective analysis of these data, we also reported
that more than 80% of patients receiving the combination
of ipratropium bromide and albuterol had a 15% or greater
increase in FEV1, providing support for the concept of
‘reversibility’ in COPD [71].

Tiotropium

The functional and therapeutically relevant consequence 
of the prolonged receptor binding of tiotropium was first
demonstrated in the form of sustained improvement in the
FEV1 of stable COPD patients, thus forming the basis for
once daily therapy [72,73]. This effect observed from single-
dose studies was confirmed in a 4-week dose–response trial
[74] that set the stage for development of 18 μg tiotro-
pium once daily for long-term maintenance therapy. One
unique trial provided the first around-the-clock (every 3 h)
assessment of spirometry in COPD [75]. This study pro-

vided evidence for the effectiveness of tiotropium through-
out its dosing interval as well as interesting insights into 
the circadian spirometric response in this patient group
(Fig. 56.6).

The major development studies for tiotropium consisted
of two replicate trials for each of the major comparators
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including usual care (placebo), ipratropium and salmeterol.
In the individual and reported integrated analysis of these
studies, tiotropium provided consistently better broncho-
dilatation than all comparators (Fig. 56.7) [7–9]. Spirometric
responses were consistent in all trials, with the exception of

one sister study versus salmeterol where the primary end-
point (trough FEV1) was directionally, but not statistically
significantly greater. Statistical significance favouring
tiotropium over placebo and salmeterol was seen in all
other spirometric endpoints (Fig. 56.8). The response 
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to tiotropium was maintained over 6 months, while the
effects with salmeterol decreased over time [76]. A recent
report from a completed third comparator trial once again
showed significantly greater bronchodilatation of tiotropium
over salmeterol, including the primary endpoint of the 12-h
spirometric response [77]. 

In addition to the improved spirometry, tiotropium has
been demonstrated to reduce hyperinflation as evidenced
by a marked reduction in static lung volumes [78–80].
These mechanical changes are likely associated with the
reduced dyspnoea observed in both the shorter term [79]
and longer term trials [7–9], as measured by the validated
Transition Dyspnea Index (TDI) [81–83]. Relief of hyper-
inflation at rest has also been accompanied by evidence
from two independent clinical studies [79,84] that operating

lung volume is reduced and exercise tolerance, as assessed
by endurance time, is improved (Fig. 56.9) [79,84].
Preliminary data have also revealed that tiotropium aug-
ments the effect of pulmonary rehabilitation [85]. The rela-
tionship between the mechanical and functional response
has been advanced in the past decade by O’Donnell et al.
[86], and the investigations with tiotropium now provide
substantial evidence of the impact that sustained bron-
chodilatation can have.

Furthermore, the sustained bronchodilatation and its
mechanical consequences are likely to be the basis for the
observed improvements in health status. Here, tiotropium
has been associated with improvements in all trials [6–8].
Understanding the improvements in health status with
tiotropium, which is the ultimate goal of therapy, must
consider both the mechanical benefits and the associated
improvements in endpoints, reflecting the number and
severity of exacerbations. Parameters associated with the
worsening of disease have been evaluated as secondary
endpoints in all of the major trials and consistent bene-
fits have been observed (Table 56.2). Importantly, when
exacerbations were evaluated as the primary endpoint in a
cohort of US Veteran’s Administration patients, tiotropium
has shown to again be associated with a reduction [87].
Additionally, a report from over 1000 patients in France
noted that tiotropium was significantly more effective than
placebo in reducing the incidence, severity and duration 
of COPD exacerbations [88]. These effects can have their
genesis in both the mechanical benefits (i.e. sustained 24-h
bronchodilatation) as well as the potential anti-inflammatory
effects that can accompany blockade of acetylcholine (see
above). It is well known that exacerbations impact quality
of life [89] and a retrospective analysis has shown that
tiotropium blunts the impaired health status associated
with frequent exacerbations [90]. 
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Table 56.2 The balance of evidence in clinical endpoints associated with exacerbation of disease and the impact of tiotropium.

Trial duration (weeks)

Study/variable 49 52 26 26

Percentage of patients with at least + (0.03) + (0.01) + (0.064) + (0.0368)
one exacerbation

Time to first exacerbation + (0.011) + (0.008) + (0.005) + (0.0337)
Number of exacerbations + (0.04) + (0.005) + (0.025) + (0.0028)
Percentage of patients with hospitalizations + (0.02) + (0.108) + (0.37) + (0.0557)
Time to first hospitalization + (0.007) + (0.048) + (0.137) + (0.0493)
Number of hospitalizations + (0.02) + (0.08) + (0.25) + (0.0131)

Numbers indicate the nominal P value associated with the comparison of tiotropium with the control (placebo or ipratropium).
Plus (+) indicates that tiotropium was numerically superior to the control. Table based on trials reported in [7,9,10,87].



Long-acting anticholinergic–β-agonist
combinations

Given the pharmacological premise that different modes 
of actions of anticholinergics and β-agonists on airway
smooth muscle would result in additive bronchodilator
response, there is no reason not to conclude that such
effects would operate with agents with longer durations of
effect. In a report describing the effects of ipratropium bro-
mide administered concurrently with salmeterol, it was
reported that significant increases in FEV1 and reduced
exacerbations only manifested with this combination and
not with salmeterol alone [91]. A report evaluating the
effects of tiotropium alone and in combination with for-
moterol [10] noted the greatest increase in FEV1 with
tiotropium and a significant added benefit when formoterol
was added. Further studies characterizing this effect, along
with expected growing clinical experience, will likely estab-
lish the roles of the bronchodilator combinations more
firmly.

Inhaled anticholinergic therapy has gained wide accept-
ance as a foundation treatment in COPD, based in large part
by the important role of the cholinergic nervous system 
in COPD. Treatment guidelines [92–95] and therapeutic
reviews [13,96–100] published in the past decade have
acknowledged this established role (Fig. 56.10). According
to these reviews [1,2,4], bronchodilators are the primary
intervention and mainstay of therapy, while other inter-
ventions such as inhaled steroids have restricted indication

Therapeutic role in COPD
(i.e. when additional treatment is required in severe dis-
ease). The recent introduction of tiotropium is an advance
as its stable, long-lasting and sustained bronchodilatation
achieved with a once daily regimen supports its role as
foundation therapy and there is substantial and growing
evidence of linked symptomatic and health status benefits
(Fig. 56.11). Finally, its comparative efficacy versus salme-
terol has been addressed in three trials (see Fig. 56.8) where
tiotropium has provided consistently better bronchodilata-
tion, with significantly greater spirometric responses during
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Figure 56.10 Pharmacological treatment of chronic
obstructive pulmonary disease (COPD) based on increasing
symptoms and disability. [+ theophylline] Add if tolerated:
long-acting β2-agonist (LABA) (i.e. formoterol or salmeterol);
LABA combined with an inhaled corticosteroid in one
preparation (LABA/ICS); short-acting β2-agonist (SABA) (i.e.
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[95] with permission.)
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the day for peak and average, and significant or directional
benefits in the trough value 24 h after tiotropium versus 12
h after salmeterol.
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CHAPTER 57

β2-Agonists

Malcolm Johnson

The pathophysiology of COPD may be considered as multi-
component in nature [1]. It involves the large airways,
small airways and lung parenchyma and comprises airway
inflammation, structural changes, mucociliary dysfunction
and a systemic component, all of which contribute to the
airflow limitation characteristic of the disease.

Airway inflammation in stable COPD is characterized 
by increased numbers of inflammatory cells such as neu-
trophils, CD8+ T lymphocytes, monocytes–macrophages and
mast cells, and elevated levels of inflammatory mediators
such as interleukin 8 (IL-8), tumour necrosis factor α (TNF-
α), leukotriene B4 (LTB4), RANTES, oxidants and proteases
[1]. Exacerbations of COPD are associated with increased
airway inflammation over stable disease and the increased
presence of other cells such as eosinophils [2]. Inflamma-
tion in COPD is associated with many structural changes
such as mural oedema, goblet cell hyperplasia and mucosal
glandular hypertrophy in the large airways, fibrosis with
collagen deposition and thickening of airway smooth muscle
in the small airways and alveolar destruction in the paren-
chyma [3]. Airway inflammation is also associated with
mucociliary dysfunction, including mucus hypersecretion,
increased mucus viscosity and reduced mucociliary trans-
port promoting bacterial colonization and mucosal damage
[4]. COPD also has a number of systemic manifestations:
weight loss, muscle weakness and reduced muscle mass [5]
and a high incidence of disease co-morbidity [1].

Several pathophysiological mechanisms may therefore
be responsible for airflow limitation in COPD. Because of
this complexity of the disease, pharmacological agents that
address more than one component of the underlying
pathophysiology may have greater clinical efficacy. 

Salbutamol, a short-acting β2-agonist (SABA), has been
used by patients with COPD over the past three decades to
treat and prevent symptoms. It remains the standard bron-
chodilator for use in COPD-related acute bronchospasm
and bronchitis. The major drawback with the first genera-

tion of β2-agonists is in their short duration of action (4–
6 h). The need for a drug with more prolonged broncho-
dilator activity for use in COPD has been met with the
development of the long-acting β2-agonists (LABAs), 
salmeterol [6] and formoterol [7]. The aim of this chapter is
to review the scientific and clinical evidence for the benefit
of β2-agonists in the treatment of COPD.

β2-Agonists exert their biological and therapeutic 
effects through β2-adrenoceptors, members of the seven-
transmembrane family of receptors, which are coupled to
adenylate cyclase through a trimeric Gs-protein, consisting
of α, β and γ subunits [8].

There is now good evidence that β2-adrenoceptors exist
in two forms, activated and inactivated, and that under
resting conditions these two forms are in equilibrium [9].
The β2-receptor is in the activated form when it is associated
with the α-subunit of the G protein and guanosine triphos-
phate (GTP), and it is through this α-subunit that the recep-
tor is coupled to adenylate cyclase (Fig. 57.1) to stimulate 
the conversion of adenosine triphosphate (ATP) to cyclic
adenosine monophosphate (cAMP). It is probable that β2-
agonists have their effects by binding to and temporarily
stabilizing receptors in their activated state [9]. cAMP cat-
alyses the activation of protein kinase A (PKA), which in 
turn phosphorylates key regulatory proteins involved in
the control of cell function [10]. cAMP also modulates
intracellular calcium ion (Ca2+) concentrations [11].

Salbutamol interacts directly with the active site of the
β2-adrenoceptor. Salmeterol, because of its lipophilic prop-
erties, partitions into the phospholipid membrane and 
diffuses laterally to approach the receptor through the cell
membrane (see Fig. 57.1). The side-chain of salmeterol
then binds to a discrete hydrophobic domain within the
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fourth transmembrane region of the β2-adrenoceptor,
called the exosite [12]. Binding to the exosite prevents the
molecule from dissociating from the receptor and the sali-
genin head of salmeterol is then free to engage and dis-
engage with the active site of the receptor, leading to a 
long concentration-independent duration of action [13].
Formoterol, which is moderately lipophilic, enters the
membrane lipid bilayer and is retained as a depot (see 
Fig. 57.1). Subsequently, it gradually leaches out from the
membrane to activate the receptor, imparting a prolonged
concentration-dependent effect [14].

Inflammatory cells

β2-Receptors are present on a range of inflammatory cells
that have been implicated in the pathophysiology of COPD
(Table 57.1).

Effects of β2-agonists on airway
inflammation

Anti-neutrophil effects of β2-agonists
Neutrophils have relatively low β2-receptor density [15].
Nevertheless, LABAs have been shown to reduce the num-
ber of neutrophils in the airway by inhibiting adhesion
[16], accumulation [17], chemoattractant release [18] and
by inducing apoptosis [19].

Adhesion of human neutrophils is attenuated by agents
that elevate cAMP through inhibition of neutrophil Mac-1
cell surface expression. Salmeterol increased human neu-
trophil cAMP levels in a concentration-dependent manner
[20]. Bloemen et al. [16] showed that salmeterol inhibited
N-formyl-methionyl-leucyl-phenylalanine (fMLP) stimu-
lated human neutrophil adhesion to human airway epithe-
lial cells. The relevance of these findings to COPD patients 
is unclear.

In addition to their effects on adhesion, β2-agonists also
affect neutrophil accumulation [17]. In a clinical study 
of patients with mild asthma, salmeterol (50 μg b.i.d. for 
6 weeks) treatment significantly reduced the number of
neutrophils in bronchial biopsies [17]. The addition of sal-
meterol (50 μg b.i.d.) to low-dose inhaled corticosteroids
(ICS) also reduced neutrophils in bronchoalveolar lavage
(BAL; P < 0.02) from asthmatic patients with mild to 
moderate disease over 3 months [21]. Whether LABAs
alone exhibit inhibitory effects on neutrophil accumulation
in COPD has yet to be established.

IL-8 may be important in COPD pathophysiology because
it is a chemoattractant and an activator for neutrophils.
Three months’ treatment with salmeterol (50 μg b.i.d.)
reduced BAL IL-8 concentrations in asthmatics’ ICS [21].
Compared with placebo, salmeterol also reduced the 
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Figure 57.1 Interactions
of salbutamol (short-acting 
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and formoterol (long-acting 
β2-agonists, LABAs) with the 
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triphosphate; cAMP, cyclic
adenosine monophosphate.

Table 57.1 Cellular β2-receptor distribution.

Smooth muscle cells
Airway epithelial cells
Vascular endothelial cells
Inflammatory cells
Type II alveolar epithelial cells
Skeletal muscle cells
Fibroblasts



concentrations of myeloperoxidase and lipocalin (indicators 
of neutrophil activation) in bronchoalveolar lavage fluid
(BALF) [17]. Formoterol and salmeterol [20,22,23] caused
down-regulation of neutrophil respiratory burst (oxygen
production) in response to fMLP, while salbutamol was
without effect. Salmeterol also inhibited fMLP-induced
intracellular calcium flux, phospholipase A2 activity and
synthesis of platelet-activating factor (PAF) [24]. This may
be relevant because PAF has been associated with ciliary
dysfunction, cytotoxicity and impaired mucociliary clear-
ance [25]. Therefore, LABAs have the potential to decrease
neutrophil activation in patients with COPD and may be
useful in reducing the cytotoxic effects of neutrophil-
derived oxidants at sites of inflammation within the air-
ways (Table 57.2).

When neutrophils fail to undergo apoptosis, or pro-
grammed cell death, they die by lysis releasing their cellular
components into the airways. In contrast to corticosteroids,
LABAs can induce apoptosis in human neutrophils [19].
Salmeterol has been shown to increase apoptosis in human
neutrophils via activation of the β2-adrenoceptor and 
elevation of intracellular cAMP [19]. Although at present
there are no published studies investigating the effect of
formoterol on neutrophil apoptosis, it is likely to have sim-
ilar activity to salmeterol.

A possible reduction by LABAs in the number of neu-
trophils in airway tissue and in the airway lumen may 
contribute to clinical efficacy in COPD.

Effects of β2-agonists on monocytes–macrophages
Peripheral blood monocytes express high numbers of 
β2-receptors, and there have been a number of reports of
β2-agonist inhibition of cytokine release from human
monocytes in vitro [26]. For example, LABAs have been
shown to inhibit TNF-α and IL-8 release from monocytes
predominantly via the β2-receptor through the generation
of cAMP and activation of PKA. Maximum inhibition
occurred at 10−8 mol/L [27]. Both salmeterol and for-
moterol also inhibited LTB4 and IL-1β secretion from
human blood monocytes by a β2-receptor-independent
mechanism, but only salmeterol lowered the secretion of
prostaglandin E2 (PGE2) [28]. In contrast, the differentiated
macrophage, with lower β2-receptor density, exhibits
reduced sensitivity to β2-agonists. Concentrations of for-
moterol and salmeterol in excess of 10−6 mol/L were
required to inhibit superoxide, protease and thromboxane
B2 release from alveolar macrophages in vitro [29].

Mucosal oedema

Many of the mediators released by inflammatory cells have
the potential to induce tissue oedema, which is initiated 
by increased microvascular permeability to plasma proteins
in the airway. Hill et al. [30] showed an inverse relation-
ship between protein concentrations in BALF from COPD
patients and lung function. A recent study has suggested
that β2-agonists may have a beneficial effect on pulmonary
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Table 57.2 Effects of β2-agonists on multicomponent pathophysiology of COPD.

Component β2-agonist effect References

Mucociliary dysfunction 1
Increased ciliary beating 32–35
Increased mucociliary transport 37–41
Decreased mucosal damage 54, 55
Increased mucus hydration 45

Airway inflammation 1
Anti-neutrophil activity 16–24
Inhibition of monocytes/macrophages 26–29
Reduction in IL-8, oxidant and PAF release 21–24
Attenuation of mucosal oedema 31, 50, 51
Increased surfactant secretion 49

Structural changes 1
Inhibition of smooth muscle cell and fibroblast proliferation 61
Inhibition of fibroblast contraction and differentiation 62, 63

Systemic component 1
Increased respiratory muscle contractility 65–67

IL-8, interleukin 8; PAF, platelet-activating factor.



oedema [31]. Inhaled salmeterol (100 μg) decreased the
incidence of high-altitude pulmonary oedema (assessed radio-
logically) by more than 50% compared with placebo, at the
same time as arterial O2 saturation increased. The relevance
of this observation to mural oedema in COPD remains to be
established.

Airway inflammation in COPD is associated with both
epithelial and mucociliary dysfunction [1]. 

Mucociliary dysfunction

During exacerbations of COPD, the airways can be ob-
structed by mucus as a result of increased production, altered
rheology, as well as by defective mucociliary clearance.

Mucociliary clearance
Stimulation of epithelial β2-receptors by β2-agonists
increases ciliary beat frequency (CBF) and mucociliary
transport (MCT). Salbutamol and salmeterol increased 
CBF in human nasal epithelial cells, with salmeterol being
active at 100-fold lower concentrations than salbutamol [32].
A similar study with human bronchial epithelium revealed
that, while salbutamol induced a transient increase in CBF,
salmeterol caused a significant increase for 24 h [33].
Salmeterol (10−7 M) increased CBF from 8.6 Hz to 10.0 Hz
in epithelial cells taken from COPD patients [34]. At lower
concentrations, salmeterol, while having no effect itself,
inhibited Pseudomonas aeruginosa (PA) pyocyanin-induced
reduction in CBF [35]. At present, there are no published
accounts on the effect of formoterol on CBF.

Short-acting β2-agonists such as salbutamol and terbu-
taline have been reported to increase MCT in vivo [36].
This has also been shown with salmeterol and formoterol.
Studies in healthy subjects showed that salmeterol (50 μg)
significantly increased mucociliary transport compared
with placebo [37,38]. A clinical study with salmeterol in
asthmatic patients indicated a modest enhancement of
mucociliary function [39]. Formoterol (24 μg b.i.d. for 
7 days) has also been shown to significantly increase
mucociliary clearance in bronchitic patients [40]. In con-
trast, the long-acting anticholinergic, tiotropium, had no
significant effect on mucociliary clearance in COPD [41].

Airway secretions
The efficiency of mucociliary clearance is also affected by
the amount and physical properties of airway secretions.
Both α-adrenergic and β2-receptors are present on submu-
cosal gland mucous cells [42], but earlier studies did not
report consistent effects of β2-agonists on mucus viscosity

Effects of β2-agonists on the airway
epithelium

and glycoprotein secretion [43]. However, a recent study
[44] has shown that the LABA, salmeterol, but not the
SABA, salbutamol, potentiates the inhibitory effect of corti-
costeroids on mucin secretion by airway epithelial cells.
This effect of salmeterol was synergistic in nature, decreas-
ing the IC50 for fluticasone propionate (FP) from 1.8 nM to
0.3 nM [44]. There is a growing body of literature [45] that
supports the role of β2-agonists in increasing mucus hydra-
tion, thereby possibly reducing viscosity and thus aiding
effective mucociliary transport.

Cigarette smoke is known to adversely affect surfactant
[46] and Anzueto et al. [47] showed that aerosolized sur-
factant resulted in an improvement in mucociliary trans-
port in patients with stable chronic bronchitis. Surfactant may
also modulate the function of respiratory inflammatory
cells [48]. β2-Agonists enhance secretion of surfactant
(phosphatidylcholine, PC) by type II epithelial cells.
Salmeterol stimulated PC secretion by up to 60% with a
duration of action of more than 6 h [49]. More investiga-
tions evaluating the potential benefits of β2-agonists in
modulating surfactant secretion are needed.

Finally, β2-agonists increase fluid clearance (reabsorp-
tion) by stimulating apical sodium uptake and sodium/
potassium-adenosine triphosphatase activity in type II cells
[50]. Terbutaline stimulated clearance of alveolar fluid
through amiloride-sensitive and amiloride-insensitive path-
ways [51] and salmeterol increased alveolar fluid clearance
in human lung explants instilled with iso-osmolar albumin
solution [52]. Augmented fluid clearance with LABAs
could contribute to a reduction in exacerbations of COPD.

Mucosal damage
Recurrent bacterial infection is a hallmark of COPD. With
increased mucus accumulation in the airways and com-
promised mucociliary clearance, patients with stable COPD
are frequently colonized by bacteria such as unencapsulated
Haemophilus influenzae (HI), Streptococcus pneumoniae (SP) and
Moraxella catarrhalis [52]. Bacteria damage the respiratory
epithelium by releasing toxins, proteases, oxidants and
other mediators, and by stimulating recruitment  of inflam-
matory cells, which release pro-inflammatory mediators.

LABAs have a cytoprotective effect on the respiratory
epithelium against microorganisms [54,55]. Salmeterol
inhibited the invasiveness of SP and HI into airway 
epithelial cells, partly due to decreased expression of PAF
receptors on the cell surface [53]. Salmeterol protected the
respiratory epithelium against ultrastructural damage
(cytoplasmic blebbing, mitochondrial damage) induced by
the PA-derived toxin, pyocyanin and elastase [54]. This
effect, which was mediated via β2-receptors, was not appar-
ent with SABAs or the anticholinergic, ipratropium 
bromide [54]. Salmeterol also protected the respiratory
epithelium against HI-induced damage [55], with preserva-
tion of the number of both ciliated and unciliated cells and a
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concomitant reduction in epithelial stripping, as well as
inhibition of the number of bacteria adhering to the respir-
atory mucosa [55]. A cytoprotective effect of formoterol 
has not been reported but, if used in sufficient concentra-
tions to increase cAMP over time, is likely to have the same
activity. It is encouraging that the concentration range 
of salmeterol for epithelial cytoprotective activity is similar
to that observed in human peripheral lung tissue in vivo,
following an inhaled dose of 50 μg [56].

De Bentzmann et al. [57] showed that salmeterol signi-
ficantly reduced transepithelial permeability, as assessed 
by transepithelial resistance, mannitol flux and diffusion of
a low molecular weight tracer, and prevented degradation
of epithelial cell tight junctional proteins such as ZO1 and
vinculin. Maintenance of tight junction integrity by salme-
terol may be caused by prevention of bacterial-induced
reductions in intracellular cAMP or, more importantly, 
by up-regulation of junctional protein expression [55].
Preservation of the number of ciliated cells and stimulation
of ciliary beating by salmeterol may protect the respiratory
epithelium against bacterial-induced damage by preventing
bacterial adherence and by reducing the concentration of
bacterial toxins in the microenvironment of the mucosal
surface.

A reduction by LABA in the number of bacteria adhering
to the epithelium may render patients less prone to acute
bacterial infections. The incidence of respiratory infections
in a 16-week study [58] in COPD patients was 15% with
placebo, compared with 8% with salmeterol (P < 0.005).
This was confirmed in a second study of salmeterol in COPD
[59], where the incidence of bronchitis was 1%, compared
with 8% in the placebo group (P < 0.001). Thus, it appears
that salmeterol offers some protection against respiratory
infections, perhaps by having a cytoprotective effect on the
airway epithelium [60].

The clinical relevance of airway smooth-muscle and 
fibroblast proliferation in patients with COPD remains to be
determined. Salbutamol and salmeterol-inhibited human
airway smooth-muscle cell proliferation in vitro induced by
mitogens, such as thrombin, an effect that was mediated 
by an increase in cAMP and an action on cyclin D1 [61].
Similarly, β2-agonists also attenuated fibroblast contrac-
tion in vitro [62] and the differentiation of fibroblasts to
myofibroblasts [63], suggesting a potential antifibrotic
activity (see Table 57.2). Again, it is encouraging that
human peripheral lung tissue concentrations of salmeterol
[56] exceed that shown to have antiproliferative activity 
in vitro [61]. Furthermore, although carried out in asthmatic
patients, a recent study has shown that salmeterol, when

Potential effects of β2-agonists on
structural changes in COPD

added to ICS, reduces the degree of ongoing angiogenesis
[64], a recognized component of airway remodelling.

Recent evidence suggests that β2-agonists may have bene-
ficial effects on respiratory muscle contractility and there-
fore improve the mechanics of breathing in COPD [65,66].
In healthy subjects, salbutamol (10–20 μg i.v.) was shown
to increase minute ventilation, tidal volume and respiratory
flow, both at rest and under conditions of CO2 stimulation
[65]. This was associated with enhanced contractility of
parasternal muscles, a surrogate for the diaphragm. Import-
antly, this effect was also observed with inhaled salmeterol
(50 and 100 μg) where increases in minute ventilation  were
parallelled by enhanced parasternal contractility, independent
of changes in pulmonary mechanics and heart rate [66].

The clinical relevance of these findings has now been
investigated in COPD patients. Salmeterol/FP combination
produced a significant increase in both ventilation and
parasternal muscle contractility in severe COPD patients
who were bronchodilator unresponsive and had minimal
improvement in gas trapping [67]. It is an interesting pos-
sibility that the action of salmeterol may be similar to the 
recognized ‘theophylline effect’ on the diaphragm and other
respiratory muscles [68], and may be particularly crucial at
later stages of the disease. 

β2-Agonists are recommended in treatment guidelines for
COPD [66] as they improve lung function, reduce symptoms
and protect against exercise-induced dyspnoea. Several
clinical studies have investigated the effect of LABAs in
COPD and have shown them to provide important benefits
in symptomatic patients (Table 57.3). Both salmeterol [70]
and formoterol [71] significantly improve lung function
(forced expiratory volume in 1 s [FEV1], forced vital capac-
ity [FVC] and peak expiratory flow rate [PEFR]) and appear
to be more effective than SABAs. Other improvements
include a reduction in breathlessness, hyperinflation, night-
time awakenings, rescue medication usage and respiratory
tract infections, an increase in health status and a decrease
in exacerbations and hospitalizations [72–74]. 

LABAs versus placebo

A 12-week study examined the onset and duration of
action of salmeterol in COPD [75]. Clinically significant
bronchodilator activity (≥ 0.1 L increase in FEV1) occurred

Clinical efficacy of β2-agonists in patients
with COPD

Effects of β2-agonists on the systemic
component of COPD
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on day 1 after 24 min. This was maintained throughout the
study. The duration of action was 10.9 and 11.7 h on day 1
and day 84, respectively. The bronchodilator response to
LABAs in COPD therefore shows no evidence of tolerance
(Fig. 57.2).

The efficacy and safety of 50 and 100 μg salmeterol b.i.d.
was studied in COPD patients over 16 weeks [70]. FEV1

improved significantly in the salmeterol group compared
with placebo (P < 0.001), and significant reversibility to sal-
meterol was present in patients classified as not reversible
to salbutamol at baseline. Maesen et al. [76] also demon-
strated that inhaled formoterol caused long-lasting dose-
dependent lung function improvement in COPD patients
poorly reversible to terbutaline.

Treatment with LABAs significantly decreased daytime and
night-time symptom scores, improved dyspnoea and reduced
hyperinflation. In a randomised, double-blind crossover study
over 2 weeks, salmeterol (50 μg b.i.d.) increased inspiratory
capacity, tidal volume, mean inspiratory and expiratory
flow, ventilation, oxygen uptake and carbon dioxide output
[77]. These improvements were accompanied by increased
peak exercise endurance [77]. These effects were associated
with a clinically significant improvement in health status
(quality of life) with salmeterol and formoterol, which 
correlated with patient and physician assessments of treat-
ment efficacy [73].

In a 12-month randomized double-blind parallel group,
placebo-controlled study in COPD [78], end-of-treatment
predose FEV1 was 1323 mL following salmeterol (50 μg b.i.d.)
compared with 1264 mL with placebo (P < 0.0001). The
rate of exacerbations was 1.04 and 1.30/year in the salme-
terol and placebo groups, respectively; a reduction of 20%
(P = 0.003). Exacerbations that required oral corticosteroids
were also reduced by 29% in the salmeterol group [78].
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Efficacy
Increased lung function:

FEV1 59, 70–72, 75–86, 90–94, 126
FVC 72, 76, 80–85, 91, 126
PEFR 78, 79, 85, 92
Inspiratory capacity 90

Decreased lung hyperinflation 72, 90
Decreased dyspnoea 59, 72, 85, 88, 90, 91
Increased health status 59, 71, 73, 85, 86, 93, 94
Decreased rescue medication use 85, 86, 93, 94
Decreased night-time awakenings 85, 93
Decreased respiratory tract infections 58, 59
Decreased hospitalizations 74
Decreased exacerbations 78
Increased survival 122

Safety
No effect oxygen saturation at rest or during exercise 139
No clinically significant effect on heart rate, ECG, 139, 140
QTC interval or blood pressure

ECG, electrocardiogram; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity;
PEFR, peak expiratory flow rate.
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Figure 57.2 Effects of salmeterol (50 μg b.i.d. for 12 weeks)
on forced expiratory volume in 1 s (FEV1) in patients with
COPD. FEV1 (L) as change from baseline following a dose of
salmeterol (50 μg) was measured over 12 h at week 0 (solid
line) and week 12 (dashed line) of treatment. (From Rennard
et al. [85] with permission.)

Table 57.3 Clinical efficacy and
safety of long-acting β2-agonists
(LABAs) in COPD.



A similar 12-month study [79] in a more severe COPD
population (FEV1 of less than 50%) showed an improve-
ment in post-dose FEV1 with formoterol (4.5 μg b.i.d.) 
of 140 mL (14%) compared with placebo. Reductions in
severe exacerbations were, however, only 2% and the
decrease in oral steroid use was 3% [79]. 

Salmeterol versus formoterol

Salmeterol and formoterol are both effective in improving
airflow limitation in patients with COPD. Cazzola et al.
[80] showed that salmeterol (50 μg) induced a dose-
independent bronchodilator response, which lasted longer
than formoterol (12 or 24 μg). However, in another study
[81], there was no significant difference in the duration of 
action of salmeterol and formoterol (both less than 12 h).
Disparity in these results may be explained by differences 
in the severity of disease. In a later dose-ranging study,
Cazzola et al. [82] showed that both salmeterol (25, 50 and
75 μg) and formoterol (12, 24 and 36 μg) induced an
increase in FVC and FEV1 over 12 h in patients with partially
reversible but severe COPD.

In some studies [83], formoterol has been shown to
induce bronchodilatation more rapidly than salmeterol.
Celik et al. [83] showed formoterol and salmeterol induced
a clinically and statistically significant improvement in FEV1

compared with placebo, after 10 and 20 min, respectively.
This difference between salmeterol and formoterol is, how-
ever, lost on chronic dosing because bronchodilatation is
still evident 12 h after the last dose [80,82].

LABAs: comparison with other therapies

In patients with stable COPD, LABAs have been shown to
be more effective than short-acting anticholinergic agents
or theophylline.

LABAs versus anticholinergics
Several studies have compared salmeterol with ipratropium
bromide in terms of safety and efficacy in COPD patients
[59,84,85]. Salmeterol showed a greater improvement in
FEV1 compared with ipratropium bromide or placebo [59].
Patients treated with ipratropium bromide experienced a
trough in FEV1 after 6 h because of its shorter duration of
action, whereas those receiving salmeterol had a sustained
improvement in FEV1 over 12 h. Salmeterol also improved
morning peak expiratory flow (PEF), evening PEF and night-
time shortness of breath (P = 0.04) compared with ipratro-
pium bromide. These beneficial effects were apparent in those
patients who were responsive as well as those unresponsive
to salbutamol at baseline. Patients with partially reversible
COPD, pretreated with salmeterol, responded normally to
salbutamol when required for rescue therapy [84].

While one study demonstrated that salmeterol extended
the time to first exacerbation [59], this was not confirmed
in a second study [85], where the percentage of patients
experiencing one or more COPD exacerbations over the 
12-week treatment period were 30.4, 28.8 and 26.8% for
the placebo, salmeterol and ipratropium groups, respect-
ively. However, 20 patients (14.8%) in the placebo group
experienced their first exacerbation during week 1, com-
pared with six patients (4.6%) in the salmeterol group.
Interestingly, the trend for salmeterol to reduce exacerba-
tions does not appear to be an effect associated with SABA.

A number of studies have also compared formoterol with
ipratropium bromide. Dahl et al. [86] studied the efficacy
and safety of 12 weeks of treatment with formoterol (12
and 24 μg b.i.d.) or ipratropium bromide (40 μg q.i.d.) 
in patients with COPD. In terms of improving FEV1,
both doses of formoterol were significantly superior to 
ipratropium bromide. In addition, the onset of action 
of formoterol (less than 5 min), was faster than that of 
ipratropium bromide, and the duration of action was at
least 12 h [86]. Formoterol also significantly improved
quality of life and reduced the number of ‘bad’ days (more
than 20% reduction in PEF and/or at least double symptom
score) compared with ipratropium bromide [86].

Inhaled SABAs have been shown to reduce dynamic
hyperinflation during exercise, thus improving breathless-
ness on exertion [87,88]. This may be an effect of β2-
agonists in improving lung emptying, resulting in reduced
lung volumes. In this context, reduction in end-expiratory
lung volume following β-agonist bronchodilators is better cor-
related with improved dyspnoea than FEV1 [84]. In a recent
study [89], the effect of 1 week of treatment with 4.5, 9.0 or
18.0 μg formoterol b.i.d. on exercise capacity was compared
with that of 80 μg ipratropium bromide t.i.d. or placebo,
using a bicycle ergometer test. All three doses of formoterol
significantly prolonged the time to exhaustion, which was
comparable to the effect of 80 μg ipratropium t.i.d. The
maximum Borg dyspnoea scale was unaffected. Similar
data were reported by Ayers et al. [90] and Patakas et al.
[91], who evaluated the effect of salmeterol in an ergo-
metry and a treadmill exercise test, respectively. The mean 
distance walked did not increase by more than 9.1 m 
(10 yards) during the 12-week treatment period [91]. How-
ever, salmeterol significantly reduced the prewalk dyspnoea
score, but there were no significant differences in postwalk
Borg scores at the end of the study period.

A 6-month study has compared the effects of salmeterol
(50 μg b.i.d.) with tiotropium (18 μg o.d.) in COPD [92]. In
terms of lung function, mean trough FEV1 responses were
approximately 50 mL higher with tiotropium than salme-
terol, increases in morning PEFR were 11% and 9% in the
tiotropium and salmeterol groups, respectively, and there
were equal reductions in lung hyperinflation [92]. Both
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groups reduced the need for rescue medication to the 
same extent, and there were fewer exacerbations (36.8%,
tiotropium; 38.5%, salmeterol) compared with placebo
(45.8%).

LABAs versus theophylline
In the long-term treatment of patients with COPD, LABAs
were shown to be more effective than oral (dose-titrated)
theophylline. Salmeterol (50 μg b.i.d.) was statistically
more effective than theophylline in improving FEV1 and
morning PEF, and in increasing the percentage of days and
nights without symptoms [93]. Salmeterol was also signi-
ficantly superior to theophylline in reducing the need 
for additional salbutamol during the day and night and
increasing patient quality of life [93]. Similar findings 
have been reported for formoterol over 12 months [94].
Treatment-related adverse events were more frequent
among patients receiving theophylline.

Interactions between β2-agonists and
corticosteroids

A complementary effect occurs when the response of two
or more drugs combined produces a greater effect than
either drug alone. An additive effect is where the combined
response of two or more drugs equals the sum of the
response of the individual drugs. A synergistic effect occurs
when the combined response of two or more drugs is greater
than the sum of the response of the individual drugs.

Complementary interactions at the molecular and
receptor levels
Corticosteroids (CS) increase the synthesis of β2-receptors
and reduce receptor desensitization [95]. β2-Agonists, par-
ticularly LABAs, modulate glucocorticoid receptors (GRs)
by priming the GR for subsequent corticosteroid binding
and by increasing the translocation of the GR from the 
cell cytosol to the nucleus [96,97]. GRs are modulated 
by phosphorylation which leads to activation, and depho-
sphorylation which leads to inactivation [98]. LABA-induced
GR priming is achieved by mitogen-activated protein
kinase (MAPK) dependent phosphorylation [99]. When
salmeterol or formoterol stimulate the β2-receptor, the 
G-αs subunit disassociates and the residual βγ-subunit of
the G-protein initiates an intracellular signalling cascade,
culminating in the activation of MAPK [100]. This has been
demonstrated with salmeterol in cells transfected with a
MAPK-luciferin/luciferase reporter construct and directly,
by isolation of phospho-MAPK [101].

Combination therapy with LABAs and
corticosteroids

Activation of the MAPK pathway by the LABA requires
that the β2-receptor is phosphorylated, probably by PKA.
MAPK then phosphorylates the GR at a number of proline-
directed serine residues in the N-terminus region of the
receptor [102]. Phosphorylated GR has been detected in
cells, containing both β2-receptors and GRs, when stimu-
lated with salmeterol in the presence of radiolabelled 
phosphate [103]. An increase in negative charge at the 
N-terminal domain of the receptor resulting from phospho-
rylation may lead to a conformational change in the GR
protein, leading to the ‘priming’ event and rendering the
receptor more sensitive to steroid-dependent activation.

Translocation of the GR from the cell cytosol to the
nucleus is a fundamental step in the anti-inflammatory
activity of ICS. GR translocation has been shown to be
increased by the addition of a LABA in vitro [96,97] and in
some cases in vivo [104]. The mechanism of this effect has
been further investigated. Salmeterol and formoterol have
been shown to activate a CCAAT enhancer binding protein
(C/EBP-α) in airway smooth muscle cells [105] and in
epithelial cells). The synchronous activation of GR by CS
and of C/EBP-α by LABA allows a heterodimer between 
GR and C/EBP-α to form, increasing the activation of the
receptor and nuclear translocation [105]. Haque et al. [106]
showed that the combined inhalation of salmeterol (50 μg)
and FP (100 μg) by COPD patients increased the nuclear
translocation of GR in sputum macrophages significantly
more than the same dose of FP alone and equivalent to a
fivefold higher dose of steroid [106]. Whereas budesonide
(BUD) (800 μg) also significantly increased the transloca-
tion of the GR from the cytosol into the nuclei of peripheral
blood leucocytes, the combination with formoterol (24 μg)
did not enhance this effect versus BUD alone. 

Complementary anti-inflammatory effects 
of LABAs and corticosteroids 
Complementary cellular effects of LABAs and CS that may
be of relevance in COPD have been demonstrated in vitro
in terms of inhibition of inflammatory mediator release
[107–109], protection of the respiratory mucosa against
bacterial-induced damage [110], inhibition of neutrophil
chemoattractant release [107–109], eosinophilic oxidative
burst [111] and myofibroblast differentiation [63], and
stimulation of T-lymphocyte apoptosis [112].

Dowling et al. [110] reported that incubation of human
respiratory mucosa with either salmeterol or FP alone,
significantly inhibited PA-induced epithelial damage and
loss of ciliated cells in a concentration-dependent manner.
However, when a combination of salmeterol and FP was
used, the loss of cilia from the epithelial surface was syner-
gistically reduced [110]. 

IL-8 is a major neutrophil chemoattractant involved in
the pathogenesis of COPD. Pang and Knox [107] showed
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that TNF-α-induced IL-8 release from human airway
smooth-muscle cells was markedly inhibited by FP, but
unaffected by salmeterol. However, a combination of 
salmeterol with FP synergistically enhanced the inhibition
induced by the CS. Cigarette smoke-induced release of IL-8
from human monocyte-derived macrophages was syner-
gistically inhibited by a combination of FP and salmeterol.
Similar results were reported in human alveolar macro-
phages isolated from the BALF of COPD patients. FP 
(10−8–10−12 mol/L) inhibited IL-8 and TNF-α production in
a dose-dependent manner, while salmeterol was without
effect [108]. Combining both drugs resulted in a greater
inhibition of cytokine production than FP alone [108].
Combination therapy with FP (10−9 or 10−10 mol/L) and 
salmeterol (10−9 mol/L) also synergistically inhibited 
rhinovirus-induced IL-8 and RANTES release from
bronchial epithelial cells [109].

Inhibition of cytokine release by CS is thought to be
caused by reduced activation of transcription factors such 
as GATA-3 and nuclear factor κB (NF-κB) (via IKKβ),
Maneechotesuwan et al. [113] showed that GATA-3
nuclear localization in peripheral blood mononuclear cells
was decreased by inhaled FP (both 100 and 500 μg) but
unaffected by salmeterol (50 μg). However, a combination
of salmeterol (50 μg) with the lower dose of FP (100 μg)
synergistically reduced GATA-3 nuclear expression [113].
Similarly, in human bronchial epithelial cells FP caused a
dose-dependent inhibition of IKKβ phosphorylation [114].
The combination of FP and salmeterol caused an inhibition
of IKKβ phosphorylation which was significantly greater
than FP alone (0.01 μmol/L) and similar to that achieved 
by a higher concentration of FP (0.1 μmol/L). A number 
of studies have now investigated the anti-inflammatory
effects of LABA/ICS combinations.

In COPD patients, the combination of salmeterol and FP
at a dose of 50/500 μg b.i.d. significantly (P < 0.04) reduced
neutrophils in induced sputum over 13 weeks [115].
Similarly, whereas FP (500 μg b.i.d.) alone increased neu-
trophil numbers in airway tissue from COPD patients, this
was not observed [116] when salmeterol was added to the
inhaled corticosteroid.

In a study in COPD, the salmeterol/FP combination
(50/500 μg b.i.d.), but not FP alone, reduced macrophages
(CD68+ cells) in airway tissue over 3 months of treatment
[116]. However, a second study [115] failed to show an
effect compared with placebo.

There is evidence for a key role for the CD8+ T-
lymphocyte in the pathophysiology of COPD and an elev-
ated CD8/CD4 ratio has been reported [2]. Three studies
[115–117] have investigated the effect of salmeterol/FP
combination therapy on airway T-lymphocyte populations
in COPD patients. Both CD8+ and CD4+ cells were
significantly reduced over 3 months [115–117] and this

effect was greater than that observed with FP alone
[116,117]. In addition, cells staining positive for mRNA for
TNF-α and IFN-γ were also suppressed [115]. These broad
spectrum anti-inflammatory effects observed when a LABA
is added to an ICS may have relevance to the enhanced
clinical benefit in COPD.

Elevated numbers of eosinophils have been found in the
induced sputum, bronchial biopsies and lamina propria of
COPD patients, particularly during an exacerbation [2].
Both formoterol (1–10 nmol/L) and BUD (1–100 nmol/L)
when administered separately inhibit superoxide genera-
tion from peripheral blood eosinophils. Combination of a
low concentration of BUD (0.1 nmol/L) with formoterol 
(1 nmol/L) inhibited eosinophilic oxidative burst with an
effect that was more than additive [111]. Another key ele-
ment in the anti-inflammatory effects of ICS is their ability
to shorten the survival of inflammatory cells in airway 
tissue. In T lymphocytes, apoptosis in response to FP, at
both low and higher concentrations, was enhanced by the
addition of salmeterol [112].

Airway remodelling occurs in both asthma and COPD
[1,2] and has been shown to be associated with increased
numbers of activated fibroblasts, many of which have the
phenotypic characteristics of myofibroblasts (i.e. express α-
smooth muscle actin [SMA]). Giuliani et al. [63] showed
that transforming growth factor β1 (TGF-β1), a cytokine
present in increased quantities in COPD, induced a dose-
dependent increase in the number of SMA-positive cells 
in primary human airway fibroblast culture. This TGF-β1-
induced myofibroblast differentiation was effectively down-
regulated by salmeterol and FP. Both agents administered
together produced a synergistic inhibitory effect [63].

Clinical efficacy of LABA/ICS combination
therapy

What is the clinical rationale for combining LABAs with 
ICS in the treatment of COPD? First, LABAs are potent
bronchodilators and have non-bronchodilator activity [18],
which may be relevant to their efficacy in COPD. Secondly,
LABAs and ICS influence different aspects of COPD patho-
physiology, so together they may provide an additive thera-
peutic effect. Finally, there is some evidence of synergy
between LABAs and ICS in COPD which may be important
in improving the overall clinical efficacy of the combination.

The efficacy of inhaled salmeterol/fluticasone propionate
50/250 or 50/500 μg b.i.d. compared with its components
or placebo in the treatment of patients with COPD was ini-
tially evaluated in three randomized double-blind placebo-
controlled 24-week multicentre trials [118–120].

In the first study [118], a significantly greater increase in
predose FEV1 at endpoint was observed after combination
therapy (15%) compared with salmeterol (10%; P = 0.012)

β2-AGONISTS 677



and placebo (2%; P < 0.0001). An increase in 2-h postdose
FEV1 was also observed after treatment with the combina-
tion (261 mL) compared with FP (138 mL; P < 0.001) and
placebo (28 mL; P < 0.001). There were greater improve-
ments in the Transitional Dyspnoea Index (TDI) with 
salmeterol/FP (2.1) compared with FP (1.3; P = 0.033),
salmeterol (0.9; P < 0.001), and placebo (0.4; P < 0.0001).
There was an associated reduction in the need for rescue
salbutamol use (1.2 puffs/day) and an increase of 16.3% 
in rescue-free days compared with placebo [118]. Health
status (Chronic Respiratory Disease Questionnaire, CRDQ)
also improved significantly (score 10.0).

Similar findings were obtained in a second study [119],
where PEFR increased by 30.7 L/min over baseline, com-
pared with 0.8, 14.4 and 11.3 L/min for placebo, salmeterol
and FP, respectively. This was associated with a change in
TDI of 1.7 [119].

The trial of inhaled steroids and long-acting β2-agonists
(TRISTAN) [78] was the first long-term study to investigate
the efficacy and safety of LABA/ICS combination therapy
for the treatment of COPD patients. COPD patients were
randomized to treatment with either salmeterol (50 μg
b.i.d.), FP (500 μg b.i.d.), salmeterol/FP (50/500 μg b.i.d.)
or placebo for 12 months in a double-blind parallel-group
placebo-controlled design.

There was good evidence of the beneficial effects of com-
bining a LABA with an ICS in this COPD patient popula-
tion. Combination therapy improved pretreatment FEV1

significantly (P < 0.001) more than placebo (treatment 
difference 133 mL), salmeterol (73 mL) or FP (95 mL)
alone [78]. This was also seen with FVC and PEF. The
improvement in PEF was evident within 1 week of treat-
ment and was sustained throughout the year. The improve-
ment in FVC observed for combination therapy may be
indicative of improved exercise performance. Combination
treatment was also the only treatment to produce a clinic-
ally significant improvement in health status (St. George’s
Respiratory Questionnaire, SGRQ), and produced the
greatest reduction in daily symptoms, particularly breath-
lessness, and this was evident within 1 week of treatment.
The exacerbation rate significantly fell by 25% (P < 0.001)
in the combination group and by 20% and 19% in the sal-
meterol and FP group, respectively, compared with placebo
(Fig. 57.3). The treatment effect was more pronounced in
the more severe patients (baseline FEV1 less than 50% pre-
dicted), where exacerbations requiring oral corticosteroids
were reduced by 39% (P < 0.001) in the combination group
[78]. The absence of a statistical, significant gender interac-
tion in this study indicates that the salmeterol/fluticasone
combination therapy was equally effective in both women
and men with COPD [121]. 

Possible evidence of clinical synergy was obtained from
predose FEV1 and rescue medication use in the more severe
patient subgroup [78]. By week 52, predose FEV1 in the

combination group had increased by 10% (P < 0.001) com-
pared with 2% in both the salmeterol and FP groups, and
had decreased by 3% in the placebo group [78]. Similarly,
median percentage of days without reliever medication
were 0% for placebo, 3% for salmeterol, 2% for FP and
14% for combination therapy (P < 0.004).

The efficacy and safety of BUD/formoterol in a single
inhaler compared with either agent alone has also recently
been evaluated in patients with moderate to severe COPD
[79]. COPD patients were randomized to treatment with
either formoterol (4.5 μg b.i.d.), BUD (400 μg b.i.d.), for-
moterol/BUD (4.5/400 μg b.i.d.) or placebo for 12 months
in a double-blind parallel-group placebo-controlled study.
The results of this study showed BUD/formoterol improved
FEV1 versus placebo (15%) and versus ICS (9%), but not
compared with formoterol, and reduced symptom scores
and use of relief medication versus BUD alone [79].
Improvements in morning and evening PEF were main-
tained over the 12 months of the study. The mean number
of severe exacerbations (see Fig. 57.3) was equally reduced
by BUD (23%) and BUD/formoterol (24%), but unchanged
by formoterol alone (2%). Mild exacerbations were reduced
by 62% with combination therapy compared with 55% for
formoterol and 41% for budesonide [79]. 

These findings suggest that treatment of the underlying
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Figure 57.3 Effect of long-acting β2-agonists (LABAs) on
exacerbations in COPD. COPD patients were treated for 1 year
with: (a) salmeterol (50 μg b.i.d.) or placebo; or (b) formoterol
(4.5 μg b.i.d.) or placebo. The rate of severe exacerbations
(requiring use of oral steroids and/or antibiotics and/or
hospitalizations resulting from respiratory symptoms) was
calculated as differences (%) from placebo. (Data from
Calverley et al. [78] and Szafranski et al. [79].)



multicomponent pathophysiology of COPD with both
LABAs and ICS is necessary for improved control of the 
disease in many patients. Support for this approach was
provided by a retrospective cohort study of COPD patients
[122], which revealed that regular use of salmeterol/FP
combination therapy was associated with significantly
greater 3-year survival than those patients taking short-
acting bronchodilators. A Landmark study, Towards a 
revolution in COPD Health (TORCH) is underway to 
assess the impact of salmeterol/FP combination therapy on
all-cause mortality over 3 years in COPD [123].

Beneficial effects have been reported previously when
salbutamol is added to anticholinergic therapy in COPD
[124]. Van Noord et al. [125] more recently examined 
the effect of the combination of 50 μg salmeterol b.i.d. 
and 40 μg ipratropium bromide q.i.d. They showed that 
ipratropium bromide and salmeterol improved FEV1 to
a significantly greater extent than salmeterol alone. This
has been confirmed in another study over 24 weeks 
[126]. However, patients did not experience any additional
benefit in symptom control when salmeterol and ipratro-
pium bromide were administered together [126]. The 
combination of 12 μg formoterol b.i.d. and 40 μg ipratro-
pium bromide q.i.d. has also been shown to be superior to
formoterol alone in improving morning PEF and FEV1 in
patients with COPD [127]. A second study showed that 
the effects of formoterol/ipratropium over 3 weeks were
significantly superior to salbutamol/ipratropium [128]. 
The effect of tiotropium in combination with LABAs has
also been evaluated. The acute effects of adding salmeterol
(50 μg) and tiotropium (18 μg) has been studied in patients
with stable COPD [129,130]. At 12 h, the mean increase in
FEV1 for the salmeterol/tiotropium combination was signi-
ficantly (P = 0.009) greater than for salmeterol alone [129].
Salmeterol and tiotropium produced a further increase in
FEV1 and FVC over that observed with either alone [130].
Combination therapy of salmeterol and tiotropium also
resulted in the greatest reduction in dynamic hyper-inflation
compared with single agent therapy [131]. Finally, one
study has shown that the triple combination of salmeterol/
FP/tiotropium was superior to the dual combinations in
improving lung function in COPD patients [132].

Both SABAs [133] and LABAs [134,135] have been studied
in combination with theophylline. The beneficial effects of

Combination of β2-agonists and
theophylline

Combination of β2-agonists and
anticholinergics

the combination of 50 μg salmeterol b.i.d. and theophylline
(titrated to 10–20 μg/mL) over 12 weeks of treatment has
recently been shown in two large multicentre studies
[134,135]. By week 4, the combination of salmeterol and
theophylline was significantly superior in improving FEV1

than either salmeterol or theophylline alone, and this benefit
was maintained over the 12 weeks. In addition, signific-
antly fewer patients in the combination group had exacer-
bations, and the TDI was also significantly improved [134].
At each 4-week period, salbutamol use was significantly
decreased in both the combination and salmeterol-alone
groups. Although no studies examining the combination 
of formoterol and theophylline have been published, it 
is likely that formoterol would have similar activity to 
salmeterol. One study has evaluated salbutamol and 
theophylline in combination with ipratropium bromide or
placebo and has demonstrated benefit of the triple com-
bination in some patients [136].

Patients with COPD are known to be at increased risk of
cardiovascular disease [137]. Pharmacologically predictable
cardiovascular adverse effects of β2-agonists include tachy-
cardia, hypokalaemia and worsening ventilation–perfusion
(V/Q) matching [138]. 

The systemic effects of a single dose of salmeterol (50 μg)
and formoterol (12–24 μg) have been studied in patients
with a history of ‘mild to moderate’ cardiac arrhythmias
and hypoxaemia (PaO2 < 60 mmHg). Mean maximum heart
rate increased by approximately 6 beats/min and mean
plasma potassium concentrations decreased by 0.45 mmol/L
after inhalation of salmeterol [139]. The effects of formo-
terol (12 μg) on these parameters were generally similar to
those of salmeterol; however, the effects of a higher dose 
of formoterol (24 μg) were more marked. The number of
patients experiencing supraventricular premature beats 
or isolated ventricular premature beats (VPB) was similar
after inhalation of placebo or salmeterol. Complex ventri-
cular arrhythmias (multiform or paired VPBs) were reported
only after inhalation of formoterol. The authors concluded
that 50 μg salmeterol and 12 μg formoterol had a higher
‘safety margin’ than 24 μg formoterol in COPD patients
with pre-existing cardiac arrhythmias and hypoxaemia
[139]. A pooled analysis of salmeterol treatment in COPD
for 12 weeks to 1 year showed no clinically significant 
differences from placebo in electrocardiogram (ECG), QTC
interval or 24-h heart rate [140].

The concern that LABA bronchodilators may induce a
mismatch between ventilation and perfusion, resulting in a
degree of oxygen desaturation was examined in a three-
way cross-over study [141], which showed that salmeterol,
ipratropium bromide and salbutamol all induced an equally

Safety of β2-agonists in COPD
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small and transient fall in PaO2. The nadir in PaO2 was
greatest (3.5 mmHg; P < 0.05 vs baseline) after inhalation
of salbutamol (200 μg), lowest after ipratropium bromide 
(1.4 mmHg) and intermediate (2.8 mmHg; P < 0.05 vs 
baseline) after salmeterol (50 μg). Compared with baseline,
PaCO2 and arterial pH values did not change significantly
[141]. The observed effects of salmeterol and salbutamol on
PaO2 are therefore unlikely to be of clinical significance.
Similarly, there was no evidence that LABAs used in com-
bination therapy increased the risk of hypokalaemia in
COPD patients [78].

The pathophysiology of COPD is complex and multi-
component in nature. Pharmacological intervention, which
addresses a number of elements of the underlying pro-
cesses, may have greater clinical impact on the disease. β2-
Agonists, particularly LABAs, have both bronchodilator
and non-bronchodilator activity (see Table 57.2) that may
be relevant to their efficacy in COPD (see Table 57.3). 
They have been shown to increase lung function, decrease
symptoms, reduce exacerbations, increase health status,
decrease hospitalizations and prolong survival. Combina-
tions of LABAs and ICS have superior efficacy than either
LABAs alone or other LABA combined therapies, and this
may be the result of their effects being additive or, in some
cases, synergistic in nature.

The author would like to thank Cathy Henderson for her
assistance in preparing this manuscript.
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Corticosteroids

Olof Selroos

More than 50 years have passed since cortisone and adreno-
corticotropic hormone (ACTH) were first administered to
patients with asthma [1], obstructive emphysema [2] and
chronic pulmonary disease [3]. Subsequently, these agents
were found to be an effective treatment for acute exacerba-
tions of asthma. Clinical experience, in addition to results
from a few controlled clinical trials, also indicated a possible
role for systemic and oral corticosteroids in the treatment of
acute exacerbations of chronic obstructive pulmonary dis-
ease (COPD) [4]. Indeed, these drugs are now widely used
in patients with COPD experiencing an acute exacerbation
(in addition to bronchodilators, oxygen supplementation
and antibacterial therapy) – clinical routine that is sup-
ported by the results of controlled clinical trials [4,5]. 

The role of inhaled corticosteroids in COPD has for some
time been unclear. Debates have taken place [6,7] but no
consensus agreement has yet been reached [8]. New studies
evaluating the efficacy of the combination of inhaled corti-
costeroids and long-acting inhaled β2-agonists in patients
with COPD (GOLD stage III–IV) are of great interest as they
show significant effects not only on airway function vari-
ables, but also on important outcome measures such as pre-
vention of COPD exacerbations and health-related quality
of life [9–11].

This chapter reviews some of the established studies in
this field, with a particular focus on more recent clinical 
trials of inhaled corticosteroids and their combinations with
long-acting inhaled β2-agonists in the treatment of COPD. 

Systemic corticosteroids

The first double-blind placebo-controlled clinical study
evaluated the efficacy of methylprednisolone in 44 

Acute exacerbations of COPD

consecutive hospitalized patients with chronic bronchitis
and acute respiratory insufficiency defined as an arterial PO2

≤ 60 mmHg [12]. Treatment consisted of either 0.5 mg/kg
body weight intravenous methylprednisolone (n = 22)
or placebo (n = 22) every 6 h for 72 h, in addition to 
ampicillin, oxygen, intravenous aminophylline and inhaled 
isoprenaline. Pre- and postbronchodilator forced expiratory
volume in 1 s (FEV1) were measured three times daily.
Methylprednisolone improved airflow more than placebo;
the improvements in both pre- and postbronchodilator
FEV1 were greater in the corticosteroid-treated group 
(P < 0.001 for both). Twelve patients in the corticosteroid
group had improvements in FEV1 ≥ 40% by 72 h compared
with three patients in the placebo group (P < 0.01).

Thompson et al. [13] performed a 10-day double-blind
placebo-controlled study in 27 outpatients with an acute
exacerbation of COPD. An exacerbation was defined as sub-
jective worsening of chronic baseline dyspnoea or cough for
more than 24 h and necessitating a hospital visit. An at least
25% increase in inhaled β2-agonist use for more than 24 h
was also required, or an increase in sputum production
and/or purulence. Postbronchodilator FEV1 should be less
than 60% of predicted normal. Treatment consisted of a 
9-day course of prednisone – 60, 40 and 20 mg/day for 
3 days each – or placebo, in addition to the patient’s previ-
ous medication and increased doses of inhaled β2-agonists.
Assessments of treatment were made at baseline and on
days 3 and 10. The primary endpoint was a treatment 
failure defined as hospitalization or prescription of oral 
corticosteroids because of dyspnoea. The failure rate was
0/13 in the prednisone group and 8/14 in the placebo group
(P = 0.002). Treatment with prednisone also resulted in a more
rapid improvement in arterial PO2 (P = 0.002), alveolar–
arterial oxygen gradient (P = 0.04), FEV1 (P = 0.006) and
peak expiratory flow (PEF) (P = 0.009) and in a trend
towards more rapid improvement in dyspnoea scale scores.
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A large double-blind randomized study evaluated the
efficacy of intravenous hydrocortisone versus placebo in
113 patients attending the emergency room because of an
acute COPD exacerbation [14]. FEV1 and FEV1 : FVC (forced
vital capacity) ratio should be less than 60% of predicted
normal. In addition to identical high-dose bronchodilator
therapy, the patients received 100 mg hydrocortisone every
4 h for 4 days, or placebo. Of those patients receiving
steroids, 22 achieved a more than 40% improvement in
PEF by 6 h and 17 achieved similar results in FEV1. In the
placebo-treated group the corresponding figures were 13
and 8, respectively. More patients in the hydrocortisone
group could be discharged within 24 h (16 vs 10) and fewer
patients relapsed within 2 weeks requiring hospitalization
(0 vs 3).

Davies et al. [5] recruited patients with non-acidotic ex-
acerbations of COPD to a double-blind placebo-controlled
study. Patients were randomized to treatment with 30 mg
oral prednisolone once daily (n = 29) or placebo (n = 27) for
14 days in addition to standard treatment with nebulized
bronchodilators, antibiotics and oxygen. Daily assessments
of lung function and symptoms were performed and patients
were recalled at 6 weeks for a follow-up examination.
Postbronchodilator FEV1 increased more rapidly and to a
greater extent in the steroid-treated group (Fig. 58.1), with
percentage predicted FEV1 rising from 26% to 32% in the
placebo group, and from 28% to 42% in the prednisolone

group (P < 0.0001). Up to day 5 of hospital stay, postbron-
chodilator FEV1 increased by 90 mL/day in the prednisolone
group compared with 30 mL/day in the placebo group.
Hospital stays were shorter in the steroid-treated group (9
days vs 7 days; P = 0.027). Groups did not differ at 6-week
follow-up.

The largest study has been reported by Niewoehner et al.
[15]. This double-blind 6-month multicentre study con-
ducted at 25 Veterans Affairs medical centres in the USA
included 271 eligible patients of 1840 potential study candid-
ates. The main inclusion criteria were age over 50 years, 
a smoking history of ≥ 30 pack-years, a history of COPD
exacerbations and an FEV1 ≤ 1.5 L or inability to perform
spirometry because of dyspnoea. The main exclusion criter-
ion was use of systemic steroids in the previous 30 days.
Patients were randomized to treatment with 125 mg intra-
venous methylprednisolone every 6 h for 3 days followed
by oral prednisone in decreasing doses (60 to 20 mg) for 
2 weeks (n = 80) or 8 weeks (n = 80), or to placebo (n = 111).
The primary variable of efficacy was the rate of treatment
failures, which was significantly higher in the placebo
group than in the combined steroid group (at 30 days 33%
vs 23%; P = 0.04: at 90 days 48% vs 37%; P = 0.04). Steroid
treatment was also associated with a shorter stay in hospital
(8.5 days vs 9.7 days for placebo; P = 0.03) and with a
greater improvement in FEV1 of approximately 100 mL by
the first day after enrolment. No differences were found
between the two steroid treatments for any of the variables.
Significant treatment effects were not seen at 6 months’ 
follow-up. Patients receiving steroid treatment were more
likely to have hyperglycaemia than placebo-treated patients
(15% vs 4%; P = 0.002).

Sayiner et al. [16] performed a single-blind randomized
study in 36 patients with severe COPD exacerbations. Their
mean FEV1 was 0.6 L and PaO2 46 mmHg. They were ran-
domized to treatment with 0.5 mg/kg body weight intra-
venous methylprednisolone every 6 h for 3 days followed
by 0.5 mg/kg every 12 h for 3 days and 0.5 mg/kg once daily
for 4 days, or to the same treatment for the first 3 days and
thereafter placebo (saline) injections. Both groups showed
improvements in PaO2 and FEV1 levels, but these were
significantly better in the 10-day active treatment group 
(P = 0.012 and 0.019, respectively). Dyspnoea also im-
proved more in the 10-day treatment group. No difference
in exacerbation rate was observed during a 6-month follow-
up period. The authors conclude that a 10-day course of
steroid treatment is more effective than a 3-day course.

A recent meta-analysis on eight studies fulfilling defined
criteria found that in five studies significant improvement
in FEV1 (more than 20%) was associated with administra-
tion of corticosteroids [17]. The authors concluded that short
courses of systemic corticosteroids in acute exacerbations of
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COPD have been shown to improve spirometric and clinical
outcomes (good quality evidence for both).

Conclusions
Controlled clinical studies and a meta-analysis show that
systemic corticosteroids are beneficial for the treatment of
acute exacerbations of COPD in patients not recently treated
with corticosteroids. Compared with placebo, systemic 
corticosteroids improve short-term FEV1 by approximately
100 mL during acute exacerbations [4]. They can reduce the
length of stay in hospitalized patients by 1–2 days and reduce
the absolute number of treatment failures by approxim-
ately 10% [4]. The importance of treatment duration has
been investigated in a few studies which suggest that a
10–14-day course of corticosteroids is most beneficial. A 3-
day course was less effective than a 10-day course [16] and
no advantage was seen with an 8-week course compared
with a 2-week course [15]. Hyperglycaemia has been the
most frequently reported adverse event.

Nebulized corticosteroids

The benefits of systemic corticosteroid therapy as described
above may be limited by the risk of adverse effects. In 
addition to hyperglycaemia, adrenal suppression has been
reported after short-term use of high doses of systemic cor-
ticosteroids [18]. Nebulized therapy has therefore attracted
attention. A double-blind randomized placebo-controlled
multicentre study investigated the use of a nebulized corti-
costeroid, budesonide, compared with prednisolone for the
treatment of acute exacerbations of COPD [19]. A total of
199 patients were included. They received 2 mg nebulized
budesonide every 6 h for 72 h, 30 mg oral prednisolone
every 12 h, or placebo in addition to standard treatment
with nebulized β2-agonists, ipratropium, antibiotics and
oxygen. Both active treatments resulted in significant
improvements in postbronchodilator FEV1 compared with
placebo and without a significant difference in the change
in FEV1 between the two. However, prednisolone was 
associated with a higher incidence of hyperglycaemia than
budesonide treatment.

In a double-blind study, 40 patients with moderate to
severe acute exacerbations of COPD were randomized to
treatment with 8 mg/day nebulized budesonide or 40 mg/day
intravenous prednisolone for 10 days [20]. Similar improve-
ments were seen in both groups for airway function 
(PEF), SaO2 and PaO2 (P < 0.001) and without statistically
significant differences between the groups. No adverse
events were recorded.

Based on these two studies, it appears that nebulized
budesonide may represent an alternative to systemic corti-
costeroids for the treatment of acute exacerbations of COPD. 

Oral corticosteroids

Short-term studies
A large number of short-term studies (duration of treatment
≤ 3 months) have evaluated the efficacy of oral prednisone
or prednisolone in patients with stable COPD. The results
have varied greatly as inclusion criteria have differed, the
number of patients has usually been small and it has been
difficult to determine how well patients with asthma have
been excluded. Nevertheless, the results of these early stud-
ies suggest that some COPD patients benefit from treatment
with corticosteroids. Eosinophilia of blood [21], sputum
[22], variability of FEV1 [21] and response to inhaled β2-
agonists [22] were cited as criteria for differentiating steroid
responders from non-responders.

Callahan et al. [23] performed a meta-analysis by selecting
33 studies published since 1951. The quality of the studies
was assessed by three investigators using nine selected 
criteria. Ten studies met all nine criteria. Response to treat-
ment was defined as a 20% or greater increase in FEV1 from
baseline. A calculated mean effect size in the studies was 10%
(95% confidence interval [CI], 2–18%) and varied from
0% to 56%. This result suggests that patients treated with
oral steroids approximately 10% more often than placebo-
treated patients will improve FEV1 by 20% or more.

Responders and non-responders
Nisar et al. [24] showed that approximately 40% of patients
with stable, moderate to severe COPD demonstrated a sig-
nificant increase in FEV1 when receiving a 2-week course 
of oral corticosteroids. However, it was not possible to 
separate responders from non-responders based on base-
line characteristics as no clinical differences were found
between the groups. A reversibility test with a bronchodila-
tor is neither very sensitive in identifying patients who may
respond with a significant change in FEV1 with a corticos-
teroid [25].

A further attempt to identify steroid responders was
undertaken by Pizzichini et al. [26]. In a single-blind cross-
over study in 18 patients, they investigated whether an
increased proportion of sputum eosinophils (≥ 3%) predicts
an effect in smokers with severe COPD. The included pati-
ents had a mean FEV1 of less than 30% predicted normal.
Treatment consisted of 30 mg/day prednisone for 2 weeks,
or placebo. In patients with sputum eosinophilia (n = 8),
prednisone, as compared with placebo, produced a statistic-
ally significant and clinically important mean effect on effort
dyspnoea (P = 0.008) and health-related quality of life (P =
0.01). A mean increase in FEV1 of 0.11 L was found (P = 0.05).

Stable COPD



Long-term studies
COPD guidelines published in the 1990s recommended
long-term use of oral corticosteroids in patients with COPD
who had demonstrated a response in a 2-week test with
prednisolone [27–29]. However, there is little scientific
support for such a statement. On the contrary, the more
recent GOLD and ATS/ERS guidelines clearly state that
‘long-term treatment with oral glucocorticosteroids is not
recommended in COPD’ [30,31], mainly because of lack 
of demonstrated efficacy in prospective controlled clinical
trials and the risk of systemic glucocorticoid side-effects. 

The available information on long-term therapy with 
oral corticosteroids comes from retrospective studies.
Postma et al. [32] reported 14–18 years’ data from a series 
of 79 patients with severe COPD (FEV1 less than 1 L). These
patients had used 10–15 mg/day prednisolone in the begin-
ning, and later lower doses, if possible. The investigators
noticed three patterns of response: no change; initial increase
in FEV1 followed by a decrease; and a linear progression. At
an oral dose of 7.5 mg/day or less, FEV1 decreased, but often
after a considerable time-lag (6–32 months). The results
indicated that, in doses above 7.5 mg/day, prednisolone
may slow down the progression of COPD. However, the
treatment was associated with a considerable number of
severe side-effects. In a later study, the same authors re-
ported long-term findings in 139 non-allergic patients with
less severe disease (FEV1 more than 1.2 L; FEV1/VC (vital
capacity ) 40–55%) [33]. Again they noticed the same three
patterns of response as mentioned above, and a further
group of patients with an initial decline in FEV1 followed
by an increase. The conclusion was similar: in a dose above 
7.5 mg/day, prednisolone may slow down the progression
of COPD.

The value of long-term treatment with oral corticosteroids
was more recently evaluated in a double-blind prednisolone
withdrawal study [34]. A total of 42 steroid-dependent
patients out of 164 candidates, who had used prednisolone
at least for the last 6 months, agreed to participate in the
study. Patients were randomized to continuous treatment
with prednisolone (n = 20) or to a regimen where the 
prednisolone dose was reduced by 5 mg/week. Patients
were stratified according to baseline prednisolone doses: 5–
10 mg/day prednisolone or more than 10 mg. Both groups
could receive open label 40 mg/day prednisolone for 10 days
for treatment of exacerbations. A total of 33 patients 
(87%) used an inhaled corticosteroid at baseline and all
patients continued treatment with 1600 g/day triamci-
nolone acetonide throughout the study. No statistically
significant differences were found between the groups in
number of acute exacerbations, spirometric values, dysp-
noea or health-related quality of life. At the end of the
study the average daily prednisolone doses (mean ± stand-
ard deviation [SD]) were 10.7 ± 5.2 mg in the continuous

group and 6.3 ± 6.4 mg in the ‘on demand’ group 
(P = 0.003), which also had lost 4.6 ± 2.0 kg (mean ± SD)
of body weight compared with an increase of 0.5 ± 3.5 kg 
(P = 0.007) in the continuous prednisolone group. The
results of this study, although in a small number of patients,
show that continuous treatment with oral corticosteroids is
of minor benefit in patients with COPD, but causes systemic
glucocorticoid side-effects.

Conclusions
Few prospective controlled studies have been performed
with oral corticosteroids in patients with stable COPD. The
effect size has been small. Long-term treatment is not 
recommended because of the risk of systemic side-effects.

Inhaled corticosteroids

For some time it has been unclear whether inhaled corticos-
teroids have a role in the treatment of patients with COPD.

Short-term studies
It has been a common understanding that inhaled corticos-
teroids do not affect the type of inflammation present in
patients with COPD [7]. The benefit of systemic corticos-
teroids in patients with acute exacerbations of COPD has
been explained as a consequence of existing eosinophilia in
that condition [35].

There are, however, observations that inhaled corticos-
teroids do affect the cellular findings in bronchial biopsies
and in sputum in patients with stable COPD, too.
Hattotuwa et al. [36] studied the effect of FP 500 μg b.i.d.
over a 3-month period in a randomized, double-blind,
placebo-controlled study in 30 patients. The significant
finding was a reduction in the CD8 : CD4 ratio in the epi-
thelium and of the numbers of subepithelial mast cells in
the FP group.

Gan et al. [37] performed a meta-analysis on six inhaled
corticosteroid studies with a duration of 2–12 weeks in
which sputum analyses had been performed. There were
two studies with budesonide, BDP and FP each and with a
total of 162 patients. In three studies with a cumulative dose
≥ 60 mg or longer duration (≥ 6 weeks), inhaled corticos-
teroids were uniformly effective in reducing the total cell,
neutrophil, and lymphocyte counts. In contrast, the three
studies with lower cumulative doses and of shorter dura-
tion of therapy did not demonstrate a favourable effect.

It therefore appears that inhaled corticosteroids may
affect cellular components in COPD which are of import-
ance for the pathogenesis and progression of the disease.

In 1998, Barnes et al. [38] reviewed the literature on
inhaled corticosteroids and COPD and identified more than
100 trials, but only 12 randomized placebo-controlled stud-
ies. Most of the studies were short term, varying in duration
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from 10 days to 12 weeks. None of the studies measuring
bronchial hyperresponsiveness were able to document a
change in the provocative concentration of histamine or
methacholine causing a 20% decrease in FEV1 (PC20). All
but one failed to show significant improvements in FEV1.
The exception was a double-blind randomized study with 
250 μg beclomethasone dipropionate (BDP) q.i.d. (n = 20), or
placebo (n = 10) for 6 weeks [39]. Bronchoalveolar lavage
was performed before and after treatment and showed
improvement in epithelial permeability (statistically signi-
ficant changes in epithelial lining fluid albumin, lactoferrin
and lysozyme) and a reduction in sample cell count (P =
0.048). A bronchitis index was calculated based on visual
inspection during bronchoscopy and this index improved
during treatment (P = 0.02). Also, the spirometric indices
(FEV1, FVC and forced expiratory flow during 25 to 75% 
of VC (FEF25–75%)) improved significantly compared with
placebo. A more recent double-blind cross-over study 
compared the efficacy of 440 μg fluticasone propionate 
(FP) b.i.d. (delivered dose, corresponding to 500 μg b.i.d. 
of metered dose) with placebo for 3 months each in 36
patients with COPD (median age 69 years; mean FEV1 ± SD,
1.10 ± 0.43 L; median pack-years 50) [40]. A total of 52
patients had been included but 16 (12 on placebo) were
withdrawn for various reasons. Six (five on placebo) were
withdrawn because of acute COPD worsening. FP treat-
ment resulted in higher prebronchodilator FEV1 (1.17 vs
1.07 L; P = 0.001), higher PaO2 (67 vs 64 mmHg; P = 0.002)
and better dyspnoea score on the chronic respiratory ques-
tionnaire (3.70 vs 3.47; P = 0.03). A trend towards fewer
exacerbations during FP treatment compared with placebo
did not reach a level of statistical significance.

Short-term studies comparing inhaled corticosteroids
with oral corticosteroids have usually found the latter to be
slightly more effective, although differences have not been
statistically significant [38].

Conclusions
Most short-term studies with inhaled corticosteroids in
patients with COPD have not shown efficacy compared
with placebo. Individual patients have responded to treat-
ment with improved airway function, but as a general rule
these patients have exhibited signs of an asthmatic bron-
chitis (e.g. eosinophilia in blood or sputum, atopy or an
increased bronchial hyperresponsiveness).

Medium-term studies
Medium-term studies are defined as clinical trials with a
duration of 6–30 months. Eight randomized trials were
identified in the literature [41–48]. Of these, three studies
[42–44] have been included in a meta-analysis [49]. Baseline
characteristics of patients with COPD included in the studies
and the main findings are summarized in Table 58.1.

Dompeling et al. [41] studied the effect of BDP in a group
of 28 COPD (and 28 asthma) patients with a rapid decline in
FEV1, selected from a previous bronchodilator study [50].
Smoking history and FEV1 levels had been similar in the
two groups and overlaps had probably existed. Both groups
showed a mean fall in FEV1 during the first 2 years of
approximately 160 mL/year. After starting treatment 
with BDP, the patients showed significant improvements in
prebronchodilator FEV1 in the first 6 months, and there-
after the fall in FEV1 continued over the next 6 months.
Treatment with BDP was then extended for a second year
[51]. At that time 22 COPD patients had been followed for 
4 years. Postbronchodilator FEV1 was not affected by treat-
ment with BDP (see Table 58.1). Early improvements in
symptoms (months 7–12) was not observed later. Some
patients discontinued their treatment with BDP and this did
not affect the subsequent decline in FEV1 [52].

The Dutch Chronic Non-Specific Lung Disease Study
Group [42] reported the results of a 2.5-year study in which
patients with asthma or COPD were included based on
degree of airway obstruction and bronchial hyperrespons-
iveness. Patients were randomized to regular treatment
with 0.5 mg terbutaline q.i.d. with the addition of 40 μg
ipratropium q.i.d., 200 μg BDP q.i.d. via pressurized metered
dose inhaler (pMDI), or placebo. There were equal numbers
of smokers, ex-smokers and non-smokers. Approximately
half of the patients were skin test positive with common
allergens, or had increased levels of immunoglobulin E
(IgE). The same proportion had previously been treated
with an inhaled corticosteroid. Based on symptoms, the
series could be divided into subgroups of 99 patients with
asthma, 88 with asthmatic bronchitis, 51 with COPD and
36 with an undefined diagnosis of airway obstruction. 
The primary variable of efficacy was the withdrawal rate,
mainly because of exacerbations, which was significantly
lower in the BDP group (see Table 58.1) than in the placebo
group. The patients who were withdrawn had a lower
mean FEV1 (61% vs 65% predicted normal) and lower 
geometric mean PC20 (0.19 vs 0.31 mg/mL) than the rest 
of the patients.

Derenne [43] randomized 194 patients with COPD (mean
reversibility with 400 μg salbutamol 3.3% predicted) to
treatment for 2 years with BDP or placebo. An intention-
to-treat analysis in 170 patients showed a decrease in FEV1

in the placebo group and an increase in the BDP group (see
Table 58.1). The result thus indicated that treatment with
BDP could maintain the FEV1 on a pretreatment level for 
2 years.

Renkema et al. [44] followed 58 non-allergic patients
with COPD and moderate airflow limitation for 2 years in a
double-blind randomized study. The patients were treated
with budesonide alone, budesonide plus oral prednisolone,
or placebo (see Table 58.1). Assessments were performed
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every second month. Eleven patients discontinued the
study – seven because of COPD deterioration (five in the
placebo group and two in the combined treatment group).
The median prebronchodilator decline in FEV1 in the three
groups is shown in Table 58.1, with the lowest mean
decline in the budesonide group. However, the variations
were large and the differences between the groups were not
statistically significant. Symptoms scores calculated at 
baseline and after treatment for 1 and 2 years decreased
significantly in the active treatment groups compared with
placebo.

Paggiaro et al. [45] conducted a study comparing FP 
with placebo in patients with moderate COPD (mean 
bronchodilator reversibility 0.8–1.7% of predicted FEV1;
see Table 58.1). Treatment with FP significantly improved
FEV1, FVC, morning PEF, symptom scores for median cough
and sputum volume, prolonged the 6-min walking dis-
tance, and reduced the severity of exacerbations but not 
the exacerbation rate. 

Bourbeau et al. [46] included patients with moderate to
severe COPD, not responding to 40 mg oral prednisolone,
into a study comparing the efficacy of budesonide with
placebo (see Table 58.1). Only 11 patients in the budeson-
ide group and nine in the placebo group were able to 
complete the study. No statistically significant difference in
the change in FEV1 over time was seen between the groups
up to 6 months. At 12 months there were too few patients
left for an evaluation. No changes in the 6-min walking test
or in quality of life assessed by the Chronic Respiratory
Disease Questionnaire were found.

Weir et al. [47] randomized 98 COPD patients into a study
where they received BDP 1500 or 2000 μg/day depending 
on body weight, or placebo. A total of 59 patients com-
pleted the study. The annual decline in FEV1 was slower 
in patients treated with BDP but the difference compared
with placebo was not significant (see Table 58.1). The exac-
erbation rate was also lower in the BDP group but again the
difference versus placebo was not significant. No difference
in dyspnoea scores was found.

Senderovitz et al. [48] performed a 6-month study in 
40 patients with a mean FEV1 of 1.49 L and not responding to
inhaled β2-agonists with a FEV1 increase of 15%. A total of
26 patients completed the study. Patients were randomized
to treatment with budesonide (n = 14) or placebo. At the
end of the study the median decrease in postbronchodilator
FEV1 was smaller in the budesonide group than in the
placebo group (see Table 58.1). There was no difference
between the groups in the number of exacerbations or
symptoms.

A meta-analysis [49] included data from two studies
[42,44], and the otherwise unpublished study by Derenne
[43]. The main question of the analysis was whether
inhaled corticosteroids were able to slow down the decline

in FEV1 in patients with COPD. Patients with asthmatic 
features (n = 101) were excluded from the analysis, which
was then based on 95 of the initially 140 steroid-treated and
on 88 of the placebo-treated patients. The patients in the
steroid group had mainly been treated with 1500 μg/day
BDP, and a few with 1600 μg/day budesonide or 800 μg/day
BDP. The mean age of the patients was 61 years and their
mean FEV1 45% of predicted normal. The estimated 2-year
difference in prebronchodilator FEV1 was 34 mL/year (95%
CI, 5–63 mL/year). The postbronchodilator FEV1 showed a
difference of 39 mL/year (95% CI, –6 to 84 mL/year). The
number of exacerbations did not differ between the groups.

The effect of FP was furthermore investigated in a placebo-
controlled study in 23 COPD patients with increased bron-
chial hyperresponsiveness [53]. These patients received 
500 μg FP b.i.d. or placebo for 6 months. Treatment with 
FP did not affect the degree of hyperresponsiveness but
resulted in an unchanged level of airway function, whereas
a decline in FEV1 was seen in the placebo group. FP treat-
ment resulted in small changes in biopsy indeces of airway
inflammation.

Conclusions
The individual medium-term studies did not show an effect
on the annual decline in FEV1 with the exception of one
study [43], which has been reported only as an abstract. In
a meta-analysis of three studies carefully excluding patients
with asthma, a statistically significant effect in prebroncho-
dilator FEV1 was seen between treated and untreated
patients, but not in postbronchodilator FEV1 [49]. Bronchial
hyperresponsiveness remained unaffected in a small group
of patients [53]. Severity of exacerbations was influenced 
in one study together with improvements in a number of
clinical variables [45].

Long-term studies
Four 3-year studies have been performed in patients with
different degrees of COPD severity, with the aim of evaluat-
ing the effect of an inhaled corticosteroid on the decline in
FEV1 [54–57]. These studies are summarized in Table 58.2.

The Copenhagen City Heart Study (CCHS) started in the
mid-1970s with a random age-startified sample of 19 327
individuals [54]. Between 1992 and 1994, 10 127 indi-
viduals were questioned about their respiratory symptoms
and spirometry was performed. Subjects with an FEV1 : VC
ratio of ≤ 70% and no self-reported asthma were referred 
to the study for further examination. Reversibility tests
with a β2-agonist and with oral prednisolone were con-
ducted, and individuals with a reversibility more than 15%
in one or both of the tests were excluded from the study. 
A total of 290 patients (40% being symptom-free) were
finally randomized to treatment with budesonide or placebo
(see Table 58.2). The mean age of the patients was 59 years,
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the groups (see Table 58.2). However, during this period
more patients in the placebo group showed a rapid decline
in FEV1 (more than 60 mL/year): 55% of patients in the
placebo group compared with 49% in the budesonide group
(P = 0.06). Of the 912 subjects completing the study, the
median decline in FEV1 over the 3-year period was 140 mL
with budesonide and 180 mL with placebo (P = 0.05).
Subjects with a smoking history of less than 36 pack-years
at enrolment had a reduction of 190 mL with placebo and
120 mL with budesonide (P < 0.001) (Fig. 58.2). There was
no difference in decline in FEV1 in subjects with a smoking
history of more than 36 pack-years (P = 0.57). The incid-
ence of exacerbations was not evaluated. A post hoc
analysis revealed that treatment with budesonide had
significantly reduced the incidence of cardio-vascular events
[58]. A frequency of 6% was seen in the placebo group
compared with 3% in the budesonide group (P < 0.05). This
may indicate that treatment with inhaled corticosteroids
can also influence systemic components of COPD.

The ISOLDE (Inhaled Steroids in Obstructive Lung

40% were women and 77% were current smokers. Overall,
patients had very mild COPD (mean FEV1 86% of predicted
normal). There was no difference between groups for the
decline in FEV1, exacerbation rates or presence of respir-
atory symptoms.

The EUROSCOP (European Respiratory Study on Chronic
Obstructive Pulmonary Disease) was a double-blind
placebo-controlled trial evaluating the effect of budesonide
compared with placebo [55]. After a smoking cessation per-
iod, subjects who were unable to stop smoking (n = 1277)
were included and 912 of those (71%) completed the
study. The reasons for withdrawal – non-compliance,
adverse events and loss of follow-up – were similar in both
groups. The patients’ mean age was 52 years, 27% were
women and mean FEV1 was 77% of predicted normal.
During the first 6 months of the study, FEV1 improved at a
rate of 17 mL/year in the budesonide group compared with
a decline of 81 mL/year in the placebo group (P < 0.001).
Subsequently, the annual decline in postbronchodilator
FEV1 was not statistically significantly different between

Table 58.2 Summary of placebo-controlled, parallel-group, 3-year studies with inhaled corticosteroids in patients with COPD.

No. of patients Per cent 
Mean age Inhaled smokers Mean FEV1 Decline in

Study corticosteroid, Smoking (mean ± SD) and postbronchodilator
Author [Ref.] population daily dose history FEV1% predicted FEV1, mL/year Other effects

Vestbo et al. Age 30–70 years, 290 77% 2.37 ± 0.82 L BUD –49, P –46 No significant 

[54] single centre,  59 years Pack-years (postbronchodilator) (P = 0.7) effects on symptoms 

community  BUD Turbuhaler  not reported 86 ± 21% and exacerbations

survey 600 μg b.i.d. for

programme 6 months, then 

400 μg b.i.d. 

for 2.5 years

Pauwels et al. Age 30–75 years, 1277 100% 2.54 ± 0.64 L First 6 months: More beneficial 

[55] population-based, 52 years 39 pack-years (prebronchodilator) BUD +17, P –81 effects in subjects  

nine European BUD Turbuhaler  76.8 ± 12.4% (P < 0.001) who had smoked 

countries 400 μg b.i.d. 9–36 months: less

BUD –57, P –69

(P = 0.39)

Burge et al. Age 40–75,  751 38% 1.24 ± 0.45 L FP –50, P –59 Significant reduction 

[56] outpatients, 64 years 44 pack-years (prebronchodilator) (P = 0.16) in exacerbation rate, 

18 centres FP pMDI 50.1 ± 14.9% less withdrawals due  

in the UK 500 μg b.i.d. to respiratory disease

and improved QoL

Lung Health  Age 40–75 years, 1116 90% 2.13 ± 0.63 L TA –44, P –47 Fewer respiratory

Study Research screened for lung  56 years Current 64.1 ± 13.3 (P = 0.50) symptoms, fewer

Group [57] health smoking  TA pMDI smoking  (prebronchodilator) physician visits,

cessation study,  600 μg b.i.d. 23.5 ± 12.7 improved BHR  

10 centres in USA cigarettes/day in TA group

and Canada

BHR, bronchial hyperresponsiveness; b.i.d., twice daily; BUD, budesonide; FEV1, forced expiratory volume in 1 s; FP, fluticasone propionate; 

P, placebo; pMDI, pressurized metered dose inhaler; QoL, quality of life; SD, standard deviation; TA, triamcinolone acetonide. 



recruited. Of these, 1116 patients were randomized to
treatment with triamcinolone or placebo (see Table 58.2).
The patients’ mean age was 56 years and mean postbron-
chodilator FEV1 was 68% of predicted normal. The mean
duration of follow-up was 40 months. During the study, 
the rate of decline of postbronchodilator FEV1 was not 
statistically significantly different between the groups (see
Table 58.2). However, the steroid-treated patients experi-
enced fewer respiratory symptoms (P = 0.005) and had
fewer visits to a physician because of respiratory problems
(P = 0.03) compared with those receiving placebo. Further-
more, patients receiving triamcinolone showed lower airway
reactivity in response to methacholine challenge at 9 and
33 months (both P = 0.02).

Meta-analyses of the long-term studies
Two recent meta-analyses evaluated the effect of inhaled
corticosteroids on the decline in FEV1. Highland et al. [60]
included six studies with 3571 patients in their review
[44,47,54–57] and reported that the summary estimate for
the difference in FEV1 decline between placebo and active
treatment was –5.0 ± 3.2 mL/year (95% CI, –11.2–1.2 mL/
year; P = 0.11). The authors concluded that inhaled 
corticosteroids use was not associated with the annual rate
of FEV1 decline. Using data from the same plus two addi-
tional studies [42,43], Sutherland et al. [61] included 3715
patients in their analysis. In this meta-analysis, treatment
with inhaled corticosteroids was shown to reduce the rate
of FEV1 decline by 7.7 mL/year (95% CI, 1.3–14.2 mL/year;
P = 0.02). A meta-analysis of high-dose regimens revealed
an even greater effect of 9.9 mL/year (95% CI, 2.3–
17.5 mL/year; P = 0.01) compared with the meta-analysis
of all studies. The authors concluded that inhaled corticos-
teroid treatment for ≥ 2 years slows the rate of decline in
lung function in patients with COPD.

How is it possible that two meta-analyses performed at
the same time and using similar datasets can reach different
conclusions? The similarities and differences between the
two analyses were reviewed by Burge and Lewis [62]. The
difference appears to partly depend the results of a study 
in patients with early COPD [54]. The benefits of inhaled
corticosteroids in this largely asymptomatic patient group 
is limited. In their analyses, Highland et al. presumed a 
3.1 mL/year greater rate of FEV1 decline in the budesonide
group, while Sutherland et al. correctly interpreted the data
as showing a 3.1 mL/year improvement in FEV1 in patients
receiving an inhaled corticosteroid. Furthermore, differ-
ences in the interpretation of standard errors (P values) and
choice of patient groups (in studies involving subgroups of
patients) are further confounding factors. In other words,
these vastly different conclusions stemmed directly from
differences in the interpretation of almost identical datasets
[62]. However, based on detailed reviews of these recent
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Disease in Europe) study included symptomatic patients
with COPD (i.e. with more severe illness than those in the
two studies cited above) [56]. A total of 751 patients with a
mean baseline postbronchodilator FEV1 of 1.4 L (50% of
predicted normal) were included. Patients with a bron-
chodilator reversibility to 400 μg salbutamol of more than
10% predicted normal were excluded from the study.
Patients were treated for 3 years with 1000 μg/day FP or
placebo (see Table 58.2). No difference in the annual decline
of FEV1 was observed between the groups (see Table 58.2).
However, the predicted mean FEV1 in the FP group at 3 and
36 months was 76 and 100 mL higher, respectively, com-
pared with placebo (mixed effects model; P < 0.001). There
was no significant correlation between the FEV1 response to
oral corticosteroids or FP (P = 0.056). The rate of exacerba-
tions (defined as a worsening of respiratory symptoms
requiring treatment with oral corticosteroids and/or anti-
biotics) was lower in the FP group (0.99 per year compared
with 1.32 per year in the placebo group) as were the with-
drawals because of respiratory symptoms (19% compared
with 25% in the placebo group; P = 0.034). The rate of
decline in respiratory health status was significantly lower
in the FP group compared with placebo (total respiratory
questionnaire score: 3.2 vs 2.0 units/year, respectively; 
P = 0.004). This difference was interpreted as a delay in
average time for clinically important reduction in health
status from 15 to 24 months.

The Lung Health Study II was a randomized placebo-
controlled trial in the USA [57]. Smokers and ex-smokers
who had participated in the previous Lung Health Study I
[59] and who had a baseline FEV1 of 30–90% of predicted
normal and a FEV1 : FVC ratio of less than 70% were
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meta-analyses and the results of long-term clinical studies,
it can be concluded that treatment with inhaled corticos-
teroids do modify disease progression and slow the decline
in FEV1 in patients with COPD.

Conclusions
The four long-term studies of inhaled corticosteroids in
patients with mild to moderate COPD did not show a
significant effect on the decline in postbronchodilator FEV1

compared with placebo. A recent meta-analysis, however,
demonstrated a significant effect on the rate of decline of
FEV1, which was even greater in patients on a high-dose
inhaled corticosteroid regimen. In addition, an increase in
FEV1 has been observed during the first 3–6 months of
treatment and a lower reactivity in response to metha-
choline was seen in one study, where it was investigated.
Improvements in respiratory symptoms and health-related
quality of life have also been reported. A reduction in exac-
erbation rate was found in the two studies that included
patients with more severe COPD.

Responders and non-responders
Several studies have investigated whether the response to a
2-week course of oral corticosteroids can predict the sub-
sequent benefit of treatment with an inhaled corticosteroid.
Selroos [63] investigated whether a 10-day course of oral
prednisolone (30–40 mg/day) could predict the future
response to an inhaled corticosteroid. A group of 52 pati-
ents with stable COPD and no significant response to an
inhaled β2-agonist were included. Their mean FEV1 ± SD
was 1.7 ± 0.4 L. Of these, 12 steroid responders were
identified (increase in FEV1 ≥ 15%). Subsequently all 
52 patients received 1600 μg/day budesonide for 6 months.
During this phase, nine of the prednisolone responders
maintained their improved airway function. Moreover,
eight of the initial 40 non-responders to prednisolone
demonstrated a significant improvement with budesonide.
Thus, responders could not be identified and the benefit 
of long-term treatment with budesonide could not be 
predicted based on the short course of oral prednisolone.

Boothman-Burrell et al. [64] performed a double-blind
placebo-controlled cross-over study in 18 patients with
COPD. Treatment consisted of 1000 μg BDP or placebo
twice daily for 3 months. At the end of each treatment
period patients received 30 mg prednisone for 10 days. The
two treatment phases were separated by a 1-month wash-
out period. The predictive value of the prednisone response 
was 0% and 81% for a positive and negative outcome,
respectively.

Davies et al. [65] performed a study in 127 patients with
stable COPD (mean FEV1 of less than 40% of predicted 
normal). Initial spirometry was performed after treatment
with 5 mg nebulized salbutamol, and after a 2-week course

of oral prednisolone. Thereafter, patients were treated by
two physicians with different treatment policies. One pre-
scribed inhaled BDP (800 μg/day) to all patients, whereas the
other gave BDP only to those with a positive prednisolone
test. Results of 104 patients were evaluated after treatment
for 1 year. Of these, 31% were unresponsible to salbutamol
and prednisolone at baseline, 46% were responsive to
salbutamol but not to prednisolone, and 23% responded 
to both. The results showed that after treatment for 1 year
the prednisolone responders had higher FEV1 values and
less symptoms (P < 0.02 for both) than the steroid non-
responders, indicating a value of the prednisolone test on a
group level. However, there were more ex-smokers and more
patients with blood eosinophilia among the responders.

Reversibility tests from 1048 patients with airway
obstruction and with a FEV1 of less than 60% of predicted
normal and a FEV1 : FVC ratio less than 60% were analysed
in another study before and after a 7-day course of 30 mg
prednisone [66]. Spirometry was performed before and 
30 min after inhalation of 300 μg salbutamol and 60 μg
ipratropium bromide. The frequency distribution of the
bronchodilator and steroid responses (in addition to the
combinations of responses) were all unimodal, making 
any distinction between nosological subgroups arbitrary.
Similarly, in another Danish study [54], the predictive
value of a 2-week course of 37.5 mg prednisolone on 
the effects of 6 months’ treatment with budesonide or
placebo was evaluated in 37 patients with stable COPD. No
significant differences in spirometry values, symptoms 
or number of exacerbations were found between the
budesonide and placebo groups. The authors concluded
that a 2-week course of prednisolone was of no value in
choosing subsequent long-term therapy.

Before the double-blind phase of the 3-year ISOLDE
study (FP vs placebo), patients received a 2-week course 
of 0.6 mg/kg/day oral prednisolone during which the
response in terms of FEV1 improvement was registered. 
A reversibility test with salbutamol was also conducted.
Neither the short-term response to bronchodilator treat-
ment nor the response to prednisolone could predict the
long-term response [67,68].

Conclusion
A 2-week course with oral prednisolone is unnecessary to
perform as it has no predctive value for the subsequent
response to an inhaled corticosteroid. 

Withdrawal of inhaled corticosteroids
In patients with COPD, it is often easier to detect a change
in response when treatment is stopped.

Run-in phase data from a total of 272 patients recruited
for the ISOLDE study [56] were analysed in an observa-
tional study [69]. Of the patients entering the 8-week 
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run-in phase, 160 had been treated with an inhaled corti-
costeroid prior to study entry, whereas 112 had not. All
patients were clinically stable for at least 6 weeks; there
were no differences in baseline lung function, bronchodila-
tor reversibility or smoking history between patients previ-
ously receiving an inhaled corticosteroid, compared with
those who had not. Inhaled corticosteroid treatment was
discontinued during the first week of the 8-week run-in
period before randomization. During the remaining 7 weeks,
38% of patients previously treated with inhaled steroids
experienced an acute exacerbation of COPD compared with
6% of those patients not receiving prior inhaled corticos-
teroid treatment. The daily dose of inhaled steroids in the
year preceding the study was slightly higher in patients
who experienced an exacerbation, compared with those
who did not have an acute worsening; however, this 
difference was not statistically significant. There was no
correlation between the total dose of inhaled or oral corti-
costeroids used in the year before the study and the time to
first exacerbation.

O’Brian et al. [70] investigated what happened when
inhaled corticosteroid treatment was stopped in a group of
24 men with moderate to severe COPD (mean age 67 years;
mean FEV1 1.6 L = 47% of predicted normal). This was a
double-blind randomized placebo-controlled cross-over
study. Patients entering the study received 100 μg BDP q.i.d.
or placebo for 3 weeks and had a 3-week wash-out period
before receiving the alternate treatment. They underwent
lung function tests (spirometry, diffusion capacity), had
health-related quality of life (HRQL) testing, sputum exam-
ination for inflammatory markers, and performed a 6-min
walking test before randomization and 3 weeks after each
treatment period. Fifteen patients completed the study.
Even if the BDP dose was relatively low, the results showed
that withdrawal of treatment resulted in a statistically
significant deterioration in lung function and increase in
exercise-induced dyspnoea.

The COPE study was a 6-month single-centre parallel-
group double-blind study evaluating the effect of with-
drawal of inhaled FP after 4 months’ treatment in a group
of patients with COPD [71]. Overall, 509 of the 615 patients
recruited to the study were eligible for inclusion. A total of
263 patients started an open-label 4-month treatment
phase with 500 μg FP b.i.d. and 40 μg ipratropium q.i.d. to
optimize their clinical status. Their mean age was 64 years,
84% were men, and baseline postbronchodilator FEV1 was
54% of predicted normal. More than 80% of the patients
had previously used an inhaled corticosteroid. After the
open-label phase, patients were randomized to continuous
treatment with FP (n = 123) or placebo (n = 121) for 
6 months and contacted the study centre as soon as there
was a change in their well-being. Exacerbations (defined as
a worsening of respiratory symptoms requiring treatment

with oral corticosteroids or antibiotics) occurred in 47% 
of the patients receiving FP compared with 57% in the
placebo group. The hazard ratio for the first exacerbation
was 1.5 (95% CI, 1.1–2.1) with placebo compared with 
FP. A total of 26 patients (22%) in the placebo group had 
a recurrent rapid exacerbation and were changed to 
open-label FP treatment, compared with six patients (5%)
receiving FP. The relative risk for this was 4.4 (95% CI,
1.9–10.3). Statistically significant differences in health status
(St. George’s Respiratory Questionaire [SGRQ]) total scores,
activity and symptom domain scores were observed be-
tween the groups. There were no differences in postbron-
chodilator FEV1, excertion dyspnoea (Borg scale), or in 
distance walked during 6 min with active treatment or
placebo.

Conclusions
Withdrawal of inhaled corticosteroids in patients with
moderate to severe COPD has resulted in an increased 
incidence of exacerbations compared with continuous
treatment, and in deterioration of health-related quality 
of life. The results indicate that inhaled corticosteroids
should be withdrawn with caution in patients with COPD.
Indeed, patients should be monitored carefully as the effect
of inhaled corticosteroids may be more apparent after 
treatment has been withdrawn. 

Effect of inhaled corticosteroids on acute
exacerbations
COPD exacerbations are serious events which may be life-
threatening [72]. Frequent exacerbations impair health-
related quality of life [73] and lung function decline is 
faster in patients with frequent exacerbations compared
with patients having no or only a few exacerbations [74].
To date, there is no universal definition of a COPD exacerba-
tion, which makes comparison of the preventive effects 
of treatment on exacerbations difficult [75]. However,
action-driven definitions of exacerbations (episodes requir-
ing medical intervention with oral corticosteroids and/
or antibiotics and/or hospitalization) are considered more
objective than symptom-based definitions to compare ther-
apeutic interventions in a clinical trial setting [76]. 

In the ISOLDE study, exacerbations were defined as
events requiring treatment with oral corticosteroids or
antibiotics. The study showed a 25% reduction in the
yearly rate of exacerbations in patients treated with FP
compared with placebo (P = 0.026) [56], but did not 
indicate which patients showed greatest benefit. Jones et al.
[77] performed a post hoc analysis of these data and divided
the study population into those with mild (FEV1 ≥ 50% pre-
dicted normal) and moderate to severe (FEV1 of less than
50% predicted normal) disease. There were 391 patients
with mild COPD (195 FP-treated) and 359 with moderate
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to severe disease (180 FP-treated). Over the 3-year study
period, 29% of patients with mild disease and 16% of
patients with moderate to severe disease had no exacerba-
tions; the median exacerbation rate was significantly 
lower in the mild disease group (P < 0.0001). There were
significantly fewer exacerbations in the FP group (0.99
exacerbations per year) compared with placebo (1.32 exac-
erbations per year; P = 0.026). This significant effect was
largely confined to the moderate to severe group: median
number of exacerbations per year was 1.47 and 1.75 in the
FP and placebo groups, respectively (P < 0.022). In patients
with moderate to severe disease, 52% had a corticosteroid-
treated exacerbation compared with 30% of those in the
mild group (P < 0.0001). The rate of these exacerbations
was significantly lower in FP-treated patients compared
with placebo (P < 0.001). FP reduced the number of
patients experiencing one or more exacerbations per year
by half in both patient groups (Fig. 58.3). Reversibility to
bronchodilator or prednisolone did not identify patients in
whom FP had an effect on exacerbations.

In a 6-month study comparing FP with placebo, active
treatment reduced the incidence of severe exacerbations
(defined as a need for hospitalization) [45]. Thus, an effect
on the severity of exacerbations was demonstrated. In this
shorter term study, however, no effect on the time to the
first exacerbation was found. A meta-analysis based on
nine studies with 3976 patients [44–48,54–57], including
four with a systemic steroid run-in phase, reported a 30%
reduction in COPD exacerbations (risk ratio 0.70; 95% CI,
0.58–0.84) with inhaled corticosteroid treatment [8]. 

Three placebo-controlled 12-month studies have com-
pared the efficacy of combinations of an inhaled corticos-
teroid and an inhaled long-acting β2-agonist (fluticasone/

salmeterol and budesonide/formoterol) with the individual
monocomponents in patients with moderate to severe
COPD [9–11]. Exacerbations were an important endpoint
in these studies, and further information has been obtained
that relates to the efficacy of inhaled corticosteroids alone
on the incidence and rate of exacerbations. These studies
are discussed later in this chapter.

Conclusions
The effect of inhaled corticosteroids on COPD exacerbations
defined as action-driven events (a course of oral corticos-
teroids and/or antibiotics and/or hospitalization) appears to
be confined to patients with moderate to severe disease.
Reversibility to treatment with a β2-agonist or oral pred-
nisolone does not predict the efficacy. Treatment with
inhaled corticosteroids has been shown to reduce both the
severity of exacerbations and the number and rate of severe
exacerbations.

Inhaled corticosteroids and survival/mortality
Frequent exacerbations are associated with increased 
mortality in COPD [78,79]. Deterioration in health-related
quality of life appears to be the best predictor of rehospital-
ization and mortality in COPD [80]. Several studies have
also shown that exacerbations necessitating hospitalization
increase the mortality in COPD [81–83]. To date, no pro-
spective studies to evaluate the effect of treatment with
inhaled corticosteroids on mortality have been reported. 
In the meta-analysis by Alsaeedi et al. [8], which included
five randomized placebo-controlled trials measuring this
endpoint, a 16% reduction in mortality compared with
non-inhaled corticosteroid treatment was observed. How-
ever, this reduction was not statistically significant.

Sin and Tu [84] conducted a population-based cohort
study using databases in Ontario, Canada (n = 22 620) to
determine the association between inhaled corticosteroid
therapy and the combined risk of repeat hospitalization and
all-cause mortality in elderly patients (mean age 75 years)
with COPD. Patients who received inhaled corticosteroid
therapy within 90 days after discharge from hospital had
24% fewer repeat hospitalizations for COPD (95% CI,
20–29%) and were 29% less likely to die during 1 year of
follow-up after adjustment for a number of confounding
factors (95% CI, 22–35%). Very similar results were
reported by Soriano et al. [85] who used an UK General
Practice Research Database (n = 4665) and demonstrated
that regular use of inhaled corticosteroids was associated
with increased survival of COPD patients managed in 
primary care compared with patients receiving broncho-
dilators other than long-acting inhaled β2-agonists and 
no inhaled corticosteroids. They also compared rehospital-
ization in a retrospective cohort of 3636 patients with
COPD and found the use of inhaled corticosteroid (with or
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without a long-acting β2-agonist) was associated with a
reduction of rehospitalization or death (Fig. 58.4) [86]. The
use of inhaled corticosteroids in this database cohort was
shown to be associated with markers of increased disease
severity, but not with a number of other potential con-
founding factors that could explain the benefits observed in
mortality or risk of hospitalization [87].

In another study, Sin and Man [88] used hospital dis-
charge data from Alberta, Canada (n = 6740) for COPD
patients ≥ 65 years and reported a 25% relative reduction in
risk for all-cause mortality in patients on inhaled corticos-
teroids. Furthermore, patients receiving medium or high-
dose therapy showed lower risks than patients receiving
low doses of inhaled corticosteroids.

Reductions in mortality of 40–42% in COPD patients
using inhaled corticosteroids have been reported in other
studies. Mapel et al. conducted a cohort study to exam-
ine the relationship between survival and use of inhaled 
corticosteroids and/or long-acting inhaled β2-agonists in
COPD (n = 1288) and compared the results with those 
of a control group (n = 397) [89]. They found that COPD
patients who used an inhaled corticosteroid alone or in
combination with a long-acting β2-agonist had substan-
tially improved survival even after adjustment for asthma
and other confounding factors. However, a time-dependent
analysis based on seven Veterans Administration clinics 
in the USA (inhaled corticosteroids n = 2654; no inhaled
corticosteroids n = 5398) demonstrated no reduction in
mortality in the corticosteroidtreated population compared
with the control group [90].

It has been argued that the effects of inhaled corticos-
teroids on survival and mortality in these non-randomized
cohort studies may be confounded by a number of factors
[91], most notably ‘the immortal time bias’. This type of
survival bias occurs when assessing exposure to inhaled
corticosteroids after some patients have died, meaning that
those who survive have a theoretically greater amount 
of time to receive therapy with an inhaled corticosteroid.

However, even after adjusting for this effect and reanalysis
of the data, Sin et al. [92] reported that inhaled corticos-
teroid treatment was still associated with a 21% reduction
in hospitalization and mortality rate. Furthermore, at least
one of the cohort studies [89] appears to be free from such
bias, suggesting that this effect is real. An additional analy-
sis showed that in patients with COPD, the use of inhaled
corticosteroids for 3 years in those with moderate to severe
disease improved quality-adjusted life expectancy at a cost
that was similar to that of other therapies commonly used
in clinical practice [93].

Finally, Sin et al. [94] conducted a pooled analysis, based
on intention to treat, of individual patient data from seven
randomised studies (n = 5085) [9–11,54–57]. The effects 
of inhaled corticosteroids and placebo were compared over
at least 12 months in patients with stable COPD. Inhaled
corticosteroids reduced all-cause mortality by about 25%.
The beneficial effect appeared to be especially noticeable 
in women and former smokers. Also patients with COPD
and respiratory insufficiency requiring domiciliary oxygen
treatment with inhaled corticosteroids have improved 
survival [95].

Conclusions
Some retrospective cohort studies, but not all, have indic-
ated a reduced risk for rehospitalization and mortality in
COPD patients using inhaled corticosteroids after treatment
in hospital for an acute exacerbation of COPD compared
with patients not using inhaled corticosteroids. The improved
quality-adjusted life expectancy has been achieved with-
out an increase in costs. Results of prospective studies are
warranted.

Inhaled corticosteroids and long-acting inhaled 
β2-agonists
Six placebo-controlled studies have been published evaluat-
ing the efficacy of an inhaled corticosteroid and a long-
acting inhaled β2-agonist (fluticasone/salmeterol and
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budesonide/formoterol) in the same inhaler [9–11,96–99]
in comparison with the monocomponents (i.e. inhaled 
corticosteroid alone and a long-acting inhaled β2-agonist
alone) and placebo. These studies are summarized in 
Table 58.3. Three 12-month studies were designed speci-
fically to evaluate the effect of combination therapies on
exacerbations in patients with COPD [9–11].

In a 12-month parallel-group study with four treatment
arms, 500 μg FP, 50 μg salmeterol and 500 μg FP/50 μg
salmeterol b.i.d. were compared with placebo in 1465
patients with COPD (GOLD stage II–IV) [10]. Combination
treatment with FP/salmeterol significantly improved FEV1

compared with placebo (treatment difference 133 mL; P <
0.0001); a significant difference was also observed with FP
alone (95 mL; P < 0.0001). The mean exacerbation rate
(defined as a worsening of COPD symptoms requiring
antibiotics, oral corticosteroids, or both) per patient per
year was also reduced by 25% (P < 0.0001) with FP/salme-
terol, and by 20% (P = 0.0027) and 19% (P = 0.0033) with
salmeterol and FP, respectively, compared with placebo.
There were no significant differences between active treat-
ment groups with regard to reduction in exacerbation 
frequency or time to first exacerbation. A statistically
significant improvement in health status (as measured 
by SGRQ total score) was observed at 12 months in the 
FP/salmeterol treatment group compared with placebo
(treatment difference –2.2 [P = 0.0003]) and FP (treatment 
difference –1.4 [P = 0.021]).

Szafranski et al. [9] enrolled 812 patients with COPD
(GOLD stages III–IV) into a 12-month placebo-controlled
study. Patients were randomized to treatment with either
400 μg budesonide b.i.d., 9 μg formoterol b.i.d., 400 μg budes-
onide/9 μg formoterol b.i.d. (Symbicort 160/4.5 μg labelled
as delivered doses), or placebo. During the 12-month study
period, all active treatments increased FEV1 compared with
placebo (budesonide/formoterol, 15% [P < 0.001], for-
moterol, 14% [P < 0.001] and budesonide, 9% [P < 0.001]).
Budesonide/formoterol was more effective than budes-
onide alone at improving lung function (P < 0.001). In 
addition, budesonide/formoterol sustained improvements
in FEV1 throughout the study period, compared with both
budesonide and placebo.

Patients treated with budesonide/formoterol and budes-
onide alone had fewer exacerbations requiring the use of
oral corticosteroids and/or antibiotics and/or hospitaliza-
tion (1.4 and 1.6 per patient per year, respectively) com-
pared with 1.8 for formoterol and 1.9 for placebo (P < 0.05
budesonide/formoterol vs placebo and formoterol). The
lowest number of oral corticosteroid courses per patient per
year was observed with budesonide/formoterol (0.74) and
budesonide (0.76) treatment compared with formoterol
(1.04) and placebo (1.07). Both budesonide/formoterol
and budesonide treatment reduced the number of oral cor-
ticosteroid courses required to treat an exacerbation (31%

[P = 0.027] and 29% [P = 0.045], respectively). Further-
more, budesonide/formoterol, but not budesonide alone,
significantly improved SGRQ total score compared with
placebo (P < 0.01) during the study. The mean change in
SGRQ total score with budesonide/formoterol compared
with placebo (–3.9) approached clinical relevance (where a
change of 4 points represents a clinically important differ-
ence relevant to the patient).

Calverley et al. [11] recruited 1022 COPD patients of a
similar type to those recruited by Szafranski et al. [9] in
another 12-month placebo-controlled study. In this study,
treatment was intensified with 30 mg oral prednisolone
once daily and 9 μg formoterol b.i.d. during a 2-week run-
in period to optimize patients’ level of disease control. This
type of design was used to test a clinically relevant situ-
ation (i.e. whether short-term improvements achieved after
treatment intensification could be maintained with inhaled
therapy). Patients were randomized to treatment as outlined
in the Szafranski et al. study [9]. Budesonide/formoterol
maintained improvements in FEV1 achieved with treat-
ment intensification. In contrast, FEV1 declined rapidly in
the other active treatment groups and placebo. This differ-
ence was significant with budesonide//formoterol compared
with placebo (14%; P = 0.001), budesonide (11%; P < 0.001)
and formoterol (5%; P = 0.002), but not with budesonide
versus placebo (2%). The median time to first exacerbation
requiring medical intervention (oral antibiotics and/or cor-
ticosteroids or hospitalization) with budesonide/formoterol
in combination and budesonide alone was 254 days 
and 178 days, respectively, compared with 154 days with
formoterol (a long-acting bronchodilator – the current
standard of care) and 96 days in the placebo group. In this
study, the statistical power was in the hazard rate or time 
to first exacerbation analysis: –28.5% for budesonide/for-
moterol versus placebo (P < 0.01), –30% versus formoterol
(P = 0.003) and –21% versus budesonide (P = 0.033).
Combination therapy and budesonide alone was also 
associated with a lower mean exacerbation rate (1.4 and
1.6 exacerbations per patient per year, respectively) com-
pared with placebo (1.8) and formoterol (1.9). Importantly,
budesonide/formoterol also prolonged the time to first oral
corticosteroid course compared with placebo (–42% versus
placebo; P < 0.001) as did budesonide (–14% vs placebo; 
P = 0.009). The effect of budesonide/formoterol was greater
than the sum of its constituent components. With regard 
to improvements in exacerbation status, budesonide/
formoterol significantly improved SGRQ total score com-
pared with other active treatments and placebo. All active
treatment groups improved the total score versus placebo,
but the greatest difference and clinically significant differ-
ence (–7.5) was observed with budesonide/formoterol.
Inhaled corticosteroid and long-acting inhaled β2-agonist
combination therapy improved symptoms and use of
reliever medication in all three 12-month studies. 
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Using the UK General Practice Research Database Kiri 
et al. [99] obtained 437 pairs of patients with moderate-
to-severe COPD who either used an inhaled corticosteroid
together with a long-acting or a short-acting inhaled β2-
agonist. In a multivariate analysis they found a 38% risk
reduction (P < 0.007) among patients given the inhaled
steroid with the long-acting relative to those using the
short-acting bronchodilator.

Numbers needed to treat
The ‘number needed to treat’ (NNT) was developed to provide
a simple, clinically relevant measure of treatment effects
[100]. In COPD the NNT values, defined as the number of
patients who need to be treated with the combination inhaler
for 1 year to avoid one severe exacerbation compared with
the long-acting bronchodilator alone, has been calculated.
For budesonide/formoterol the NNT values in the studies by
Szafranski et al. [9] and Calverley et al. [11] were 2.1 and 2.4
[101]. The corresponding value in the study by Calverley 
et al. [10] for salmeterol/fluticasone have been 14 [102].
This figure has to be interpreted with caution as no statistic-
ally significant difference in exacerbation rates was seen in
the study between salmeterol and the combination product,
which is necessary for a proper calculation of NNT values.

Conclusions
In patients with moderate to severe COPD (FEV1 less than
50% of predicted normal) combination treatment with an
inhaled corticosteroid and a long-acting β2-agonist in the
same inhaler has provided clinically important and statistic-
ally significant effects. A clear reduction in exacerbations
rates, time to first severe exacerbation and in symptoms,
together with great improvements in health-related quality
of life, have been observed.

Tolerability and safety of corticosteroids 
in COPD

The safety and tolerability of inhaled corticosteroids in
patients with asthma have been well documented in sev-
eral papers (e.g. Barnes et al. [38]). However, patients with
COPD differ from those with asthma and results obtained in
studies of healthy subjects or patients with asthma may not
be applicable to those with COPD, who are often older and
have a significant smoking history with other concomitant
smoking-related diseases. In addition, patients are often
physically inactive because of respiratory problems such as
dyspnoea. It may be difficult therefore to distinguish between
treatment-induced adverse effects and the symptoms and
signs caused by tobacco smoking and comorbidities.

Many studies in patients with asthma have reported
changes in markers of hypothalamic–pituitary–adrenal
(HPA) function and bone formation; however, clinical risks

in terms of adrenal crisis or bone fractures are rare. The
adverse effects and the benefit–risk ratio of inhaled corti-
costeroids in the treatment of patients with COPD have
recently been reviewed [103,104]. 

This review focuses on the pharmacokinetics of inhaled
corticosteroids in patients with COPD and adverse effects
reported in the long-term placebo-controlled studies.

Pharmacokinetics
Few controlled studies have evaluated the pulmonary
pharmacokinetics of inhaled corticosteroids in patients
with COPD. Providing the patient’s inhalation effort is
acceptable, studies with budesonide have shown no differ-
ence in kinetics between patients with COPD and healthy
subjects, but a higher systemic availability for FP than for
budesonide [105]. For FP, significant differences have been
observed between healthy control subjects and patients
with asthma [106,107] and COPD [108], with systemic
effects in healthy subjects being greater than in patients
with airway obstruction. For FP a linear relation has been
found between the degree of airway obstruction and the
systemic activity of FP [109]. A plausible explanation for
the difference in systemic activity between budesonide and
FP may be the difference in water–lipid solubility between
the substances. FP is significantly less water soluble, has a
much higher volume of distribution with a corresponding
significantly longer elimination half-life, and is therefore
retained for a longer time in the tissues.

The results of FP studies demonstrating a difference
between patients and healthy subjects may be caused by a
more central drug deposition in patients. A centrally
deposited lipophilic substance may be more easily trans-
ported away from the airways by the mucociliary clearance
than a more peripherally deposited one, thus resulting in
less systemic activity. 

Topical adverse effects
Adverse effects associated with inhaled corticosteroid treat-
ment include voice problems (hoarseness, dysphonia), sore
throat and oropharyngeal candidiasis. They are generally
caused by the deposition of corticosteroids in the orophar-
ynx and on the vocal cords, but are more frequent in people
misusing their voice (e.g. teachers, switch board operators,
sport coaches). They also depend on dosing frequency and
the total daily dose, but not on duration of treatment [110].
The choice of delivery device also influences the incidence
of local side-effects [110]. Inhalation through devices with
an inherent resistance (e.g. Turbuhaler) opens up the vocal
cords and thereby minimize deposition on the vocal cords.
A significant reduction in the frequency of local side-effects
was observed in a 4-year study in 154 patients with
obstructive airway diseases (29 with COPD) treated with an
inhaled corticosteroid (BDP or budesonide pMDI attached
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to a large volume spacer) for 2 years, when they changed
treatment to budesonide delivered via Turbuhaler for the
next 2 years [111]. 

In the EUROSCOP study, 5% of budesonide and 2% of
placebo-treated patients had oropharyngeal candidiasis 
(P < 0.001) and 7% and 5% of patients, respectively, reported
hoarseness or sore throat [55]. In the ISOLDE trial, 21% of
the patients in the FP group had dysphonia or sore throat
compared with 12% in the placebo group [56]. Candida
infections were found in 11% and 7%, respectively.

In the corticosteroid/long-acting β2-agonist combination
studies, more topical adverse events were reported in the
groups receiving treatment with the inhaled corticosteroid
than in the placebo and long-acting β2-agonist groups. In
the 6-month study by Mahler et al. [96] candidiasis was
found in less than 1% in the placebo and salmeterol 
groups but in 10% in the FP and 7% in the combined
FP/salmeterol groups. In the 12-month study with the
same treatments [10], the frequency of oropharyngeal 
candidiasis was 1% during treatment with placebo and 
salmeterol, and 6% during the treatments including FP. 

Systemic adverse effects
Hypothalamic–pituitary–adrenal axis
Treatment with oral corticosteroids in daily doses of more
than 7.5 mg usually causes signs of suppression of the HPA
axis and patients may develop moon face, acne, arterial
hypertension, osteoporosis with bone fractures, disturbed
carbohydrate metabolism, mental and behavioural distur-
bances, and other signs and symptoms. Few systemic side-
effects have been reported with inhaled corticosteroid
treatment, but it should be remembered that individual
susceptibility – in addition to dose–response for systemic
effects – does exist. 

In the 6-month study in which patients received 1000 μg/
day FP or placebo, the mean serum cortisol level was
significantly lower with FP at 6 months (345 nmol/L) com-
pared with placebo (385 nmol/L; P = 0.02), but no obvious
clinical signs of adverse effects were seen [45]. A total of 
19 patients (14% of 134 patients) in the FP group and 
13 patients (11% of 116 patients) in the placebo group had
cortisol values below the reference range.

In the ISOLDE study, morning serum cortisol was meas-
ured at baseline and every 6 months during treatment 
in 372 FP-treated and 370 placebo-treated patients [56]. A
small – but statistically significant – decrease in mean values
was observed in the FP group (P = 0.03). Overall, 5% of the
FP-treated patients had values below the normal range.

Osteoporosis and fractures
Long-term oral corticosteroid treatment is associated with
osteoporosis and an increased risk of fractures. In a study 
in 117 patients with chronic lung diseases, the cumulative

prednisolone dose was strongly related to fracture risk, and
this effect was found to be independent of its more modest
impact on bone mineral density [112].

Several studies in patients with asthma have failed to
identify an increased frequency of bone fractures or lower
bone density in patients receiving long-term inhaled 
corticosteroid therapy [38]. However, a population-based
case–control study in the UK suggested that there is a
dose–response relationship between inhaled corticosteroid
use and hip fractures, even after adjusting for the annual
number of courses of oral corticosteroids [113]. In older 
subjects, the recent use of inhaled corticosteroids was asso-
ciated with a dose-related increase in hip fractures.

In the placebo-controlled EUROSCOP study, patients
with mild COPD received 800 μg/day budesonide [55].
Bone mineral density (BMD) was measured at the L2–L4
vertebrae and femoral neck, trochanter and Ward triangle
by dual-energy X-ray absorptiometry at baseline and after
6, 12, 24 and 36 months in 82 budesonide and 79 placebo-
treated patients. No detrimental effect of budesonide treat-
ment was observed [114]. Radiographs of the thoracic and
lumbar spine (before and after 3 years’ study treatment) were
also obtained in 322 budesonide and 331 placebo-treated
patients. At randomization, 43 patients (13%) in the budes-
onide group and 38 (12%) in the placebo group had at least
one vertebral fracture. At the end of the study, five new
fractures occurred in the budesonide group and three in the
placebo group. This difference was not statistically significant.

In the ISOLDE study, 751 patients were followed for 
3 years during treatment with 1000 g/day FP [56]. The 
incidence of bone fractures was low in both treatment
groups (FP 2%; placebo 4.5%).

In the Lung Health Study, 559 patients were treated with
1200 μg/day triamcinolone for 3 years [57]. Bone density
values for the lumbar spine were available at baseline and
after treatment for 1 and 3 years in 328 patients, and for the
femoral neck in 359 patients. For femoral neck, the per-
centage of change (mean ± SE) from baseline to 3 years 
was –2.00 ± 0.35% in the inhaled corticosteroid group and
–0.22 ± 0.32% with placebo (P < 0.001). For lumbar spine,
the percentage of change was –0.35 ± 0.33% in the steroid-
treated group and +0.98 ± 0.36% in the placebo group 
(P = 0.007). Fractures were not reported. 

Postcapsular cataracts
The incidence of cataracts in the EUROSCOP study was less
than 5% and was equally distributed between budesonide
and placebo-treated patients [55]. In the ISOLDE study, the
incidence of cataracts was 1.3% in the FP group and 1.9%
in the placebo group [56]. The Lung Health Study group
reported a much higher incidence of cataracts, but this was
equally distributed between triamcinolone and placebo
treatments (22% vs 20%) [57].
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Skin bruises
Oral and high-dose inhaled corticosteroid treatments are
associated with an increased incidence of purpura and 
dermal thinning compared with low-dose inhaled corticos-
teroid and placebo treatments [115]. The tendency to bruise
easily is a well-known adverse effect of inhaled corticos-
teroid treatment. A study of patients with asthma showed
that the prevalence of bruising increased with age, dose of
inhaled corticosteroids and duration of treatment [116].

In the EUROSCOP study, bruising on a defined area of
the forearm was recorded on a regular basis [55]. At clinic
visits, bruising was found in 10% of patients taking budes-
onide compared with 4% in the placebo group (P < 0.001).
In the ISOLDE study, which included spontaneous report-
ing of adverse events, 7% of FP-treated and 4% of placebo-
treated patients reported bruising [56]. In the Lung Health
Study, in which younger patients were enrolled, the annual
incidence of bruising was 0.8% in the triamcinolone group
compared with 0.4% in the placebo group (based on
patient questioning every 3 months) [57].

It should be noted that, as there are methodological 
differences between the various studies, the incidence 
of adverse events reported may differ. In general terms,
however, an inhaled corticosteroid with a high systemic
bioavailability results in a higher systemic activity than a
compound with a low systemic availability when adminis-
tered at equally effective clinical doses. Data of comparative
studies in patients with COPD are lacking.

Other adverse effects
The EUROSCOP study reported similar incidences of dia-
betes, myopathy, and cardiovascular and gastrointestinal
disorders in both the budesonide and placebo groups [55].
The ISOLDE study [56] and the Lung Health Study [57] did
not mention these adverse effects. None of the four recent
long-term studies reported an increased risk of respiratory
or systemic infections in the groups of patients using
inhaled corticosteroids [54–57].

Corticosteroids have an important place in the treatment of
patients with COPD. Systemic corticosteroids are beneficial
for the treatment of acute exacerbations, but should not be
used for maintenance treatment because of the associated
risk of side-effects. 

The role of inhaled corticosteroids in COPD management
has been debated for some time. Short- and medium-term
studies of inhaled corticosteroids have generally docu-
mented small effects of treatment, mostly in patients or
subgroups with features of asthma, although an overall
improvement in FEV1 and an effect on decline in FEV1 have

Conclusions

been reported. The four long-term placebo-controlled 
studies that have more rigorously excluded patients with
asthma and have evaluated the effects of inhaled corticos-
teroids on FEV1 decline were all negative; there was no
significant difference between active treatment and placebo.
Thus, no disease-modifying effect could be demonstrated.
However, compared with placebo, an initial improvement
over the first 3–6 months was demonstrated with inhaled
corticosteroid treatment and one study showed an effect 
on bronchial hyperresponsiveness. Nevertheless, a meta-
analysis of the four studies demonstrated a statistically
significant effect on the FEV1 decline in the order of 7–
10 mL/year, which may represent a clinically meaningful
improvement for the patient. 

Inhaled corticosteroid treatment modifies the severity 
of acute exacerbations, reduces the risk of severe exacer-
bations, reduces symptoms associated with COPD, and
improves health status and exercise tolerance. Patients with
more severe disease (FEV1 of less than 50% of predicted
normal, rapid decline in FEV1), a short smoking history and
asthma-like features respond better than the rest of the
patient population. Inhaled corticosteroid treatment may
also reduce the number of rehospitalizations and deaths
from a worsening of COPD. Importantly, discontinuing
treatment with inhaled corticosteroids in patients with
COPD has been shown to increase the risk of experiencing
an exacerbation. Reversibility testing with bronchodilators
or oral corticosteroids is not indicative of a treatment effect,
as they do not predict the response to subsequent long-term
treatment with inhaled corticosteroids. To date, no dose–
response studies have been reported; however, the daily
doses used are those believed to be safe in the long term.

Dysphonia and oropharyngeal candidiasis are the most
frequently reported local adverse effects when using
inhaled corticosteroids. Systemic side-effects are dose-
dependent but are rare with clinically approved doses.
Indeed, less lipophilic inhaled corticosteroids (e.g. budes-
onide with a high first-pass metabolism in the liver) are
associated with an improved adverse event profile, com-
pared with older agents such as BDP and triamcinolone,
and more lipophilic compounds such as FP. It may be
difficult to distinguish between COPD- and smoking-
related adverse events, and those caused by treatment 
with inhaled corticosteroids. Nevertheless, the benefit–risk
ratio for inhaled corticosteroids is clearly positive in the
subgroups of patients with COPD mentioned previously.
Whether inhaled corticosteroid treatment in patients with
COPD is also cost-effective depends on the frequency of
exacerbations – which can now be prevented. Further
prospective controlled studies evaluating the effect of inhaled
corticosteroids on long-term mortality are warranted.

At this stage, it seems appropriate to recommend treat-
ment with inhaled corticosteroids for all patients with 
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frequent exacerbations and for those with poor airway
function and HRQL. To date, patients with mild COPD as 
a group have not been shown to benefit from treatment
with inhaled corticosteroids or inhaled corticosteroid/long-
acting inhaled β2-agonist combinations in clinical trials.
However, the recent meta-analysis by Sutherland et al.
[61] reported positive treatment benefits in patients with
COPD, including those with mild disease. The recent results
with combination therapy are clinically important as they
demonstrate improved treatment benefits compared with
inhaled corticosteroids alone in patients at risk of COPD
exacerbations.
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CHAPTER 59

Phosphodiesterase 4 inhibitors in 
the treatment of COPD

Hermann Tenor, Daniela S. Bundschuh, Christian Schudt, Dirk Bredenbröker
and Armin Hatzelmann

Characterization and understanding of the molecular
mechanisms underlying the control of airway integrity
have led to the identification of new targets for drug devel-
opment. The mechanism of 3′,5′-cyclic adenosine mono-
phosphate (cAMP)-mediated modulation of inflammation
and bronchiolar tone is illustrated in Figure 59.1 [1,2]. In
this context, inhibitors selective for cAMP-hydrolysing
phosphodiesterase 4 (PDE4) represent a new class of agents
with anti-inflammatory activities that appear to confer
significant benefits in animal models of airway disease and

therapeutic efficacy in patients with chronic obstructive
pulmonary disease (COPD). Indeed, many of the immune
effector cells implicated in the pathogenesis of COPD – 
neutrophils, macrophages and CD8+ T cells – express 
PDE4. Hence, targeting PDE4 provides an opportunity for
the design of new drugs. The anti-inflammatory activity 
of PDE4 inhibitors may improve clinical symptoms and
potentially alter or modify disease progression. Thus, PDE4
inhibitors could represent novel drugs that may overcome
limitations of existing therapies.

This chapter provides a state-of-the-art review and
update on PDE4 inhibitors in COPD, including a review of
the rationale, known mechanisms of action, clinical profile
and development status of the leading agents. The chapter
concludes with an outlook on future perspectives for PDE4
inhibitors in the treatment of COPD. 

Cellular levels of cyclic nucleotides are regulated through
activation of adenylate and guanylate cyclase and rapid
inactivation by PDEs. With respect to the latter, at least 
11 families have been characterized based on substrate
specificity and sensitivity to PDE inhibitors [3]. These
isozymes catalyse the hydrolysis of cyclic nucleotides cAMP
and cyclic guanosine monophosphate (cGMP) to 5′-AMP
and 5′-GMP, respectively, in a highly regulated manner.
More than 50 isoforms or splice variants of PDEs have been
identified. Of the human PDE isozymes described, PDE4, 7
and 8, are specific for cAMP; PDE1A, 5, 6 and 9 are selective
for cGMP; and PDE1B, 1C, 2, 3, 10 and 11 have dual
specificity for cAMP and cGMP. In turn, many of these PDE
isozymes have been found in human lung tissue (e.g. PDE1,
3, 4 and 7).

The relative success of theophylline – considered a 
non-selective inhibitor of PDEs among other mechanisms
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of action such as adenosine receptor antagonism – in the
treatment of airway disease has provided a rationale for
pursuing PDE inhibitors. However, the non-selective activ-
ity of theophylline has generally been associated with sub-
stantial adverse effects (e.g. intractable seizures, persistent
vomiting and cardiac arrhythmias), which, in turn, have
limited the use of this non-selective agent in COPD. Of 
particular importance is that many of the PDE isozymes,
particularly the PDE4 isozyme, have been localized to in-
flammatory and immunocompetent cells, including neutro-
phils, CD8+ T cells and macrophages, among others [4,5].
These findings provided the impetus for development and
clinical testing of PDE inhibitors with greater selectivity for
particular isozymes.

Of the 11 PDE families, the PDE4 family has been of most
interest to investigators for the treatment of inflammatory
diseases of the airways because of the localization of these
enzymes in lung structures and broad distribution in pro-
inflammatory and immunocompetent cells. 

Phosphodiesterase 4

There are four PDE4 subtypes (PDE4A, B, C and D); each 
is the product of a separate gene, the expression of which
results in a myriad of gene splice variants [6]. All of the
PDE4 variants have complete specificity for cAMP [3];
however, inhibitors may display some preferences for a
particular subtype. Likewise, different effector cells exhibit
differing sensitivities to PDE4 inhibitors [7]. Investigations
are ongoing to further elucidate the role of PDE4 splice 
variant diversity and cellular and subcellular localization of
these proteins.

Isoforms from all four PDE4 gene variants are found in
the human lung [6,8–10]. PDE4 is a major regulator of cAMP
metabolism in a variety of pro-inflammatory and immune
cells associated with COPD [11–13], including neutrophils
[5], macrophages, CD8+ T cells [4] and eosinophils [5]. 
In animal and human tissue studies, PDE4 has also been
localized to epithelial cells, endothelial cells, fibroblasts and
smooth muscle cells [14–18].

Tissue-specific expression of various splice variants should
be considered in understanding how these gene products
contribute to cellular responses to cAMP. This may, in part,
account for the differential sensitivities of the various 
effector cells to inhibition via PDE4 inhibitors. 

PDE4 inhibitors – anti-inflammatory activity

Biological activity of PDE4 inhibitors can be broadly cat-
egorized into effects on pro-inflammatory effector cells or 
pathways [4,14,16,19–32]. The majority of studies have been
performed in in vitro systems, many of which involved human
cells or tissues, and in animal models of inflammation. 

The bronchodilatory activities of non-selective PDE4
inhibitors such as theophylline are generally well recog-
nized. Briefly, PDE4 inhibitor-induced bronchodilatation 
is mediated through increases in intracellular cAMP and
subsequent relaxation of bronchiolar smooth muscle (see
Fig. 59.1) [1,2]. On the other hand, controversy remains 
on the effects of PDE4 inhibitors on their own in human
bronchial smooth muscle contractility. In fact, acute bron-
chodilatory activity in patients with COPD has not been
observed with selective PDE4 inhibitors; therefore, these
newer agents are not considered bronchodilators [33].

Of greater interest with respect to modulating the nat-
ural history of COPD are the potential anti-inflammatory
effects of PDE4 inhibitors. The in vitro and preclinical anti-
inflammatory activities have been of considerable interest,
and potential anti-inflammatory effects of PDE4 inhibitors 
are illustrated in Figure 59.2 [2]. 

The best-characterized cellular component implicated 
in the pathophysiology of COPD is the neutrophil. COPD 
is associated with a marked increase in the number 
and activation level of neutrophils [19–21]. Additionally, 
neutrophils from patients with COPD produce more reac-
tive oxygen species (ROS), which may support pulmon-
ary inflammation [22]. Inhibitors of PDE4 also suppress
neutrophil ROS and leukotriene B4 (LTB4) generation,
degranulation, CD11b presentation and chemotaxis.
Additionally, the PDE4 inhibitor BAY 19-8004 inhibited
lipopolysaccharide (LPS)-induced neutrophil influx in a rat
model of neutrophilic lung inflammation [24]. 

Another inflammatory cell implicated in the pathogen-
esis of airway disease is the CD8+ T lymphocyte. Indeed,
smokers with symptoms of chronic bronchitis and chronic
airflow limitation demonstrate an increased proportion of
CD8+ T lymphocytes infiltrating the peripheral airway 
walls [19]. PDE4 isozymes regulate the levels of cAMP in
these cells and, as a result, suppress proliferation. Indeed, in
CD8+ human peripheral blood T lymphocytes, treatment
with rolipram significantly (P < 0.05) reduced mitogen-
evoked production of interleukin-2 (IL-2) and γ-interferon
(IFN-γ) [4]. Translating this into the clinic, in a trial com-
paring cilomilast with placebo, Gamble et al. [26] reported a
significant (P < 0.01) reduction in CD8+ T cells in bronchial
biopsies from cilomilast-treated COPD patients. This was
the first report of PDE4-mediated reduction in CD8+ T cells
over the clinical dosing range. 

Macrophages represent a major source of TNF-α, and
overproduction of TNF-α is believed to have a pathogenic
role in COPD. Macrophages are increased in the sputum 
of smokers with chronic bronchitis [19]. The potential role
of cAMP and PDE4 in mediating LPS-activated TNF-α
responses was investigated in mice deficient in PDE4B 
and PDE4D [25]. In that study, LPS induction of TNF-α
was decreased by approximately 90% in mice deficient in
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PDE4B, suggesting a possible role for PDE4 inhibitors in
controlling this response [25].

Additionally, therapies that mitigate the fibrotic process
(i.e. fibrotic scar) caused by repeated repair processes may
be able to slow progressive loss of function in many lung
diseases. For example, fibroblast accumulation in and sub-
sequent contraction of the surrounding matrix of small 
airways is associated with airway lumen narrowing. This
can potentially lead to progressive loss of lung function in
patients with COPD [16]. cAMP has been shown to regulate
fibroblast chemotaxis and contraction. Kohyama et al. [16]
showed that the PDE4 inhibitors rolipram and cilomilast
suppressed fibroblast chemotaxis and fibroblast-mediated
collagen gel contraction, at least suggesting that these
agents have the potential to suppress fibroblast activity and
block the development of progressive fibrosis.

Because epithelial cells have a critical role in airway
inflammation, agents that inhibit pro-inflammatory medi-

ator release may help control COPD. PDE4 is a predomin-
ant PDE isozyme expressed in airway epithelial cells
[14,29]. One report [30] demonstrated that the selective
PDE4 inhibitor rolipram concentration-dependently inhib-
ited IL-1β-induced release of granulocyte–macrophage
colony-stimulating factor (GM-CSF) from BEAS2B human
bronchial epithelial cells with IC50 of about 1 μM and a
maximum inhibition of 80% at 10 μM. Human bronchial
epithelial cells orchestrate mucociliary clearance, an im-
portant airway defense mechanism. Mucus overproduction
may contribute to peripheral airway obstruction in COPD.
PDE4 inhibitors were shown to reduce MUC5AC from
human lung epithelial cells [34]. Cl-secretion over the
CFTR channel that is activated by cAMP contributes to
maintain the critical height of periciliary liquid required 
for ciliary mucus transportation supporting pathogen 
clearance. Cigarette smoke decreased CFTR expression 
and function in vitro and an acquired CFTR deficiency was
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reported in the nasal respiratory epithelium of cigarette
smokers [35]. Selective inhibition of PDE4 was shown 
to support CFTR activity in Calu-3 airway epithelial cells
[36]. In a rat model of neutrophilic lung inflammation, 
the selective PDE4 inhibitor BAY 19-8004 reduced mucus
hypersecretion, as indicated by a decrease in MUC5 mRNA
expression in vivo [24].

Taken together, the results of these studies suggest that
PDE4 inhibition has potentially far-reaching effects on
inflammatory cells and pathways involved in the pathogen-
esis of COPD. Potential anti-inflammatory effects of PDE4
inhibition are likely to account, at least in part, for the clin-
ical efficacy and therapeutic benefits increasingly reported
in clinical trials of PDE4 inhibitor therapy in patients with
COPD and other inflammatory diseases of the airways.

Theophylline

The methylxanthine theophylline (3,7-dihydro-1,3-dimethyl-
1H-purine-2,6-dione), has been used as a bronchodilator 
in patients with COPD for decades (Fig. 59.3a) [37–44].
Theophylline acts non-selectively through inhibition of all
major PDE isozymes and adenosine receptor antagonism,
and has broad activity in animal models and in patients
with COPD [45]. Theophylline exhibits a narrow thera-
peutic index, with a concentration of more than 50 μM

Non-selective PDE inhibitors

required to inhibit PDEs in airway smooth muscles (bron-
chodilatation) [45,46], and therefore has modest activity as
a primary bronchodilator. In addition, theophylline inhibits
the activation of some key inflammatory cells in vitro;
however, concentrations required are greater than those
that could likely be achieved therapeutically in patients
[47]. Thus, the contribution of these latter effects to the
clinical efficacy of theophylline is still under debate.

Theophylline at concentrations as low as 1 μM, i.e. well
within the therapeutic range have recently been reported
to restore the reduced HDAC activity and responsiveness 
to glucocorticoids that is observed in macrophages from
smokers with COPD [48]. Theophylline exhibits variable
interpatient pharmacokinetics and, consequently, drug 
levels are difficult to predict and drug blood level monitor-
ing is required. Oral formulations exhibit a slow onset of
action and sustained-release formulations are preferred
because they provide more predictable pharmacokinetics
[49]. Theophylline also exhibits a variety of drug interac-
tions, limiting its usefulness in a patient population with a
variety of comorbidities.

Although variable effects on exercise tolerance and clin-
ical symptoms (e.g. dyspnoea) have been reported [40,43],
theophylline is only recommended as third-line therapy 
in the treatment of COPD. However, a meta-analysis did 
not recommend theophylline in the treatment of COPD
exacerbations [50]. Further, because of its non-selective
inhibition of PDEs, adenosine receptor antagonism, stimu-
lation of calcium mobilization, and inhibition of phospho-
inositide 3-kinase, theophylline is associated with a high
incidence of side-effects within its therapeutic range. For
example, serious side-effects such as cardiac arrhythmias
and seizures have been associated with non-selective
adenosine receptor antagonism [38,51]. Because of the
limited value of theophylline formulations in patients with
COPD, researchers have focused on PDE4 inhibitors with
improved therapeutic ratios and safety profiles. 

Rolipram

Rolipram (4-[3-cyclopentyloxy-4-methoxyphenyl]-2-
pyrrolidinone) is an archetypal PDE4 inhibitor that 
exhibits a multitude of biological effects, including anti-
inflammatory activities (see Fig. 59.3b) [37,52,53]. Because
of its ability to cross the blood–brain barrier, this agent 
was initially investigated in the treatment of depression
[53–55]. Rolipram is selective for PDE4 and does not appre-
ciably inhibit PDE 1, 2, 3 or 5 [7]. The PDE4 enzyme exists
in at least two conformations, with rolipram selectivity for
these two conformations differing by more than 100-fold

Selective PDE4 inhibitors
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[56]. To distinguish these two types of rolipram selectivity,
investigators have identified these two conformations as
either the high-affinity rolipram binding site (HARBS) or
the low-affinity rolipram binding site (LARBS) [57]. The
high-affinity interaction with rolipram and PDE4 is thought
to be related to the presence of metal cofactors (e.g. Mg2+)
located in the active site of PDE4 [58,59]. Preferential 
binding to the HARBS has been suspected to be responsible
for central nervous system (e.g. nausea and emesis) and
cardiovascular effects.

Because of its ability to inhibit pulmonary eosinophilia,
airway inflammation, oedema and airway hyperreactivity
in vitro and in animal models [18,60–65], rolipram was
investigated as a potential treatment for asthma. However,
it exhibited a low therapeutic ratio and unfavourable side-
effect profile, including nausea and emesis thought to be
linked to its high affinity binding to the HARBS conforma-
tion, thereby restricting its therapeutic utility [66,67].
Therefore, safety issues, including dose-limiting gastro-
intestinal adverse events, stopped clinical development of
rolipram. Despite its failure as a clinically useful agent in 
the treatment of inflammatory airway diseases, rolipram is 
currently valued as a standard or control agent for in vitro
and preclinical studies with newer, more selective PDE4
inhibitors. The remainder of the chapter focuses on the
only two PDE4 inhibitors in late-stage clinical development
in the treatment of COPD: cilomilast and roflumilast.

Cilomilast

Cilomilast (SB 207499; cis-4-cyano-4-[3-(cyclopentyloxy)-
4-methoxy-phenyl]cyclohexanecarboxylic acid) is a PDE4
inhibitor that was originally under clinical investigation 
in the treatment of asthma, but development for this 
indication was discontinued because of poor efficacy (see
Fig. 59.3c) [37]. Cilomilast is selective for PDE4 and does
not appreciably inhibit PDE1, 2, 3 or 5 at concentrations 
≤ 10 μM [68]. Of the four isoforms in the PDE4 family,
cilomilast is approximately 10-fold more selective for
PDE4D than the other three isoforms (PDE4A, B and C)
[69]. For example, the IC50 of cilomilast is 13 nM for
PDE4D, compared with the next highest selectivity of 
120 nM for PDE4B [69]. In addition, cilomilast has approx-
imately equal affinity for the two conformations of PDE4,
LARBS and HARBS, whereas rolipram has a 60-fold 
greater affinity (i.e. lower IC50) for the HARBS conforma-
tion (Table 59.1) [68]. This results in a higher cilomilast
selectivity for the preferred PDE4 conformation, LARBS,
and has translated into an improved therapeutic ratio com-
pared with rolipram.

Preclinical and human ex vivo data
Several studies in animal models and human samples have

investigated the anti-inflammatory potential of cilomilast
in the treatment of COPD. Dose-dependent inhibition of
LPS-induced pulmonary inflammation has been reported
in a rat model of pulmonary neutrophilia, and attenuation
of pulmonary neutrophilia and oedema has been observed
in a guinea pig model of pulmonary neutrophilia [70,71].
In a human monocyte adoptive transfer model, 50 mg/kg
oral cilomilast inhibited LPS-stimulated TNF-α production
by 79% compared with vehicle [72]. This was similar to the
level of inhibition by rolipram and has been confirmed in
other studies [73]. 

Studies have also indicated that cilomilast was com-
parably potent with rolipram to inhibit fMLP-induced 
neutrophil degranulation, however maximum inhibition
was modest with approximately 30% [73,74]. Further,
bronchial epithelial and sputum cells were obtained from
patients with moderate COPD or from normal controls 
and were cultured for 24 h in the presence or absence of 
1 μM cilomilast (final concentration determined by a series
of dose–response curves) [75]. Cilomilast reduced TNF-α
release in both bronchial epithelial and sputum cells 
(P = 0.005), suppressed GM-CSF release in sputum cells 
(P = 0.003), but did not significantly inhibit IL-8 secretion.

Fibroblast accumulation is thought to have a role in the
fibrosis of small airways, and has been associated with air-
way lumen narrowing. The activity of cilomilast was tested
in two in vitro models of tissue remodelling: a model of
recruitment of fibroblasts to sites of ongoing fibrosis and a
model of the wound repair process that in the airway
directly leads to airway narrowing [16]. Cilomilast 10 μM
inhibited human fetal lung fibroblast chemotaxis toward
the chemoattractant fibronectin to 40.5 ± 7.3% (P < 0.05)
of control. The PDE4 inhibitor also significantly inhibited
fibroblast-mediated type I collagen gel contraction reflected
by an approximately 1.7-fold increase in collagen gel size
with 10 μM cilomilast compared to control.

In another study, which used the three-dimensional 
type I collagen gel culture system with human fetal lung
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Table 59.1 Phosphodiesterase 4 inhibitor affinity 
for phosphodiesterase 4 conformations. (Data from
Christensen et al. [68].)

IC50, nM

Agent LARBS HARBS LARBS/HARBS ratio

Rolipram 300 5 60
Cilomilast 95 120 0.8

HARBS, high-affinity rolipram binding site; IC50, 50%
inhibitory concentration; LARBS, low-affinity rolipram
binding site.



fibroblasts incubated with TNF-α (to induce matrix 
metalloproteinases [MMPs]) and neutrophil elastase (to
activate MMPs), cilomilast inhibited the degradation of 
the collagen matrix secondary to suppressing MMP-1 and
MMP-9 release and MMP-1 activation [76]. In view of
recent evidence that neutrophil elastase (NE) triggers 
oxidant stress (77) and activates EGFR and downstream
signalling [78] in lung fibroblasts that by inference are
linked through MMP activation as this cascade is well-
described in airway epithelial cells one may postulate that
the PDE4 inhibitor restricts MMP activation by reducing
NE-induced oxygen radical formation.

In addition to animal and in vitro models, patients have
been tested for the ability of cilomilast to mitigate inflam-
matory pathways in the lung. In a 12-week study designed
to measure the anti-inflammatory effects of cilomilast,
patients (n = 59) with moderate COPD were randomized to
receive 15 mg cilomilast twice daily (b.i.d.) or placebo [26].
Induced sputum differential cell counts were obtained at
baseline; weeks 1, 2, 4, 8, 10 and 12; and 7–10 days after
study completion; and bronchial biopsies were obtained 
at baseline and week 10. Cilomilast did not alter neutro-
phil elastase and IL-8 concentrations or result in significant
changes from baseline in percentage of sputum neutrophils
during treatment. However, Poisson regression analysis
showed a significant (P < 0.01) reduction of 48% for 
CD8+ T-lymphocyte subsets and a significant (P = 0.001)
reduction of 47% for CD68+ macrophages compared with
placebo. Although not powered to show changes in pul-
monary function, there was no cilomilast treatment-related
effect on forced expiratory volume in 1 s (FEV1). Overall,
these data suggest that cilomilast has the potential to exert
anti-inflammatory effects in vivo.

Pharmacokinetics
The pharmacokinetics of intravenous and oral administra-
tion of cilomilast has been evaluated in 16 healthy men
[79]. Two separate experiments were performed in volun-
teers receiving 4 mg cilomilast by intravenous administra-
tion over 1 h or a single 15-mg oral dose (Table 59.2) [79].
Similar pharmacokinetic profiles were observed with the
two modes of administration, with dose-dependent phar-
macokinetics and a low cilomilast clearance rate. A half-life
of approximately 8 h suggested that cilomilast b.i.d. dosing
would be an appropriate regimen for further clinical studies.
Cilomilast also had a high oral bioavailability, with a mean
absolute bioavailability of 103% (95% confidence interval
[CI], 98–109%) for a 15-mg tablet. The dose linearity of
oral cilomilast up to 15 mg b.i.d. has also been confirmed in
a randomized placebo-controlled dose-ranging study [80].
Because pharmacokinetics and oral bioavailability can be
affected by time of administration and coadministration
with other medications, several studies were conducted 

to determine potential pharmacokinetic alterations for
cilomilast and other medications.

The effect of food absorption on cilomilast bioavailability
was evaluated in 28 healthy volunteers who were adminis-
tered two single 15-mg oral doses of cilomilast: 1 dose after
a 10-h overnight fast and 1 dose 5 min after a high-fat
breakfast (see Table 59.2) [79]. Overall, data suggested 
that coadministration with food did not affect cilomilast
bioavailability. In addition, neither coadministration of 
an antacid [79] nor timing (morning or evening) of drug
administration (see Table 59.2) [79] appreciably affected
the pharmacokinetics of cilomilast.

Pharmacodynamic studies in healthy volunteers indic-
ated no significant drug interactions between cilomilast 
and digoxin, erythromycin, salbutamol, theophylline or
warfarin [81–85]. In renally impaired patients, the half-
life and unbound cilomilast area under the curve (AUC)
increased progressively with increasing renal impairment
because of decreases in unbound cilomilast clearance and
plasma protein binding [86]. In addition, renal clearance of
the active metabolite of cilomilast decreased with increas-
ing renal impairment, with the unbound AUC ratio of the
metabolite to cilomilast in severe renal impairment (creati-
nine clearance less than 30 mL/min) twice that observed in
healthy volunteers. The investigators recommended that
cilomilast not be administered to patients with severe renal
impairment.

Efficacy in COPD
The efficacy of cilomilast has been investigated in a number
of clinical studies. A 6-week placebo-controlled dose-
ranging trial was conducted to determine the efficacy,
safety and dose–response of cilomilast in patients with
COPD [87]. Patients (n = 424) were randomized to receive
5, 10 or 15 mg cilomilast b.i.d. or matching placebo for 
6 weeks. A total of 355 patients completed the study. Only
patients treated at the highest dose level experienced 
consistent improvements in both prebronchodilator and
postbronchodilator pulmonary function tests. Patients
treated with 15 mg cilomilast b.i.d. had a significantly
greater increase in mean trough prebronchodilator FEV1

compared with placebo at week 6 (P < 0.0001) [87]. At
week 6, there were also significant improvements in mean
postbronchodilator FEV1 (P < 0.0096), prebronchodilator
forced vital capacity (FVC; P = 0.001) and peak expiratory
flow rate (P < 0.0001) compared with placebo. However,
there were no significant differences between placebo and
the three dose levels of cilomilast in quality of life measures
from the St. George’s Respiratory Questionnaire (SGRQ).

Four pivotal, randomized double-blind placebo-controlled
parallel-group phase III studies (n = 647–825 per study)
were conducted to determine the efficacy of cilomilast 
in patients with COPD that was poorly reversible (≤ 15% or
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≤ 200 mL) by albuterol [88,89]. Patients were treated with
15 mg cilomilast b.i.d. or placebo b.i.d. for 24 weeks after a
4-week single-blind run-in period. A primary endpoint in
these studies was the change from baseline in trough FEV1.

Only two of the four studies demonstrated a significant
change from baseline in trough FEV1 at study endpoint 
versus placebo (Fig. 59.4) [88,89]. Three of the four studies
showed only a 30–40 mL improvement (i.e. mean change
from baseline) in FEV1 for patients treated with cilomilast.
In addition, there was a decline in placebo trough FEV1

for three of the four trials, particularly during the first 
few weeks of the study, which could not be adequately
explained by investigators. Based on the data, cilomilast 
did not substantially improve lung function but appeared 
to delay a decline in (i.e. maintained) lung function 
(see Fig. 59.4) [88]. However on 5 September 2003, the
Pulmonary-Allergy Drugs Advisory Committee of the US
Food and Drug Administration stated that one could not
draw this conclusion based on the short duration (6 months)
of the study. Therefore, this committee did not recommend

approval of cilomilast for the maintenance of lung function
(FEV1) and recommended that longer term studies (e.g. 
1 year) be conducted.

Reports from one of the pivotal phase III studies noted
significant improvements in several lung function para-
meters, such as FVC (P = 0.001) and trough 25–75% forced
expiratory flow (P = 0.003) in patients treated with cilomi-
last compared with placebo [90,91]. In addition to improve-
ment in lung function, the risk of a patient experiencing ≥ 1
COPD exacerbation (i.e. self-treated, physician intervention
or hospitalization) was reduced by 44% (P = 0.0001)
[92]. For any exacerbation, 74% of patients treated with
cilomilast were exacerbation-free compared with 62% of
patients treated with placebo (P = 0.0077).

For the four pivotal phase III studies, the change from
baseline in total score of the SGRQ was a primary efficacy
variable in addition to the change from baseline in trough
FEV1. However, only one (Study 039) of the four studies
demonstrated a statistically significant and minimal clinic-
ally meaningful (more than 4-point change) improvement
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Table 59.2 Mean pharmacokinetic parameters for cilomilast. (Adapted from Zussman et al. [79] with permission.)

Route* Food status† Time of administration‡

Point Point 
IV Oral Fasted Fed estimate Morning Evening estimate

Parameter (n = 16) (n = 15) (n = 28) (n = 28) (90% CI) (n = 24) (n = 24) (95% CI)

Cmax, μg/L (SD) 385 (88) 1113 (229) 1510 930 0.61§ 881 849 0.97
(259) (220) (0.55–0.67) (262) (249) (0.84–1.11)

Tmax, h (range) NR 1.50¶ 1.76# 4.00# 2.13# 3.66¶ 3.50¶ 0**
(1.00–4.02) (0.5–3.03) (1.00–11.07) (1.48–3.00) (0.50–8.03) (1.02–8.00) (–1.01–1.00)

AUC0–∞, μg/h/L 2236 8644 11 274 10 813 0.95§ 9385 8299 0.89
(SD) (551)†† (2103) (2579) (2789) (0.91–0.99) (2496) (1986) (0.84–0.94)
t1/2

, h (SD) 7.95 (1.94) 8.14 (1.63) 7.17 7.24 (1.29) NR 7.54 6.73 –0.81‡‡

(1.64) (1.35) (1.11) (–1.13–0.49)
CL, L/h (SD) 1.94 (0.49) NR NR NR NR NR NR NR
Vss, L (SD) 16.5 (3.3) NR NR NR NR NR NR NR

* Cilomilast 4 mg intravenous dose infused over 1 h or cilomilast 15 mg oral dose administered while fasting.
† Two single 15-mg oral doses of cilomilast; one dose administered after a 10-h overnight fast and one dose administered 5 min
after a high-fat breakfast.
‡ Two single 15-mg oral doses of cilomilast; one dose administered at approximately 8:30 a.m., 10 min after a meal, and one dose
administered at approximately 8:30 p.m., 10 min after a meal.
§ Geometric mean ratio (fed/fasted).
| Geometric mean ratio (evening/morning).
¶ Data are median (range).
# Data are median (range), median difference (fed–fasted) and 95% CI.
** Median difference (evening–morning).
†† n = 15.
‡‡ Mean difference (evening–morning).
AUC0–∞, area under the concentration–time curve from 0 to infinity; Cmax, maximum (plasma) concentration; CI, confidence
interval; CL, total (plasma) clearance; IV, intravenous; NR, not reported; SD, standard deviation; Tmax, time to Cmax; t1/2

, half-life;
Vss, volume of distribution at steady state.



in SGRQ total score [89]. In addition, this study noted
significant improvements at the study endpoint for Short
Form-36 scores for physical function (P = 0.017) and gen-
eral health perceptions (P = 0.02) compared with placebo
treatment [90].

A prospective analysis was also conducted to determine
health-care utilization in patients treated with 15 mg cilo-
milast b.i.d. (n = 431) versus placebo (n = 216) during one 
of the pivotal 6-month double-blind trials [93]. Cilomilast
was associated with significantly (P = 0.004) less cumulative
health-care resource utilization (11.0% versus 21.1% for
placebo), including physician visits (P = 0.002), emergency
room visits (P = 0.004) and hospitalizations (P = 0.021).

Safety in COPD
Cilomilast was generally well tolerated in a series of phase II
and III studies. In a dose-ranging study, the most common
drug-related adverse event was nausea, reported in 1%,
1%, 12% and 11% of patients in the placebo, 5, 10 and 
15 mg dose groups, respectively [87]. The most common
serious adverse event was COPD exacerbation. In addition,
the most common reason for withdrawal from the study
was respiratory disorder, which occurred more often in the
placebo (n = 6) and 5 mg cilomilast (n = 6) dose groups.
Overall, there was no cilomilast dose-related trend or signi-

ficant difference in incidence versus placebo for any serious
adverse event.

A pooled analysis of 6-month phase III studies indicated
that, collectively, gastrointestinal adverse events were 
the most common complication, reported more often in
patients treated with cilomilast compared with placebo
(Table 59.3) [94]. For example, nausea was reported in
12% of 1374 patients treated with cilomilast compared
with 4% of 684 patients treated with placebo. In addition,
diarrhoea, abdominal pain, dyspepsia and vomiting were
also reported more frequently in patients treated with
cilomilast compared with placebo (see Table 59.3) [94].
Gastrointestinal adverse events were generally self-limited
and were mild to moderate in intensity. However, gastro-
intestinal adverse events were the most frequent reason 
for discontinuations because of adverse events [89].
Cilomilast preferentially binds PDE4D, and animal studies
have suggested that preferential inhibition of PDE4D may
account for side-effects such as vomiting [95].

Roflumilast

Roflumilast (3-cyclopropylmethoxy-4-difluoromethoxy-
N-[3,5-dichloropyridyl-4-yl]-benzamide) [96] is a PDE4
inhibitor currently in phase III clinical development for 
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the treatment of COPD and asthma (see Fig. 59.3d) [37].
Compared with cilomilast and rolipram, roflumilast has
more than 100-fold higher potency in inhibiting PDE4, 
as reflected by IC50 values of 0.8 nM for roflumilast versus
120 nM for cilomilast and 210 nM for rolipram [7]. In vivo,
roflumilast is metabolized to roflumilast N-oxide. Both the
potent PDE4 inhibition (IC50 = 2 nM) and selectivity of
roflumilast are preserved by roflumilast N-oxide. Because
of its long half-life, the active metabolite substantially con-
tributes to the overall clinical efficacy of roflumilast. 

Preclinical and in vitro data
Evidence from in vitro and in vivo studies supports the broad

anti-inflammatory activity of roflumilast because its target,
PDE4, is widely expressed in cells involved in inflamma-
tion. The potency of roflumilast and its active metabolite,
roflumilast N-oxide, has been demonstrated in many 
in vitro cell models. Half-maximum inhibition values in the
lower nanomolar range suppressed human cell functions
(Table 59.4) [7] and corresponded well to inhibition of
PDE4 activity in a cell-free system. The maximum efficacy
attained with a PDE4 inhibitor in functional cell-based
assays in vitro is dictated by the additional expression of PDE
families other than PDE4. In addition, a threshold cAMP
concentration is a prerequisite for the activity of a PDE4
inhibitor. Neutrophils, eosinophils and monocytes isolated
from human peripheral blood almost exclusively express
PDE4. As a consequence, maximum inhibition (efficacy) by
roflumilast or roflumilast N-oxide of LPS-induced TNF-α
synthesis in monocytes is approximately 80%, and com-
plete inhibition of fMLP-stimulated LTB4 synthesis from
neutrophils is observed. 

Macrophages for preclinical studies are obtained by in
vitro differentiation of monocytes incubated in human AB
serum for several days. This transition to monocyte-derived
macrophages is associated with up-regulation of genes 
for PDE3 and PDE1 and reduced expression of PDE4 [32].
Macrophages differentiated from monocytes in human 
AB serum are considered to be similar to human alveolar
macrophages and, importantly, have a comparable PDE
expression profile [97]. In contrast to monocytes, a PDE4
inhibitor alone has virtually no effect on LPS-induced 
TNF-α generation in monocyte-derived macrophages. Even
at a concentration of 10 nM prostaglandin E2 (PGE2)
to stimulate cAMP formation, the maximum inhibition
attained with PDE4 inhibitors was only 20%. In addition,
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Table 59.3 Cilomilast: most frequently reported adverse
events. (Adapted from Compton et al. [94] with permission.)

Patients, n (%)

Cilomilast Placebo 
Adverse event (n = 1374) (n = 684)

COPD exacerbation 422 (30.7) 266 (38.9)
Diarrhoea 175 (12.7) 41 (6.0)
Nausea 172 (12.5) 28 (4.1)
Abdominal pain 157 (11.4) 39 (5.7)
Upper respiratory 

tract infection 111 (8.1) 51 (7.5)
Headache 101 (7.4) 43 (6.3)
Dyspepsia 83 (6.0) 17 (2.5)
Vomiting 76 (5.5) 7 (1.0)

COPD, Chronic obstructive pulmonary disease.

Table 59.4 Inhibition of inflammatory activities by phosphodiesterase 4 inhibitors. (Adapted with permission from
Hatzelmann et al. [7].)

Measured Roflumilast 
Cell type parameter IC value, nM Roflumilast N-oxide Cilomilast Rolipram

Neutrophil ROS IC35 4 8 60 20
LTB4 IC50 2 5 40 11

Monocyte TNF-α IC40 21 17 1300 330
Macrophage TNF-α IC35 13 12 130 10
DC TNF-α IC20 5 4 200 40
CD4+ T cell Proliferation IC30 7 10 900 330

IL-2 IC20 1 1 400 200
IL-4 IC30 7 3 1300 600
IL-5 IC25 13 6 3000 500
IFN-γ IC35 8 3 700 130

Values indicate the concentrations at which half-maximum concentrations were achieved.
DC, dendritic cell; IC, inhibitory concentration; IL, interleukin; IFN-γ, γ-interferon; LTB4, leukotriene B4; ROS, reactive oxygen
species; TNF-α, tumour necrosis factor α.



concomitant inhibition of PDE3 did not augment the
efficacy of PDE4 inhibitors. However, in the presence of
both 1 μM motapizone to inhibit PDE3 and 10 nM PGE2

to stimulate cAMP formation, roflumilast concentration-
dependently suppressed LPS-induced TNF-α formation to 
a maximum of approximately 70%. These results reflect
additional PDE3 expression and subthreshold baseline
cAMP synthesis in macrophages. Under these experimental
conditions, the administration of a PDE3 inhibitor in the
presence of a cAMP-generating system enables the PDE4
inhibitor to suppress LPS-induced TNF-α synthesis [32,97]. 

How might these findings translate to the clinical situ-
ation in COPD? Activated macrophages in distal airways 
produce mediators such as TNF-α, MMP-12, ROS and LTB4

that may orchestrate inflammation and remodelling in
COPD. For example, mice deficient in macrophage elastase
(MMP-12) were not susceptible to cigarette smoke-induced
emphysema [98]. Importantly, transgenic pulmonary
expression of constitutive or inducible TNF-α was asso-
ciated with characteristics of emphysema (e.g. alveolar
airspace enlargement) [99,100]. In inducible TNF-α trans-
genic mice, macrophage metalloelastase (MMP-12) mRNA
was enhanced, and increased numbers of CD8+ T cells were
observed in the lung parenchyma [100]. Conversely, TNF-α
receptor deficient mice did not exhibit an acute cigarette
smoke-induced increase in neutrophils and macrophages
(obtained by bronchoalveolar lavage) or markers of con-
nective tissue breakdown, such as desmosine or hydroxy-
proline [101]. Data from a recent study [102] indicated that
TNF-α levels might determine the extent of neutrophilic
airway infiltration via up-regulation of E-selectin in endo-
thelial cells. In addition, alveolar macrophages exposed 
to cigarette smoke in vitro produced substantial amounts 
of TNF-α [102]. Cigarette smoke also contains bioactive
amounts of LPS that may further contribute to macrophage
TNF-α formation [103]. 

Overall, these data strongly support a pre-eminent role
for macrophage-produced TNF-α in the different mani-
festations of COPD. Although ineffective by itself, a PDE4
inhibitor such as roflumilast strongly suppresses LPS-
induced TNF-α generation in the presence of PGE2 if PDE3
activity is blocked. In COPD patients, an increase in exhaled
PGE2 levels was shown [104] and probably reflects elevated
prostaglandin generation in airway cells. In fact, there are
many cellular sources of up-regulated PGE2 associated with
lung inflammation [105], including fibroblasts [106],
smooth muscle cells [107] and alveolar macrophages [108]. 

Expression of inducible nitric oxide synthase (iNOS) 
was increased in cells such as neutrophils or macrophages
recovered from induced sputum of patients with COPD
[109]. Human macrophages express NO-sensitive guanylyl
cyclase [110], and up-regulated NO generation in COPD
may increase cGMP levels in pulmonary macrophages.
cGMP is a strong inhibitor of PDE3 activity and, therefore,

iNOS-derived NO might translate into PDE3 inhibition 
in endogenous macrophages. Taken together, it may be
hypothesized that excessive cellular activation and infiltra-
tion within the small airways of patients with COPD create
clinically relevant PGE2 concentrations and PDE3 inhibi-
tion, thus allowing potent suppression of human lung
macrophage TNF-α generation by roflumilast. The presence
of PGE2 or other mediators in COPD may further up-
regulate PDE4 activity in the lung macrophages. In fact, it is
well known that PDE4 is subject to extensive regulation 
on both the transcriptional and post-transcriptional levels
[111]. For example, in human monocytes LPS enhances
PDE4B2 expression [112]. Such increased levels of PDE4
may then further accentuate the efficacy of a PDE4
inhibitor.

Contrary to the situation in the small airways in patients
with COPD, roflumilast may have little effect on macro-
phages in larger airways, and this may be advantageous
given the role of macrophages in host defence. In addition,
at least in asthma, the relative resistance of macrophages
toward PDE4 inhibitors might be considered favourable
because a subpopulation of immunosuppressive alveolar
macrophages has been shown to inhibit bronchial T-cell
reactivity [113].

The ability of roflumilast to interfere with CD4+ T-cell
proliferation and cytokine generation has been investigated
[7]. CD4+ T cells were purified from human peripheral
blood using an immunomagnetic procedure. Cells were
then preincubated with various PDE4 inhibitors and co-
stimulated with anti-CD3 (0.3 μg/well) and anti-CD28 
(3 μg/mL) for 72 h. As a surrogate of proliferation, incorpor-
ation of [3H]-thymidine was assessed during the final 18 h
of incubation. Cytokine levels from culture supernatants
were also measured after the incubation period. Roflumi-
last and roflumilast N-oxide suppressed [3H]-thymidine
incorporation and inhibited production of IL-2, IL-4 and
IFN-γ, with half-maximum efficacy values between 1 and 
8 nmol. Maximum inhibition (efficacy) by roflumilast ranged
from 40% for IL-2 synthesis to 70% for IFN-γ formation.

Previous studies have shown that the PDE4 inhib-
itor rolipram reduced anti-CD3/anti-CD28-induced IL-13
formation by human T cells by up to 40% [114]. Resting
CD4+ T cells primarily express PDE4 and PDE3, but also
express PDE7 [4,97]. Co-stimulation with anti-CD3/anti-
CD28 induced novel expression of PDE1B protein [114]. In
the presence of a PDE3 inhibitor, which by itself has little
effect, the efficacy of a PDE4 inhibitor in suppressing T-cell
functions was increased, reflecting the functional role of
the additionally expressed PDE3 [4,115]. Thus, the incom-
plete inhibition of CD4+ T-cell functions by PDE4 inhibitors 
indicates that other PDE isozymes may also contribute to
cAMP regulation in relevant subcellular compartments of 
T lymphocytes. The T cells that were co-stimulated with
anti-CD3/anti-CD28 responded with a rapid and transient
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increase in PDE4 activity [114] that was insensitive to
cycloheximide or actinomycin D. The increased PDE4 
activity may originate in a recruitment of PDE4B2 to the
CD3–T-cell receptor (TCR) complex after CD3 ligation that
is associated with tyrosine phosphorylation of this PDE4
splicing variant [116]. Stimulation of human T cells stably
transfected with a tetracycline-sensitive PDE4B2 construct
by activated antigen-presenting cells rapidly up-regulated
tetracycline-triggered PDE4 activity. This was associated with
recruitment to the lipid raft membrane microdomains close
to the immunological synapse. These PDE4B2-transfected
cells generated greater amounts of IL-2 after specific antigen
stimulation compared with wild type lymphocytes [117],
supporting findings that PDE4 inhibitors such as roflumilast
reduce IL-2 synthesis. 

These data provide conclusive evidence that recruit-
ment of PDE4B2 to the TCR complex – and its subsequent
activation – alleviates T-cell activation induced by specific
antigen presentation. This is probably based on down-
regulation of cAMP within the lipid raft subcellular signall-
ing complex. It may be inferred that PDE4 inhibitors, by 
targeting the enzyme in its strategic position near the TCR,
increase cAMP levels in the lipid raft signalling complex and
result in efficient reduction of T-cell activation. Long-term
transcriptional regulation of PDE4 by cAMP-generating
systems has been described in human T cells. Incubation
with fenoterol or 8-bromo-cAMP for several hours resulted
in enhanced PDE4 activity, particularly PDE4D2 [118]. 

Up-regulation of cAMP-dependent PDE4 has been dis-
cussed as an important mechanism of heterologous desen-
sitization to β2-agonists. In fact, use of PDE4 inhibitors has
been suggested to delay tolerance to therapeutic β2-agonists
and endogenous catecholamines or PGE2 [119].

In COPD, the role of CD8+ T cells has been a key focus
because these cells appear to be increased both in the air-
way mucosa and regional lymph nodes [120]. Comparable
to CD4+ T cells, PDE3, PDE4 and PDE7 activities were
detected in unstimulated CD8+ T cells [4,97]. Roflumilast
and roflumilast-N-oxide potently reduced antiCD3/antiCD28-
induced granzyme B and IL-2 release from [3H] thymi-
dine incorporation in purified human peripheral blood
CD8+ T-cells with IC50 from 1–10 nM and in presence of 10
μM motapizone to block PDE3 [121].

Comparison of potencies of the PDE4 inhibitors roflu-
milast, roflumilast N-oxide, rolipram and cilomilast for
their inhibition of monocyte and macrophage TNF-α
synthesis and CD4+ T-cell functions (e.g. proliferation,
cytokine generation), versus inhibition of neutrophil LTB4

and ROS release revealed that rolipram and cilomilast 
were substantially less potent inhibitors of monocytes 
and T lymphocytes than of neutrophils [7]. Conversely, 
the potencies of roflumilast and roflumilast N-oxide in 
suppressing monocyte, T cell, macrophage and neutrophil

functions were comparable (see Table 59.4) [7]. The ability
of rolipram to reduce neutrophil (IC50 = 11 nM for LTB4 and
20 nmol for ROS) and macrophage (IC50 = 10 nM for TNF-α
formation) functions was greater than for inhibition of
PDE4 activity (IC50 = 210 nM) [7]. This was not the case
with roflumilast and roflumilast N-oxide, in which potency
levels for inhibition of neutrophil and macrophage func-
tions were slightly lower compared with PDE4 inhibition.
Monocyte and T-cell functions, however, were attenuated
with a potency corresponding to levels of inhibition of
PDE4 activity by all of the PDE4 inhibitors tested. 

PDE4 proteins assume at least two interconvertible con-
formational states, which may be distinguished by their
binding of rolipram with different affinities. Association of
PDE4 inhibitors with the LARBS conformation is reflected
by inhibition of catalytic activity. Binding of PDE4 inhibitors
to the HARBS conformation is assessed by competition
assays with [3H]-rolipram. For rolipram, binding to the
HARBS was observed at an IC50 of approximately 5 nM
whereas inhibition of catalytic activity corresponding to the
LARBS was observed at an IC50 of approximately 120 nM
[74]. Studies with various PDE4 inhibitors demonstrated
that reduction of neutrophil functions correlated with the
HARBS (i.e. inhibition of [3H]-rolipram binding), whereas
suppression of monocytes was correlated with the LARBS
(i.e. inhibition of PDE4 catalysis) [74]. In addition, evidence
published during the past decade indicates that interaction
of compounds with the HARBS correlates with emesis and
other central nervous system-related effects [122–124]. For
rolipram, preferential binding to the HARBS versus the
LARBS explains its more potent inhibition of neutrophil
LTB4 and ROS generation versus monocyte TNF-α synthe-
sis and PDE4 catalytic activity and the early occurence of
emesis. Roflumilast attenuates the above-mentioned neu-
trophil and monocyte functions with comparable potency.
Indeed, roflumilast was shown to bind HARBS and LARBS
with comparable affinity (Ki = 1.5–3 nM) [125] and this
may finally allow that improvement of lung function in
COPD associated with low emetic risk as observed in clinical
studies with roflumilast.

The binding of cilomilast to HARBS and LARBS has been
reported as approximately equal [71]. However, in our labor-
atory cilomilast was about 25-fold more potent in inhibiting
neutrophil LTB4 or ROS generation than monocyte TNF-α
synthesis [7]. The preferential inhibition of PDE4D (IC50 =
4 nM) over PDE4B (IC50 = 99 nM) [126] by cilomilast
might explain this finding. In contrast, roflumilast and
roflumilast N-oxide inhibited PDE4A, B and D equipotently
[127]. Generation of LPS-induced TNF-α appears to be 
governed by PDE4B, as lipopolysaccharide-induced TNF-α
formation was nearly eliminated in PDE4B –/– mice [25]. 

Whether neutrophil ROS and LTB4 formation is primar-
ily regulated by PDE4D over PDE4B remains to be explored.
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It was shown that neutrophils exhibit PDE4D > PDE4B
however, both subtypes are equally involved in neutro-
phil chemotaxis [128]. In summary, in vitro assays with
inflammatory cells PDE4 reflected the higher potency of
roflumilast over cilomilast to inhibit PDE4 and this was 
particularly marked in monocytes and T lymphocytes. In
parallel, roflumilast was more potent than cilomilast to
reduce LPS-induced plasma TNF-α in vivo (EC50 of 0.2 vs.
93 μmol/kg, respectively) [96]. 

Recently, the potency and efficacy of roflumilast and its
active metabolite were explored in other in vitro and in vivo
systems of relevance in COPD. Neutrophil studies were
complemented by findings that roflumilast and roflumilast
N-oxide reduced fMLP-induced degranulation (i.e. release
of neutrophil elastase, MPO and MMP-9) with IC50 = 
1–2 nM [129] and also CD11b presentation [130]. Consid-
ering airway epithelial cells roflumilast strongly suppressed
MUC5AC mRNA and protein in cultured human bronchial
slices and in A549 cells, roflumilast was more potent than
cilomilast or rolipram in this respect. [34]. These data 
indicate that roflumilast may assist to reduce mucus over-
production in peripheral airways in COPD. Roflumilast 
or roflumilast N-oxide suppressed an array of functions in
cell types involved in pulmonary remodelling in COPD. 
In human lung fibroblasts roflumilast N-oxide inhibited 
TNF-α induced up-regulation of ICAM-1 cell adhesion
molecule and Eotaxin release with IC50 around 1–3 nM. 
In addition, TGFβ1 induced expression of α-smooth muscle
actin, a surrogate of myofibroblast transition was reduced
by roflumilast N-oxide [131]. Further, roflumilast (1 μM)
reduced TGFβ1 induced chemotaxis and collagen gel 
contraction [132]. In human pulmonary artery smooth
muscle cells roflumilast decreased [3H]thymidine incorpo-
ration triggered by PDGF with IC50 = 4.4 nM in presence 
of 3 nM cicaprost [133]. Human  airway smooth muscle
cells produce extracellular matrix proteins and roflumilast
(1 μM) suppressed TGFβ-induced CTGF, collagen I and
fibronectin in bronchial rings and deposition of fibronectin
from bronchial smooth muscle cells [134]. Roflumilast and
its N-oxide potently reduced serum-induced [3H]thymi-
dine incorporation in these cells with IC50 = 1–3 nM [135].
In vivo, roflumilast at 0.1–10 μmol/kg p.o. dose-dependently
inhibited leucocyte-endothelial interaction triggered by
LPS as assessed by intravital microscopy in rats [130]. Import-
antly, roflumilast (5 mg/kg/d p.o.) prevented cigarette-
smoke induced emphysema in mice in a chronic study over
7 months [136]. From these results one may hypothesize
that roflumilast alleviates airway and pulmonary vascular
remodelling in COPD. In summary, preclinical data suggest
a therapeutic benefit of roflumilast in COPD. 

Pharmacokinetics
The pharmacokinetics of intravenous and oral administra-

tion of roflumilast has been evaluated in a randomized,
two-period cross-over study [137]. Twelve healthy male
volunteers received a single oral dose of 500 μg and an
intravenous 150 μg dose infused over a 15-min period.
After infusion, the plasma concentration of roflumilast
showed a rapid distribution and long apparent terminal
plasma disposition half time of about 15 h. The active
metabolite roflumilast N-oxide achieved a plateau-like con-
centration about 4 h after infusion (Cmax at about 8 h). 
This concentration was maintained for several hours and
declined slowly with an apparent terminal fall time of 23 h.
Roflumilast N-oxide accounts for about 87% of PDE4
inhibitor exposition. Absolute bioavailability of oral 500 μg
roflumilast (relative to the short-term i.v. infusion) was
high with 79% [137]. 

A double-blind parallel-group dose-ranging study was
conducted in 18 healthy volunteers to determine the 
pharmacokinetics of roflumilast and roflumilast N-oxide,
the active metabolite of roflumilast [138]. Volunteers
received 500 μg roflumilast once daily during days 1–7, 
750 μg once daily during days 8–14 and 1000 μg once 
daily during days 15–21. Pharmacokinetic parameters for
days 7, 14 and 21 are shown in Table 59.5. Roflumilast
exhibited linear pharmacokinetics in the dose range of
500–1000 μg. Roflumilast and roflumilast N-oxide exhib-
ited a prolonged half-life of approximately 15 and 20 h,
respectively, providing a rationale for a once-daily dosing
regimen. Roflumilast was well tolerated at all dose levels
tested. From the AUC values obtained after repeated dosing
over 7 days it is obvious that roflumilast N-oxide accounted
for > 90% of PDE4 inhibitor exposition. Considering binding
to human plasma proteins for roflumilast and roflumilast-
N-oxide being 98.9% and 96.6%, respectively, the pharma-
cokinetic profile at day 7 following repeated dosing with
500 μg once daily roflumilast as currently used in clinical
trials reveals plasma concentrations of 1–2 nM unbound
roflumilast-N-oxide within the dosing periods. At these
concentrations PDE4 activity and numerous cellular func-
tions are inhibited by approximately 50%.

Concomitant drug administration and time of administra-
tion were investigated to determine potential pharmacoki-
netic alterations for roflumilast and other medications. The
effect of food intake on the pharmacokinetics of roflumilast
and roflumilast N-oxide was evaluated in a two-period
cross-over study [139]. Twelve healthy volunteers received
a single 500-μg oral dose of roflumilast in a fasted state and
after a high-fat breakfast [139]. Similar to findings with
cilomilast [79], point estimates (test/reference ratios for
maximum concentration [Cmax]) indicated that a high-fat
meal reduced the absorption. The point estimate for Cmax

for roflumilast was 0.59 (90% CI, 0.49–0.70) and was 0.95
(90% CI, 0.90–1.01) for roflumilast N-oxide. This indicated
that Cmax was reduced for roflumilast but not for the active
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metabolite. The point estimate for AUC for roflumilast was
1.12 (90% CI, 1.00–1.25) and was 0.91 (90% CI, 0.79–
1.04) for roflumilast N-oxide, indicating that AUC values
for roflumilast and the active metabolite were not affected
by food intake. Therefore, administration of roflumilast
with or without food did not affect the bioavailability of
roflumilast or roflumilast N-oxide. 

Potential influences of time of administration on phar-
macokinetic parameters were evaluated in a two-period
cross-over study conducted in 16 healthy volunteers who
received a single oral dose of 500 μg roflumilast in the
morning or in the evening [140]. During the first 12-h time
period after drug administration, the pharmacokinetics of
roflumilast varied between morning and evening adminis-
tration with regard to Cmax (marginally lower with evening
dosing) and time to Cmax (slightly longer with evening 
dosing). In contrast, AUC did not differ between the times
of administration, suggesting that exposure to roflumilast
and roflumilast N-oxide was unaffected. Overall, the time
of roflumilast administration (morning or evening) did not
significantly influence the pharmacokinetics of roflumilast
or roflumilast N-oxide.

Pharmacodynamic studies in healthy volunteers have
also indicated no effect of smoking status on the phar-
macokinetics of roflumilast and roflumilast N-oxide [141].
Furthermore, no relevant drug interactions between roflum-
ilast and budesonide, salbutamol or warfarin have been
observed [141–144]. A study of 12 patients with severe renal
impairment (creatinine clearance ≥ 10 and ≤ 30 mL/min)
and 12 healthy control-matched volunteers found no 
statistically significant difference in pharmacokinetic char-
acteristics between the two groups [145]. In contrast to
cilomilast, no dose adjustment for roflumilast is expected 
to be required in patients with severe renal impairment. 

Efficacy and safety of COPD
Preliminary clinical phase II data suggested that roflumilast
could improve lung function in patients with COPD while
being well tolerated [146,147].

The efficacy and safety of roflumilast have been further
investigated in a large phase III double-blind dose-ranging
parallel-group study [148]. Patients with moderate to
severe COPD were randomized to receive placebo (n =
280), oral roflumilast 250 μg (n = 576) or 500 μg (n = 555)
once daily for 24 weeks after an initial 4-week run-in
period. Treatment with both roflumilast doses resulted in
statistically significant improvements in pre- and post-
bronchodilator FEV1 (Fig. 59.5) versus placebo, with 
differences of 88 mL (pre-bronchodilator FEV1) and 97 mL
(post-bronchodilator FEV1) with 500 μg roflumilast [148].
Significant improvements with roflumilast versus placebo
were also seen for further lung function variables (FVC,
FEV6 and FEF25–75, all post-bronchodilator [148]).

Roflumilast was well tolerated at both dose levels tested
(Table 59.6) [148]. The incidence of adverse events was
comparable between placebo (62%) and the two treatment
groups (66–67%) [148]. In the 500 μg dose group, the 
most commonly reported gastrointestinal events were nau-
sea and diarrhoea, occurring in 9% and 5% of patients,
respectively. These adverse events were generally mild to
moderate in intensity. Vomiting was rare (≤ 1%) in both
dose groups and was similar to the incidence reported in
patients treated with placebo. Importantly, roflumilast dis-
played an improved gastrointestinal side-effect profile com-
pared with cilomilast (see Table 59.3) [94], which caused a
higher incidence of gastrointestinal adverse events (e.g.
12.5% for nausea). Roflumilast and its N-oxide show no
preference for the PDE4 D-subtype and no preference for
the HARBS [125] which may explain why roflumilast
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Table 59.5 Geometric mean pharmacokinetic parameters for roflumilast. (Data from Bethke et al. [138].)

Oral multiple dose*

Roflumilast Roflumilast N-oxide

Parameter 500 μg 750 μg 1000 μg 500 μg 750 μg 1000 μg
(n = 18) (n = 18) (n = 18) (n = 18) (n = 18) (n = 18)

Cmax, μg/L 4.7 8.2 11.1 20.7 33.7 50.6

(68% range) (3.7–6.1) (6.0–11.0) (8.3–15.0) (17.2–24.8) (27.3–41.7) (43.7–58.5)

AUC0–∞, μg/h/L 32.6 50.8 65.9 347.2 587.3 799.9

(68% range) (24.0–44.4) (36.9–70.0) (49.5–87.8) (284.7–423.3) (462.3–746.2) (638.5–1002.1)

t1/2
, h 14.3 13.7 14.7 NR NR 19.6

(68% range) (10.05–21.75) (12.38–19.90) (9.0–22.8) (8.7–21.7) (10.4–20.7) (15.1–25.6)

* Dose-escalation study of 7-day dose regimen for each dose with pharmacokinetic parameter measurements on day 7 for each dose.

AUC0–∞, area under the concentration–time curve from 0 to infinity; Cmax, maximum plasma concentration; IV, intravenous; NR, not reported; 

t1/2
, half-life.



shows a more favourable gastrointestinal safety profile
compared with cilomilast.

Further data that support the promising role of roflumi-
last in the treatment of COPD come from a recently com-
pleted study which involved more than 1500 patients 
with severe to very severe COPD. In this study 500 μg oral
roflumilast once daily administered for 12 months led to a
significant improvement in pre- and post-bronchodilator
FEV1 [149] and resulted in fewer exacerbations in patients
with very severe COPD [150] who are likely to exacerbate
more frequently. Due to these promising treatment out-
comes with 500 μg oral roflumilast once daily, further trials
are currently underway.

Currently, there is no disease-modifying (i.e. controller)

Future role of PDE4 inhibitors

therapy available that effectively addresses the underlying
pathology of COPD. In present-day practice, medications
(e.g. anticholinergics and long-acting β-agonists) are admin-
istered to treat or control the symptoms of the disease.
However, the anti-inflammatory activities (e.g. neutro-
phil, macrophage or CD8+ cell-targeted) associated with
improved PDE4 inhibitors may provide an opportunity to
interfere with the pathophysiology of COPD and positively
influence the disease rather than solely treat the symptoms.
Significant improvements in lung function, reduction in
exacerbation rates and improvement in quality of life have
already been demonstrated in clinical trials. In this context,
selective PDE4 inhibitors will likely have an important
value as first-line therapy in the treatment and manage-
ment of COPD. Further studies are needed to elucidate 
the long-term effects of PDE4 inhibitors on the cause and
progression of COPD. Future studies may also identify addi-
tional health-related benefits with the administration of PDE4
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Figure 59.5 Mean change
from baseline in pre-
bronchodilator (a) and post-
bronchodilator (b) forced
expiratory volume in 1 s (FEV1)
with roflumilast 250 or 500 μg
once daily. Data are least 
square means ± standard
errors. * p < 0.05 versus
baseline. (Adapted from 
Rabe et al. [148].)



inhibitors, particularly in combination with other once-
daily maintenance therapies, such as inhaled anticholiner-
gic drugs (e.g. tiotropium) and long-acting β-agonists.

Because the pathogenesis and clinical manifestations of
COPD are not restricted to pulmonary inflammation and
structural airway remodelling, the role of PDE4 inhibitors
in modifying the systemic manifestations (e.g. skeletal
muscle atrophy) of COPD will be of significant interest. For
example, systemic oxidative stress, modifications in circu-
lating inflammatory cells (e.g. neutrophils) and increased
levels of proinflammatory cytokines (e.g. TNF-α) in the
peripheral circulation have all been observed in patients with
COPD [151–153]. In addition, skeletal muscle apoptosis
(i.e. wasting) is also a frequently observed complication of
COPD. Studies have suggested that inflammatory cytokines 
(e.g. TNF-α) may contribute to muscle wasting and protein
loss via a nuclear factor κB-dependent pathway [153]. Fur-
ther, this signalling pathway is regulated by endogenous
ROS [153]. Additional studies have shown that systemic
inflammation can produce iNOS in skeletal muscle, stimu-
lating NO production [154]. These data have been supported
by clinical studies [155]. Although data are lacking that ex-
plore the effects of PDE4 inhibitors on systemic inflammation
and iNOS expression in skeletal muscle, in vitro data have
shown that PDE4 inhibitors are beneficial in down-regulating
cytokine-induced iNOS expression and NO production in
human chondrocytes [156]. Therefore, future studies with
PDE4 inhibitors may identify systemic benefits for patients
with COPD. The anti-inflammatory activities and potential
systemic effects of PDE4 inhibitors in patients with COPD
represent a challenging area for further research.

PDE4 has a critical role in the disease pathophysiology of
COPD, including key activities in inflammatory cells (e.g.
neutrophils) and inflammatory cytokine profiles. With the
current lack of disease-modifying agents available in the
COPD armamentarium, PDE4 inhibitors provide a novel
opportunity to shift or change the treatment paradigm for
COPD. Comprehensive preclinical data support the potent
anti-inflammatory properties of selective PDE4 inhibitors.
The more favourable safety profiles (e.g. gastrointestinal
adverse events) observed with newer generation PDE4
inhibitors (e.g. roflumilast) are encouraging. Furthermore,
data with selective PDE4 inhibitors support sustained lung
function improvements, reduction in COPD exacerbations
and improved health-related quality of life benefits with
long-term therapy.

The PDE4 inhibitors cilomilast and roflumilast share
some important characteristics (e.g. high bioavailability,
oral dosing capabilities, low risk of drug–drug interactions).
However, with regard to efficacy and safety, key differ-
ences between cilomilast and roflumilast have shown 
that roflumilast may provide a higher therapeutic index 
for patients with COPD. For example, roflumilast has an
improved therapeutic ratio and is more potent than cilomi-
last in inhibiting PDE4 activity. The pharmacokinetics of
roflumilast and its active metabolite, roflumilast N-oxide,
allow once daily dosing versus twice daily dosing for cilomi-
last. Roflumilast shows efficacy in both COPD and asthma
and is in late-stage clinical development for both indica-
tions, whereas clinical development of cilomilast was dis-
continued in asthma because of poor efficacy.

The next decade promises exciting new opportunities 
in the management of COPD – targeting the disease 
pathophysiology (i.e. disease modifying) rather than just
the clinical symptoms. Importantly, long-term studies on
morbidity and mortality in patients treated with selective
PDE4 inhibitors are anticipated and may further validate
PDE4 inhibitors for effective treatment of COPD.
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Table 59.6 Roflumilast: most frequently reported adverse
events. (Adapted from Rabe et al. [148])

Patients (%)

Roflumilast

Adverse event Placebo 250 μg 500 μg
n = 280 n = 576 n = 555

COPD exacerbation* 65 (23) 135 (23) 113 (20)

Nasopharyngitis 19 (7) 42 (7) 46 (8)

Diarrhoea NOS 6 (2) 28 (5) 50 (9)

Upper respiratory 
tract infection 14 (5) 27 (5) 23 (4)

Nausea 2 (1) 16 (3) 27 (5)

* Only moderate and severe exacerbations were reported as
adverse events.
COPD, chronic obstructive pulmonary disease; NOS, not
otherwise specified.
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CHAPTER 60

Antibiotic therapy in patients with COPD

Michael S. Niederman

Patients with chronic bronchitis commonly have disease
exacerbations, and antibiotics are commonly used as part of
the therapy for this condition, even though bacterial infec-
tion is present in no more than 50% of excacerbations.
Although a recent meta-analysis has concluded that anti-
biotics are of benefit, compared to placebo, for acute ex-
acerbations of chronic bronchitis (AECB), not all patients
require such therapy [1]. One way to decide who should 
be treated is to count the number of ‘cardinal symptoms’ 
of exacerbation: increased dyspnoea, increased sputum 
volume and increased sputum purulence. In one study,
Anthonisen et al. [2] graded exacerbations as type I if all
three symptoms were present; type II if only two symptoms
were present; and type III if only one symptom was present,
and found a benefit for antibiotic therapy in the 80% of
patients with either type I or II exacerbations. Even if
antibiotics are used, some experts believe that the choice 
of a specific agent is not important with regard to patient
outcome [3]. In fact, a recent consensus statement of the
Amercian College of Physicans and the American College of
Chest Physicians, as well as the GOLD guidelines for COPD
support this concept [4]. In spite of this view, guidelines for
the therapy of AECB have been published, and they take
the approach that there are differences in the bacteriology
of exacerbations in different patient populations, necessit-
ating that therapy be given in different ways for different
subsets of patients [5]. Implicit in these guidelines is the
belief that the benefits of antibiotics may be more dramatic
for patients with more severe illness, where the impact of
no therapy, or failed therapy, may be catastrophic leading
to hospitalization and even mechanical ventilation.

This discussion explores the use of antibiotics in COPD
patients, focusing primarily on their role in acute exacerba-
tions, but also considering the issue of pneumonia in the
COPD patient. The rationale for the use of antibiotics in
exacerbations, as well as the target organisms and prin-
ciples of antibiotic usage are examined. Finally, the concept

that specific antibiotics should be used in specific patients is
discussed.

Patients usually have exacerbations of COPD each year,
with only one-third of all patients having less than three
episodes, one-third having three episodes and one-third
having four or more episodes [6]. One recent study exam-
ined the cost of treating AECB in the USA, although the
estimates related to total outpatient cost were limited by the
available data, and thus the study probably underestimated
the number of outpatients treated annually [7]. Using 1994
data, the authors estimated that there were 280 000 admis-
sions for AECB and over 10 million outpatient visits for this
illness, a ratio of 30 : 1 for outpatient management versus
inpatient care. For the admitted patients, the mean length
of stay for those 65 years and older was 6.3 days at a total
cost of 1.1 billion dollars, while younger patients had a
mean length of stay of 5.8 days at a total cost of 419 million
dollars. For the outpatients, 5.8 million episodes are in
those aged 65 or older, while 4.2 million episodes were in
the younger population. When care was given out of the
hospital, for those treated in an office, emergency room or
hospital clinic, the cost of an exacerbation was $74, $76 and
$159, respectively [7]. In contrast, for an inpatient, the
average cost was $5516 per episode. In both the outpatient
and inpatient setting, antibiotics made up a small amount of
total cost, accounting for 15% and 11%, respectively, of all
costs. The data in this study make it very clear that if an
antibiotic is used during exacerbation, and it can prevent
hospitalization, it will be a highly cost-effective therapy,
given the large difference in the cost of care in these two
settings.

The arguments in favour of using antibiotics in many pati-
ents with exacerbations come from several areas (Table 60.1):

Why should antibiotics be used in AECB?
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1 Bacteriological and serological data show a role for 
bacterial infection in acute exacerbations.
2 Inflammatory events in the airway can be linked to the
presence of bacteria, and the elimination of bacteria is 
associated with reduced signs of inflammation.
3 Prospective randomized placebo-controlled trials show 
a benefit for antibiotics, especially in more severe 
exacerbations.
4 Antibiotics may prevent some patients with severe exac-
erbations from progressing to pneumonia.

Bacteriological and serological data showing a
role of bacteria in exacerbations

When sputum is cultured from a patient with chronic 
bronchitis, bacteria are often present, with non-typable
Haemophilus influenzae, pneumococcus and Moraxella catarr-
halis being the most commonly recovered pathogens. The
uncertainty about the role of bacteria in AECB results from
the observation that the same organisms may be present
when the patient is clinically stable or when the patient 
is having an acute exacerbation, reflecting the fact that
these patients have chronic tracheobronchial colonization.
While most bacteriological data are qualitative, a number 
of studies have examined quantitative cultures of lower
respiratory tract secretions using a bronchoscopic protected
specimen brush in this population, and demonstrated that
many patients with exacerbations have large numbers of
bacteria, often more than are present in the absence of
exacerbation symptoms [8–11]. To date, at least four 

studies have used quantitative cultures and found that 
at least 50% of patients with exacerbations (as opposed to
fewer who are stable) have concentrations of bacteria in
their lower airways that are comparable to the concentra-
tions that are present in patients with pneumonia (more
than 1000 colony-forming units [CFU]/mL) [8–11]. Thus,
exacerbations can be accompanied by as many organisms as
are present during invasive infection. In one outpatient
study of 40 stable patients, only 25% had organisms pres-
ent at more than 1000 CFU/mL, while 52% of 29 patients
with exacerbations had concentrations of bacteria at this
level [9]. In fact, if a concentration of more than 10 000
CFU/mL was used, then only 5% of the stable patients had
these many bacteria, compared with 24% of the patients
with exacerbation.

Still, the question remains, how is it possible for bacteria
to cause exacerbations if the same organisms are present
when a patient is stable or when the patient is ill. This 
issue was recently evaluated by Sethi et al. [12] who studied
the bacteriology of respiratory secretions in a longitudinal
study of outpatients with chronic bronchitis. Using molecu-
lar typing, they found that even when patients had the
same organism in the airway over time, the specific surface-
exposed epitopes changed, because patients were acquiring
new ‘strains’ of the same organism. They found that when 
a new strain was acquired of either pneumococcus, H.
influenzae or M. catarrhalis, the likelihood of exacerbation
was increased more than twofold. In fact, the authors found
that 33% of clinic visits associated with acquisition of a 
new bacterial strain were accompanied by an exacerbation,
compared with 15.4% of visits without the acquisition 
of a new bacterial strain [12]. These findings answer the
question as to how it is possible for bacteria to cause exacer-
bations, while having the same organism present persist-
ently. In addition, they provide a mechanism for bacteria 
to be pathogenic; the organisms lead to exacerbation once
they are of a new strain type, and are able to evade host
defences.

More recently, the same authors have found that the
acquisition of a new strain is associated with a strain-
specific antibody response, at least for new strains of H.
influenzae, but this phenomenon still needs to be studied for
other organisms. They found that if patients acquired a new
strain at the time of an exacerbation, a specific antibody
response to this strain (by ELISA assay) was present 58.3%
of the time, while only 15.2% of exacerbations characterized
by the presence of a persistent strain were accompanied 
by an antibody response [13]. Similar findings were seen
when bactericidal antibodies were measured. The specificity
of the bactericidal antibody response was demonstrated
because only 12% of heterologous strains of H. influenzae
were killed by new bactericidal antibodies that developed
after an exacerbation. These findings are consistent with
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Table 60.1 Why antibiotics should be used in acute
exacerbations of chronic bronchitis.

Bacteriological data show a role for bacteria in exacerbations
• Quantitative cultures
• Strain-specific data

Serological data show a role for bacteria in exacerbations
• Strain-specific antibody responses for Haemophilus
influenzae

Inflammatory events in the airway are linked to bacteria
• Antibiotics might prevent progressive airways damage 
by breaking the vicious cycle of infection and airway injury

Antibiotics lead to a reduced duration of symptoms and 
more patients with a clinical cure and fewer with a clinical
deterioration than placebo
• May help avoid hospitalization
• May help return to work sooner
• Certain agents may prolong time between exacerbations

May prevent some severe airway infections from progressing
to pneumonia



previous serological studies that did not demonstrate an
antibody response to laboratory strains of H. influenzae fol-
lowing an exacerbation because these strains can be viewed
as heterologous, and not homologous. In the instance 
of persistence of a pre-existing strain at the time of exacer-
bation, the absence of an antibody response implies that
another bacteria (to which antibodies were not measured),
or a virus, could have caused the exacerbation. 

Inflammation and the vicious cycle hypothesis

The presence of bacteria in the airway of the COPD patient
is met by an inflammatory response that arises from the
bacteria themselves (through the production of exoprod-
ucts) and the patient’s response to bacteria (primarily
through neutrophilic by-products). The presence of bacteria
in the airway is associated with a variety of inflammatory
cytokines, and the levels of these products are increased
when bacteria are present, compared with when they are
absent, and when the sputum appears purulent [14,15].
The vicious cycle hypothesis states that the presence of 
bacteria in the airways initiates inflammation, which in
turn injures the lung and the injury propagates favourable
growth conditions for the bacteria to persist [16,17]. One
by-product of inflammation is neutrophilic elastase, an
enzyme that could lead to lung tissue destruction. Thus, the
presence of bacteria in the airway could lead to inflamma-
tion, which in turn leads to more favourable growth condi-
tions for bacteria, more inflammation and more growth and,
as this cycle continues, inflammatory enzymes accelerate
the loss of lung function.

In spite of this idea, only one of four prospective studies
have shown that a more rapid decline in lung function
occurs in patients with more frequent exacerbations (16).
More recently, a 4-year study of 109 patients categorized
individuals into high and low frequency of exacerbations,
and found that those with frequent exacerbations had a
faster decline in forced expiratory volume in 1 s (FEV1) than
those with infrequent exacerbations [18]. Although the
vicious cycle concept is still unproven in COPD, it is a more
clearly established mechanism in patients with another
closely related obstructive lung disease, bronchiectasis.

Secondary bacterial infection can follow viral
bronchitis

Many patients with AECB have preceding viral infections,
which could serve either as the cause of exacerbation, or
could create conditions in the airway that predispose to 
secondary bacterial infection [19]. In a study of 83 patients
with COPD, 64% of exacerbations were preceded by cold
symptoms within the previous 18 days. In the group as a
whole, 39% of exacerbations had a virus detected during

the period of symptoms, and the presence of virus was 
associated with symptoms of sore throat, but not with any
of the symptoms of purulent sputum, increased sputum
volume or increased dyspnoea [20]. Of the viruses found,
rhinovirus was present in 58% of exacerbations, and the
next most common agents were respiratory syncytial virus
and coronavirus. Another study used case–control meth-
odology to evaluate 85 patients with AECB and 42 patients
with stable COPD [21]. Respiratory viruses were present in
the sputum and nasal lavage in 56% of exacerbations and
in 19% without exacerbation. The most common viruses
were picornavirus, influenza A and respiratory syncytial
virus. More recently, Tan et al. [22] examined respiratory
secretions from 14 patients hospitalized with COPD and
used the polymerase chain reaction to detect six common
respiratory viruses. Overall, 64% had a virus present, with
influenza, picornavirus and adenovirus predominating [22].

If antibiotics are used empirically for AECB, and many
patients have documented viral infection, does this mean
antibiotics are not of value? This remains uncertain,
because antibiotics could prevent secondary bacterial infec-
tions that result from the airway changes induced by viral
infection. Smith et al. [23] observed an increased rate of 
culturing H. influenzae from the respiratory secretions of
patients with documented influenza infection. Coloniza-
tion rates first increased 7 days after influenza infection,
and persisted at increased levels for at least 30 days. The
authors also observed a similar trend after herpesvirus and
rhinovirus infection, but this trend was not as significant as
after influenza. In addition, herpesvirus infection was asso-
ciated with an increased likelihood of bronchial secretions
being colonized by Streptococcus pneumoniae. More data 
are needed to determine whether antibiotics can prevent
secondary colonization and if so, whether this therapy is
associated with less frequent bacterial exacerbations and
with clinical benefit. 

Outcomes of antibiotic therapy trials in AECB

There are data from a variety of sources that show a benefit
for antibiotics in patients with AECB. A number of prospect-
ive, randomized, placebo-controlled trials of antibiotics in
chronic bronchitis have shown some benefit during acute
exacerbations, but no benefit if used to prevent exacer-
bations [1,2,17]. One recent meta-analysis evaluated nine
randomized and placebo-controlled trials of antibiotic 
therapy in AECB, conducted between 1957 and 1992 [1],
and showed a small beneficial effect of antibiotic therapy
when the endpoints were overall benefit and change in
peak flow rate. Another analysis of placebo-controlled trials
for AECB, conducted by Ball [24], reached similar con-
clusions. A consensus statement of the American College 
of Physicians and American College of Chest Physicians 
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evaluated 11 randomized placebo-controlled studies of
antibiotics and concluded that this therapy had benefit, but
primarily in patients with more severe and symptomatic
exacerbations [4,25]. This analysis did recognize that most
of the trials were performed in an era before antibiotic 
resistance was common, and the benefit of new, more
broad-spectrum antibiotics could not be directly defined
[4,25]. Two other studies of relevance to this issue were not
included in any of the large analyses. One was an Italian
study comparing amoxicillin/clavulanate to placebo, which
showed a benefit for antibiotics, especially for patients with
severe lung dysfunction, defined as an FEV1 of less than
33% of predicted [26]. The other study was a retrospective
evaluation of patients discharged from a US emergency
department with and without antibiotics, following an
acute exacerbation of COPD [27]. In that study, 362 emer-
gency visits were evaluated, and 92 patients did not receive
antibiotics, while 270 did. The relapse rate was significantly
lower for antibiotic-treated patients compared with those
without therapy (19% vs 32%). In addition, there was a
trend to fewer hospitalizations for the antibiotic-treated
patients. Interestingly, although the failure to use anti-
biotics led to a higher relapse rate than antibiotic therapy,
the use of amoxicillin led to the highest relapse rate of all,
implying that an ineffective therapy (which amoxicillin
could be, for a variety of reasons) was worse than no 
therapy. A multivariate analysis supported the finding of
reduced relapse risk with antibiotics, implying that even
after correcting for confounding factors, antibiotic therapy
had benefit.

Probably the best single study of AECB was that of
Anthonisen et al. [2], reported in 1987 from Canada. A total
of 362 exacerbations in 173 patients were evaluated in 
a placebo-controlled, randomized, double-blinded study
design. When patients were treated with an antibiotic, ther-
apy was continued for 10 days, and the antibiotics used
were either co-trimoxazole, amoxicillin or doxycycline.
The authors used these antibiotics interchangeably, believ-
ing that any antibiotic was equally effective, an assumption
that may not be correct, because of our current understand-
ing of differences among patients and because of an
increased frequency of antibiotic resistance, compared 
with the early 1980s. In the study, each exacerbation was
graded as type I, II or III, according to the number of 
cardinal symptoms present. Approximately 40% of all
exacerbations were the most severe, type I, with all three
cardinal symptoms present; 40% were type II with two
symptoms present; and 20% were type III, having only 
one symptom present. Antibiotic-treated patients did
significantly better than placebo-treated patients, showing
a more rapid return of peak flow, a greater percentage of
patients showing clinical success and a smaller percentage
showing clinical failure. The benefits of antibiotic therapy

were most clearly evident in patients with at least two car-
dinal symptoms present: the 80% of individuals with type I
or II exacerbations. Patients with type III exacerbations had
a high spontaneous resolution rate, and antibiotics were no
better than placebo.

The data from Anthonisen et al.’s [2] study suggest that
antibiotics should be given to patients who have at least 
two of the three cardinal symptoms present. This is a clinical
approach, which is more likely to be useful than simply
reserving antibiotics for episodes that are suspected to be
bacterial and not viral in origin. Even though as many as
half of all episodes are non-bacterial, there are data suggest-
ing that clinical features cannot reliably distinguish these
episodes from bacterial exacerbations, although sputum
purulence may help [15]. In one study of 54 patients 
with severe (requiring mechanical ventilation) episodes of
bronchial infection complicating COPD, 27 patients had
bacteria recovered from the airway, using a bronchoscopic
protected specimen brush sampling technique [8]. When
patients with secretions containing bacteria were compared
with those with sterile secretions, there were no differences
with regard to duration of symptoms, fever, white blood
cell count or degree of hypoxaemia.

Antibiotics could reduce the burden of bacteria
in the airway and prevent pneumonia

Often, a stable bronchitic patient has chronic tracheo-
bronchial colonization, but with fewer bacteria than are
present during an exacerbation. If a sputum Gram’s stain is
performed, patients have fewer than two organisms per oil
immersion field when stable, but more than 8–18 per field
at the time of an exacerbation [28]. Several bronchoscopy
studies have examined the concentration of bacteria in the
airway of chronic bronchitis patients studied when stable,
and during an exacerbation. Monso et al. [9] performed
protected specimen brush (PSB) sampling in 40 stable out-
patients with COPD and 29 outpatients with acute exacerba-
tions. In that study, 25% of the stable patients and 52% 
of the exacerbation patients had positive respiratory secre-
tion cultures. Quantitatively, patients with an exacerbation
had more bacteria, with 24% having more than 104 organ-
isms/mL, compared with only 5% of the stable patients
having this finding. Similar findings have been made in
patients with more severe illness, but the specific bacteria
that are present may differ. In one study of 50 mechanically
ventilated patients with COPD, 72% had potentially path-
ogenic organisms present, including Pseudomonas aeruginosa
or other enteric Gram-negative bacteria in 28% of patients
[10]. In another similar study of 54 patients with severe
exacerbations, requiring mechanical ventilation, Fagon 
et al. [8] found that nearly half of the patients had more
than 103 organisms/mL on a PSB sample. 
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Because PSB has been used to define the presence or
absence of pneumonia in hospitalized patients with lung
infiltrates, and because a concentration of more than 103

organisms/mL is thought to indicate the presence of pneu-
monia, it is clear that many patients with AECB have as
many bacteria in their airway as if they had pneumonia.
These observations suggest that for a more severe exacer-
bation, associated with a high concentration of bacteria,
antibiotics could theoretically reduce this bacterial burden,
and possibly prevent some patients from progressing to
parenchymal lung infection (such as pneumonia). In 
support of this possibility is one study of 93 patients with
severe exacerbations who were randomized to an antibiotic
(ofloxacin) or placebo while managed in the hospital with
mechanical ventilation. The antibiotic-treated patients had
a significantly lower in-hospital and intensive care unit
(ICU) mortality, primarily related to the avoidance of pneu-
monia [29]. In fact, significantly fewer antibiotic-treated
patients developed pneumonia, compared with placebo-
treated patients, and the need for additional antibiotics was
lower for the antibiotic-treated patients. Thus, for severe
exacerbations, antibiotics are clearly beneficial, primarily
by reducing bacterial burden and preventing pneumonia.

The relationship of pneumonia to AECB

While some patients with AECB may progress to pneumo-
nia, and antibiotics are potentially useful to avoid this com-
plication, the distinction between airway and parenchymal
infection in COPD patients is sometimes unclear. In 1996,
Torres et al. [30] documented that pneumonia is com-
mon in certain COPD patients. Among 124 COPD patients 
with community-acquired pneumonia, the mean age was
56 years, 19% had chronic respiratory failure (hypoxaemia
or hypercarbia), 25% had a previous episode of pneumo-
nia, and the mean FEV1 was 40% of predicted normal.
Almost all patients had symptoms of fever (83%), increased
dyspnoea (93%) and cough (85%). The predominant
pathogen was pneumococcus (in 43% of those with an
aetiological diagnosis), followed by Chlamydia pneumoniae
(12%), Haemophilus influenzae (9%) and Legionella pneu-
mophila (9%).

Lieberman et al. [31] have recently reported their experi-
ence with 219 patients with symptomatic exacerbations of
COPD and compared the clinical risks and presenting fea-
tures of those with pneumonia during an exacerbation and
those with no lung infiltrate. The population had at least
one of the three cardinal symptoms of exacerbation, but
there was no significant difference in the number of symp-
toms present when the patients had pneumonia, compared
with when they did not. Overall, 26% of the pneumonia
patients and 22% of the non-pneumonic patients had a
type III exacerbation, with only one of the three cardinal

symptoms present. Thus, if antibiotics were withheld in all
COPD patients with only one such symptom, some with
pneumonia would not have been treated. Thus, to identify
this population, a chest radiograph is needed. The patients
who did have pneumonia had an abrupt onset of symp-
toms, fever, focal crepitations on examination and severe
hypoxaemia more often than those without pneumonia.
Those with pneumonia had a higher mortality rate, a
greater need for mechanical ventilation and a longer dura-
tion of hospitalization. Based on these findings, it may be
important to realize that the distinction between pneumo-
nia and acute airway infection is often difficult to make
clinically but, because the outcomes are so different, a chest
radiograph may be valuable to identify rapidly those with
parenchymal lung infection. Given the difficulty of clin-
ically separating pneumonia from bronchitis in the COPD
patient and the ability of antibiotics to prevent some
patients from developing pneumonia, the value of anti-
biotics for those with severe exacerbations seems clear.

Spectrum of pathogens and the frequency 
of antibiotic resistance

The exact frequency of bacterial infection in AECB is
debated, and the role of viruses, allergens and airway irrit-
ants in exacerbations is difficult to estimate. However, 
as many as half of all exacerbations may be associated 
with bacteria and the three most common organisms 
present during AECB are H. influenzae, pneumococcus and
M. catarrhalis, with the frequency of these organisms, and
the likelihood that they are antibiotic resistant, varying
with the country, specific patient features and the severity
of exacerbation. In outpatients with exacerbations of mild
severity, H. influenzae predominates, followed by the other
organisms (pneumococcus and M. catarrhalis), but Gram-
negative infection is relatively uncommon [9]. In patients
with severe exacerbation, H. influenzae is less common, with
H. parainfluenzae being the most common organism isolated
from bronchoscopy samples, and Gram-negative bacteria
are also frequently isolated [8].

Haemophilus influenzae is generally the most common isol-
ate in patients with AECB, but is usually non-encapsulated
and thus non-typable. In recent years, these organisms
have developed a high frequency of beta-lactamase produc-
tion, with as many as 40% having these enzymes present, a
finding which makes traditional beta-lactam antibiotics
(such as ampicillin or amoxicillin) potentially ineffective.
While as many as 40% of H. influenzae produce this enzyme,
some organisms produce so much of this product that they

Likely bacteria in AECB and the frequency
of antibiotic resistance
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can even be resistant to amoxicillin/clavulanate [32]. 
In addition, in one study, 2.5% of these organisms were
ampicillin resistant through another mechanism, alteration
of penicillin-binding proteins [32]. Beta-lactamase produc-
tion is even more common with M. catarrhalis, and one
study found these enzymes in 95% of 723 isolates [33]. If
infection with this Gram-negative coccus is likely, then
beta-lactam resistance should be assumed to be present. 

Pneumococcal resistance to common antibiotics is in-
creasingly frequent, being present in as many as 40% of all
isolates, although much of this resistance is intermediate
and not high-level resistance, and thus the implications 
of resistance to antibiotic therapy are uncertain [34,35].
Resistance is more likely if patients have identified risk 
factors, including: age over 65 years, alcoholism, beta-
lactam therapy within the past 3 months, multiple medical
comorbidities and immunosuppressive illness [35,36]. In 
addition, resistance can occur to multiple other antibiotic
classes, including macrolides and quinolones. Throughout
the 1990s, the frequency of macrolide-resistant pneumo-
coccus rose to over 30%, but in the USA, much of this 
was caused by an efflux-mediated mechanism (mef gene)
allowing the bacteria to remove the antibiotic from the
cytoplasm, rather than altered binding of the macrolide to
the bacterial ribosome (erm gene) [37]. The magnitude 
of resistance associated with the mef mechanism is much
lower than the magnitude of resistance due to the erm
mechanism, and this may explain why macrolides have
generally continued to be successful for the therapy of
AECB and community-acquired pneumonia (CAP) [38].
Efflux resistance may not be clinically relevant because it is
a relatively low level of resistance, but also because it may
be overcome by adequate dosing of macrolides, combined
with good penetration at the site of infection. 

In recent years, the use of quinolones has exploded, often
in situations where they are not indicated [39], and conse-
quently pneumococcal resistance to these agents has begun
to emerge. Among the commonly used quinolones for
AECB, the relative activity against pneumococci, from most
to least active is: gemifloxacin, moxifloxacin, gatifloxacin,
levofloxacin and ciprofloxacin [40,41]. Pneumococal 
resistance has occurred most commonly to the least active
pneumococcal agents, but appears to be a particular 
problem for the COPD patient. In adults, the airway of the
COPD patient has been the breeding ground for pneumo-
coccal resistance to a variety of agents, including the 
new quinolones [42]. This can be explained because these
patients are chronically colonized, frequently immuno-
suppressed (with corticosteroids), elderly and exposed to
repeated courses of antibiotics, and all of these factors are
known to promote the emergence of antibiotic resistance
[36]. One concern has been that repeated exposures to less
active agents can promote resistance to the entire class of

quinolones [43], and thus there may be some advantage to
selecting the most active anti-pneumococcal agent in the
class in an effort to assure efficacy and minimize the sub-
sequent emergence of resistance. 

In a large number of studies, investigators have found
that recent exposure to any antibiotic predicts subsequent
pneumococcal resistance to that same class of antibiotics.
This finding has been shown for beta-lactams, if used
within the last 3 months [36]; macrolides (although only
for the mef mechanism of resistance) [37]; and quinolones,
if used in the last 12 months [42]. One recent study has
found that use of macrolides or beta-lactams within the
past 6 months predisposes patients with bacteraemic pneu-
mococcal pneumonia to a high rate of infection with 
penicillin non-susceptible organisms [44]. Interestingly,
this finding did not apply to recent quinolone use, but even
if quinolones do not promote penicillin-resistant pneumo-
cocci, repeated use can predispose to quinolone-resistant
pneumococci [45]. In view of these data, one strategy for
minimizing future resistance in pneumococci for the AECB
patient is ‘patient-specific antibiotic rotation’, a strategy that
requires the patient to be treated for subsequent exacer-
bations with a different class of antibiotic than was used in
previous exacerbations. The value of this approach still
needs confirmation but, in the past, many patients with
AECB received the same antibiotic repeatedly, for multiple
exacerbations, and this approach may have been driving
antibiotic resistance to a high frequency in this population. 

The role of atypical pathogens in AECB is uncertain, but
some studies have found a high frequency of infection with
Mycoplasma pneumoniae and Chlamydia pneumoniae in exacer-
bation patients, and these pathogens may coexist with 
bacterial pathogens [46]. In one study, patients with posit-
ive serology for C. pneumoniae at the time of exacerbation
had the same frequency of cough, dyspnoea, fever, sputum
production, tachypnoea and tachycardia as patients with
negative serology [46]. These findings do not definitively
establish an aetiological role for these organisms, and many
therapy trials have not shown superiority when an anti-
biotic regimen is used that covers atypical organisms, com-
pared with one that does not.

Enteric Gram-negative bacteria, including Pseudomonas
aeruginosa, have also been isolated from some patients with
AECB [47,48]. Although the frequency of these pathogens
is not high in all patients, they are much more common in
those who are admitted to hospital, especially in patients
with severe airflow obstruction and in those with respir-
atory failure requiring mechanical ventilation [47,48]. In
fact, when patients had an FEV1 ≤ 35% of predicted, more
than half of the pathogens isolated from patients admitted
with an exacerbation in one study had Gram-negative
organisms present, including P. aeruginosa [47]. Although
not all investigators have confirmed this finding, these
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organisms have also been reported to be more common 
in patients with an FEV1 of less than 50% than in patients
with better lung function [48], and these organisms were
present in nearly 30% of patients with severe exacerbations
requiring mechanical ventilation [10].

Relationship of bacteriology to specific 
patient features

The identity of the likely bacterium present during an acute
exacerbation is variable and related to a number of patient
features including: severity of exacerbation, age (≥ 65 years),
frequency of exacerbations, presence of comorbid cardio-
pulmonary disease, frequency of antibiotic therapy, use of
corticosteroids and the severity of obstructive airways dis-
ease (FEV1 as a percentage of predicted) [5,6,47,48].

Bronchoscopic studies have shown that as the severity 
of exacerbation increases, the bacteriology of the exacer-
bation becomes more complex, involving more Gram-
negatives, and more antibiotic-resistant pathogens. For 
stable outpatients with AECB, the three common ‘core
organisms’ (H. influenzae, pneumococcus and M. catarrhalis)
predominate. However, in patients requiring mechanical
ventilation for AECB, Gram-negative organisms are seen
with increasing frequency [8,10]. In addition, these organ-
isms are also more common in patients with severe airflow
obstruction, defined in different studies as an FEV1 (as %
predicted ) below 50% or 35% [47,48].

Other studies have identified the frequency of exacer-
bations and the presence of comorbid cardiopulmonary 
disease as factors to be considered in defining patients who
are infected with pathogens that are difficult to treat with
standard antibiotic therapy. In one study of 471 outpatients
with AECB, the likelihood of a patient having a recurrence
after therapy for exacerbation was related to the presence
of underlying cardiopulmonary disease, and the history of
how many exacerbations were present in the preceding
year [6]. If patients had less than three exacerbations per
year, then the recurrence rate was 9.1%, compared with a
13.1% rate in those with 3–4 exacerbations per year and
18.4% in those with more than four exacerbations per
year. A factor such as age is also important in predicting
bacteriology, because age over 65 years has been identified
as a risk factor for airway colonization by Gram-negative
organisms, and for antibiotic resistance if pneumococcus is
present [35,36,49]. 

In one recently published guideline for antibiotic therapy
of AECB, many of these patient features were used to pre-
dict the likely pathogens causing exacerbation [5]. Such
stratification serves two purposes: first, to predict the likely
pathogens and the likelihood of antibiotic resistance and,
secondly, to identify patients who may do poorly with an
exacerbation if not given a rapidly effective therapy. For

stratification purposes, complicated AECB patients, at risk
for beta-lactam resistance and Gram-negative infection, are
those with FEV1 of less than 50% predicted, more than four
exacerbations per year, cardiac disease, use of home oxy-
gen, chronic oral steroid therapy and use of antibiotics in
the past 3 months. Patient features that make Pseudomonas
and multidrug-resistant Gram-negative organisms more
likely are the presence of an FEV1 of less than 35% pre-
dicted or the presence of more than one of the risk factors
listed above. 

Mechanisms of bacterial killing

Antibiotics disrupt bacterial growth by preventing the 
formation of an intact cell wall, by interfering with protein
synthesis or by inhibiting common metabolic pathways
[50,51]. Agents that interfere with cell wall synthesis or
with other key metabolic functions of the organism can 
kill bacteria and are termed ‘bactericidal’. These agents
include penicillins, cephalosporins, aminoglycosides, fluoro-
quinolones, vancomycin, rifampin and metronidazole.
Agents that inhibit the growth of bacteria and rely on host
defences to eliminate the organisms are termed ‘bacterio-
static’ and these agents include the macrolides, tetracy-
clines, sulfa drugs, chloramphenicol and clindamycin. The
distinction between bacteriostatic and bacteriocidal agents
may be most relevant in patients with impaired neutrophil
function (neutropenia) or in those with deep-seated infec-
tions such as endocarditis or meningitis. However, in the
therapy of AECB, these distinctions may not be clinically
relevant, and the value of an agent is probably best pre-
dicted by its activity against the aetiological pathogen. In
fact, in one analysis, there was a strong correlation (r = 0.9)
between the ability of an antibiotic to eradicate an organism
from the sputum with the clinical response rate, regardless
of the mechanism of bacterial killing [52]. These findings
suggest that the activity of an antibiotic, relative to the sus-
ceptibility of the aetiological pathogen, is the most import-
ant determinant of clinical outcome. 

The activity of an antimicrobial agent can be defined 
by the minimum inhibitory concentration (MIC) required
to inhibit in vitro the growth of 90% of a standard sized
inoculum in broth culture. The lower the MIC number is,
the more active an agent is against its target pathogen.
However, the use of MIC values to predict antimicrobial
effect only takes into account whether an agent can achieve
adequate levels in serum. When an infection is in the air-
ways, as in patients with AECB, then the MIC value may
not adequately predict killing in the lung. Thus, if an agent
penetrates well into respiratory secretions (such as a

Principles of antibiotic use
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quinolone) and its concentrations in the airway exceed
serum levels, the MIC values may underestimate the
antibacterial effect [53]. Conversely a poorly penetrating
agent (such as an aminoglycoside) may be less effective
clinically at certain sites of respiratory infection than
expected on the basis of in vitro MIC values.

Even if an antibiotic reaches the site of airway infection,
not all bactericidal agents kill bacteria in the same fashion,
and this information should be used to optimize dosing regi-
mens [54]. Certain agents, especially the quinolones and
aminoglycosides, kill bacteria in what has been described as
a ‘concentration dependent fashion’, meaning that the
higher the serum level relative to the MIC and the higher
the area under the concentration–time curve (AUC) relat-
ive to the MIC, the more effective the agent. Optimization
of the peak/MIC ratio or the AUC/MIC (defined as the area
under the inhibition curve, or AUIC), can lead to more
rapid killing of bacteria and less chance of selecting for re-
sistance [53–55]. In theory, the optimal way to administer
these agents would be to take a 24-h dose and administer 
it once a day to achieve high peak concentrations. In addi-
tion, increasing the dosage to the highest level tolerated 
can also optimize these pharamcokinetic parameters. In the
case of quinolone therapy of pneumonia, increasing the
dosage of ciprofloxacin or levofloxacin to 400 mg every 8 h
or 750 mg/day, respectively, has led to more rapid resolu-
tion of symptoms and the ability to eradicate organisms that
would be unable to be eradicated at lower doses [56,57].
However, there are agents that do not achieve a greater
effect with higher concentrations, but rather kill in relation
to how long they exceed the MIC of the target organism,
and the activity of these agents can be enhanced by max-
imizing time above the MIC of the target organism. For
these drugs, optimal effect could be achieved by prolonged
serum concentrations that are above the MIC, but it is not
necessary to have these concentrations exceed the MIC
value by more than a factor of 4, or to exceed the MIC of the
target organism for more than 40% of the dosing interval
[54]. Optimal dosing of these agents could be achieved with
prolonged release preparations (such as the new formula-
tion of amoxicillin/clavulanate), or by continuous intra-
venous infusion. 

Craig [54] has recently reviewed and clarified some of
these concepts related to bactericidal killing mechanisms.
Agents that kill in a concentration-dependent fashion
include the aminoglycosides, the fluoroquinolones and
metronidazole (Table 60.2). Studies with quinolones have
shown that in the therapy of pneumococcus with levo-
floxacin, both clinical and microbiological success were
more likely if the peak/MIC ratio exceeded 12 [55]. In 
addition, it is necessary to maintain a peak/MIC ratio of at
least 8–10 to prevent the emergence of resistance during
therapy [53–55]. In studies of critically ill patients with

ciprofloxacin, the best predictor of clinical and microbio-
logical efficacy against P. aeruginosa was an AUC/MIC ratio
of at least 125 [58]. The efficacy of aminoglycosides has also
been related to both the AUC/MIC and peak/MIC ratios
[54]. Agents that kill in a time-dependent fashion have a
saturation of killing effect once the concentrations exceed
4–5 times the MIC, and time of exposure above MIC is 
the key to their effect. In this group of antimicrobials are
beta-lactam antibiotics, vancomycin, clindamycin and the
macrolides. In designing dosing regimens, it is important 
to realize that it may not be necessary to keep the concen-
tration of antibiotics above the MIC for the entire dosing
interval. Craig [54] has shown in animal models that with
penicillins and cephalosporins, bacteriological cure will
occur 85–100% of the time if the concentration of these
agents exceed the MIC for at least 40% of the dosing inter-
val. Maximal killing occurs once concentrations exceed the
MIC for 60–70% of the dosing interval. 

Another killing mechanism that may have relevance for
some antibiotics is the postantibiotic effect (PAE), which
refers to the continued suppression of bacterial growth after
the concentration of the antibiotic falls below the MIC of
the target organism [54]. While most antibiotics have a PAE
against Gram-positive organisms, prolonged PAEs against
Gram-negative organisms occur with the aminoglycosides,
quinolones, tetracyclines and macrolides. Little or no PAE
against Gram-negative organisms occurs with beta-lactam
agents with the exception of the carbapenems (imipenem
and meropenem). Fortunately, the agents with a prolonged
PAE tend to be the same agents that kill in a concentration-
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Table 60.2 Pharmacokinetics of common antibiotics.

Bactericidal in a concentration-dependent fashion
(Optimize peak/MIC ratio or AUC/MIC ratio)
Aminoglycosides*
Fluoroquinolones*
Metronidazole

Bactericidal in a time-dependent fashion
(Once concentration is 4–5 times MIC, optimize time above
MIC to at least 40% of the dosing interval)
Beta-lactams†

Vancomycin
Clindamycin
Macrolides

AUC, area under the curve; MIC, minimum inhibitory
concentration.
* Prolonged postantibiotic effect against Gram-negative
bacteria.
† Little or no postantibiotic effect against Gram-negative
bacteria.



dependent fashion, and this is why once daily dosing of
agents such as the aminoglycosides has been successful
[59]. With once daily dosing, high peaks are achieved, thus
maximizing concentration-dependent killing; low troughs
result, thus minimizing nephrotoxicity; and the prolonged
PAE is relied upon to keep killing bacteria at the times when
low trough concentrations occur. A recent meta-analysis
has shown the efficacy and safety of once daily aminogylco-
side dosing, although this type of regimen is not substan-
tially safer or more effective than traditional regimens [59].
In the therapy of complicated AECB, aminoglycosides are
sometimes required, but aerosol therapy is now an option,
and this approach may overcome some of the concerns
with the dosing and toxicity of systemic aminoglycosides. 

Penetration to site of infection and route 
of administration

In the therapy of AECB, the antibiotic must reach the
bronchial mucosa, the primary site of infection, in order to
be effective. Antibiotics can concentrate in a variety of sites
in the lung, including the sputum, the bronchial epi-
thelium, the lung parenchyma, the epithelial lining fluid
and phagocytic cells [60]. Although it is unclear which site
is most relevant in the therapy of AECB, concentrations in
the mucosa and sputum are probably the most important.
Some drugs reach lung tissue only when inflammation 
is present, while others, primarily lipid-soluble agents, 
are inflammation independent and can penetrate in the
absence of increased capillary permeability. These lipid-
soluble agents include the macrolides, tetracyclines,
quinolones and co-trimoxazole, and all of these agents can
achieve good penetration into the sputum or the bronchial
mucosa. Penetration of the antibiotic is reflected by how
high the sputum level is, relative to the MIC of the target
organism. For a quinolone such as ciprofloxacin, the sputum/
MIC ratio for H. influenzae and M. catarrhalis exceeds a value
of 60. The macrolide azithromycin has a sputum/MIC ratio
for H. influenzae and pneumococcus that also exceeds 60.
Although the ratio for clarithromycin against H. influenzae is
considerably lower, the ratio for the agent against pneumo-
coccus exceeds a value of 250 [61]. In addition, agents such
as the macrolides, quinolones and clindamycin are actively
transported into phagocytic cells and achieve very high 
levels at this site. The clinical relevance of these findings
remains uncertain, but may explain why some agents
remain clinically effective when good bronchial penetra-
tion occurs even when serum levels are not high, relative 
to the MIC of the target organism. The agents that are 
relatively lipid insoluble, and thus penetrate poorly and are
inflammation dependent include the aminoglycosides, the
penicillins and the cephalosporins (Table 60.3).

The route of administration may also impact on phar-

macokinetics and respiratory concentrations. If an agent is
given intravenously, the serum levels peak rapidly, while
oral administration generally leads to a lower peak level,
but antibiotics can be formulated for slow release after 
oral administration, and allow for prolonged concentra-
tion in the serum (as with extended-release preparations of
amoxicillin/clavulanate and clarithromycin). One way to
avoid concerns about antibiotic penetration is to deliver the
antibiotic via the aerosol route. There are no good studies of
this approach in AECB, but aerosolized aminoglycosides
have been used as adjunctive therapy for pneumonia and
nosocomial tracheobronchitis, as well as for exacerbations
of airway diseases such as bronchiectasis and cystic fibrosis
[62]. In one placebo-controlled trial, inhaled tobramycin
was used twice daily for 4 weeks in bronchiectasis patients
who were colonized with P. aeruginosa, and the treatment
led to a reduction in bacterial count but no change in the
frequency of exacerbation or antibiotic use; however, the
number of patients studied was small [62].

Ease of use of common antibiotics and 
frequency of administration

As with any therapy, the patient must complete a full
course of therapy with an antibiotic to assure maximal
efficacy. Previous studies have shown that compliance with
short-term antibiotic regimens ranges from 56% to 89%
[63]. Patients are less likely to comply with a prescribed 
regimen if they are already taking multiple medications, 
if side-effects occur, if dosing is more than twice a day, if 
use conflicts with their lifestyle and if the consequences of
non-compliance seem minimal. In a Gallup survey, 54% 
of all Americans reported that they did not finish a course 
of antibiotics as prescribed. In fact, 54% stopped antibiotics
once they felt better, even if they had not finished a 
full course of therapy [64]. In addition, many reported
missing a scheduled dose. When questioned, 82% of the
respondents prefered an antibiotic that can be given once 
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Table 60.3 Penetration of common antibiotics into
respiratory secretions.

Good penetration (generally lipid soluble and inflammation 
independent)

Fluoroquinolones
Macrolides: including azithromycin and clarithromycin
Tetracyclines
Co-trimoxazole

Poor penetration (generally lipid insoluble and inflammation 
dependent)

Aminoglycosides
Beta-lactams: penicillins, cephalosporins



or twice a day, and only 5% were willing to be treated for 
a 14-day course [64]. 

These findings should be considered when prescribing an
antibiotic for AECB. Fortunately, a number of appropriate
antibiotics can be given once or twice daily. Once daily 
dosing is available with azithromycin and extended-release
clarithromycin, telithromycin and the new quinolones
(gatifloxacin, levofloxacin and moxifloxacin). Other oral
antibiotics are also available for once daily dosing, but do not
represent ideal drugs from an antimicriobial spectrum and
these include cefixime, ceftibutin and dirithromycin. Twice
daily dosing is available with amoxicillin/clavulanate, cef-
podoxime, cefprozil, ceftibutin, cefuroxime, ciprofloxacin,
clarithromycin, doxycline, ofloxacin and co-trimoxazole.
In general, patients with AECB should receive one of these
agents because it is unlikely that an agent given more often
will be taken as prescribed. 

Duration of therapy

Most clinical trials in AECB have used durations of therapy
of 7–10 days. However, a number of recent trials have suc-
cessfully used shorter durations of therapy, especially with
agents that are active against drug-resistant pathogens.
Thus, 5 days of therapy has been adequate for the new
quinolones, the ketolide telithromycin, and 3-day therapy
has been effective for azithromycin and quinolones, in
selected populations [65–72].

Desired features of an ideal antibiotic for AECB

Although a current evidence-based consensus statement
concluded that all antibiotics are equivalent in AECB, there
may be some advantages to specific agents, particularly in
certain patient populations [5]. However, this is difficult to
prove, because most studies of AECB therapy have been
conducted for the purposes of licensing a new antimicrobial
and have been designed to include just enough patients to
show equivalence between the tested agents. In addition,
these antibiotic trials have rarely defined different therapies
for different types of patients, lumping patients of all dis-
ease severity together in one clinical trial. Several newer
trials, described below, have suggested that certain agents
may have value over other agents for specific patient popu-
lations [67,73,74]. Ideally, an antibiotic that is used for
AECB should have several features (Table 60.4):
1 Activity against the most common and most likely (for
each patient type) aetiological pathogens, but certainly with 
activity against H. influenzae, pneumococcus and M. catarrhalis;
2 resistance to destruction by bacterial beta-lactamases;
3 good penetration into the sputum and bronchial mucosa;
4 easy to take (no more than twice daily), with few side-
effects; and

5 cost effective, considering factors such as prevention 
of hospitalization and prolongation of time between 
exacerbations.

A number of agents are commonly used to treat patients
with AECB. They generally fall into the following drug
classes: macrolides and azalides (erythromycin, clar-
ithromycin and azithromycin), tetracyclines, ketolides, co-
trimoxazole, beta-lactams (penicillins and cephalosporins)
and fluoroquinolones. 

Macrolides
Macrolides are bacteriostatic agents that bind to the 50S
ribosomal subunit of the target bacteria and inhibit RNA-
dependent protein synthesis. The macrolides have good
activity against pneumococci, as well as atypical pathogens
(C. pneumoniae, M. pneumoniae, Legionella), but the older
erythromycin-type drugs are not active against H. influen-
zae, can interact with theophylline to increase levels and
have poor intestinal tolerance, making it difficult to use
these agents in patients with AECB. The newer macrolide
agents include azithromycin (also referred to as an azalide)
and clarithromycin. These agents have enhanced activity
against H. influenzae (including beta-lactamase producing
strains) although, on an MIC basis, azithromycin is more
active [50,51]. The macrolides are also active against 
M. catarrhalis, although the newer agents have enhanced

Properties of specific antimicrobial
agents
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Table 60.4 Characteristics of the ideal antibiotic for acute
exacerbations of chronic bronchitis.

Active against the likely pathogens for each patient type: 
• Always active against pneumococcus, Haemophilus
influenzae, and possibly atypical pathogens
• In selected patients, active against resistant organisms 
and enteric Gram-negative bacteria

Resistant to destruction by bacterial beta-lactamases 
(H. influenzae and Moraxella catarrhalis)

Good penetration into sputum and bronchial tissue
• High sputum/MIC ratio against target organisms

Likelihood of compliance with the prescribed regimen 
is high: once or twice daily dosing, few side-effects

Cost effective
• Prevention of hospitalization, prolonged time between
exacerbations

MIC, minimum inhibitory concentration.



activity against this pathogen compared with the older
agents. Among the newer macrolides, azithromycin is more
active than erythromycin against not only H. influenzae
and M. catarrhalis, but also M. pneumoniae. However, clarit-
hromycin is more active against S. pneumoniae, Legionella
and C. pneumoniae [50,51]. Azithromycin has no theo-
phylline interaction, while clarithromycin has the same
potential for interaction as erythromycin. 

Both of the newer agents have better intestinal tolerance
than erythromycin and penetrate well into sputum, lung
tissue and phagocytes. Clarithromycin, which has an active
14-hydroxy metabolite that is antibacterial, is administered
twice a day orally at a dose of 500-mg for 7–10 days in the
treatment of AECB. A new preparation of extended-release
clarithromycin is administered as a 1000-mg dose once daily
and has been effective with a 7-day course of therapy [75].
Azithromycin has a longer half-life than clarithromycin,
and concentrates in tissues, achieving very low serum 
levels when administered orally. The dose for oral therapy
of AECB is 500 mg on day 1, followed by 250 mg/day on
days 2–5. Alternatively, this drug can be administered for
AECB in a dosage of 500 mg/day for 3 days, and this regi-
men has efficacy comparable to other agents administered
for a longer duration [69,70]. For the hospitalized patient,
an intravenous preparation of azithromycin is available and
is administered at 500 mg/day, with the duration defined
by the clinical course of the patient 

Although macrolides remain an important therapeutic
option for AECB, pneumococcal resistance is becoming
increasingly common, being present in as many as 35–40%
of all pneumococci [37]. In addition, macrolide resistance
can also coexist with penicillin resistance, and as many 
as 30–40% of penicillin-resistant pneumococci are also
erythromycin resistant [36,37]. The clinical relevance of
these in vitro findings remains to be defined. However,
there are two forms of macrolide resistance: one involving
efflux of the antibiotic from the bacterial cell, and the other
involving altered ribosomal binding of the antibiotic. The
former mechanism is associated with much lower levels of
resistance than the latter, and is present in two-thirds of the
macrolide-resistant pneumococci in the USA. The latter
form of resistance is fortunately less common because, if
present, it is unlikely that macrolide therapy for pneumo-
coccal infection would be effective.

Clinical trials of macrolides in AECB have documented
efficacy for clarithromycin (including the extended-release
preparation) and azithromycin [69,70,75,76]. In general,
these agents have been equivalent to other classes of anti-
biotics, including quinolones (azithromycin versus levofl-
oxacin and moxifloxacin, clarithromycin versus gatifloxacin),
and beta-lactams (clarithromycin and azithromycin equiv-
alent to amoxicillin/clavulanate) [65,70,76–79]. In spite 
of general equivalence to other, newer agents, in one 

retrospective analysis, azithromycin was among a group of
antibiotics that led to less relapses and a prolonged duration
of time from one exacerbation to the next compared 
with older agents, in patients with recurrent exacerbations
[73]. However, in a comparative study with a quinolone
(gemifloxacin), clarithromycin was less effective in preventing
relapses, particularly if the pathogen was H. influenzae [67].

Macrolides have other effects beyond their antibacterial
action, and may be anti-inflammatory, reducing the amount
of sputum production in chronic bronchitis patients [80].
The role of macrolides in preventing exacerbations of COPD
through their anti-inflammatory actions is unknown, but
chronic macrolide therapy has been shown to reduce the
frequency of exacerbations in patients with cystic fibrosis
[81].

Tetracyclines
The tetracyclines, like the macrolides, are also bacteriostatic
agents, which act by binding the 30S ribosomal subunit 
and interfering with protein synthesis. These agents can be
used in AECB because they are active against H. influenzae
and atypical pathogens, but there are reports of increasing
resistance among pneumococci [50,51]. In the USA, pneumo-
coccal resistance to tetracyclines may be approaching 20%,
and may exceed 50% among organisms with high-level
penicillin resistance [5]. Photosensitivity is the major side-
effect, limiting the use of these agents in sun-exposed
patients.

Ketolides
This new class of antibiotics is a semi-synthetic derivative 
of the macrolides, with a 14-member ring structure, and
substitution of a keto group at the C3 site. These agents 
act to inhibit ribosomal protein synthesis in bacteria, by
binding to two different sites on the 50S ribosomal subunit
and, because of enhanced binding affinity and the binding
to multiples sites, are able to avoid some of the resistance
problems associated with the macrolides [82]. In addi-
tion, this class of antibiotics has a poor affinity for the pneu-
mococcal efflux pump. Because of these characteristics,
ketolides are active against pneumococci that are macrolide
resistant by either the erm or mef mechanism. Ketolides are
also active against H. influenzae, but in vitro activity is not
quite as high as with azithromycin. In clinical trials, the
eradication rate of H. influenzae by telithromycin has been
84% [82]. In addition, these agents have activity against
the atypical pathogens. Ketolides concentrate well in the
respiratory tract and in white blood cells, and kill bacteria in
a concentration-dependent fashion, unlike the macrolides
which kill in a time-dependent manner. In clinical trials, 
a ketolide, telithromycin, has been evaluated and has 
been administered at 800 mg/day for 5 days. This regimen
has been compared with a 10-day course of amoxicillin/
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clavulanic acid (500 mg t.i.d.) or cefuroxime (500 mg b.i.d.)
and found to be equivalent [66,82]. Telithromycin was as
active as comparators in patients above the age of 65 years,
in those with worse lung function and in those with mul-
tiple comorbid illnesses. Bacteriological success was equival-
ent to comparators when the infecting pathogen was either
pneumococcus or H. influenzae [82]. Side-effects are primar-
ily intestinal with nausea and diarrhoea occurring in some
patients, but liver function abnormalities and cardiac QT
prolongation have been reported, but are uncommon. There
does not appear to be an interaction with theophylline. 

Co-trimoxazole
This combination antibiotic has been used as a mainstay for
the therapy of AECB because of its antimicrobial spectrum,
ease of use and low cost [83]. It has bactericidal activity
against pneumococcus, H. influenzae and M. catarrhalis, but
not against atypical pathogens. Recently, it has become 
less popular because of the emergence of pneumococal
resistance at rates of at least 30%, because 80–90% of
organisms that are penicillin-resistant are also resistant to
co-trimoxazole [36]. The sulfa component of the drug
inhibits the bacterial enzyme responsible for forming the
immediate precursor of folic acid, dihydropteroic acid.
Trimethoprim is synergistic with the sulfa component
because it inhibits the activity of bacterial dihydrofolate
reductase. Co-trimoxazole is available in a fixed combina-
tion of 1 : 5 (trimethoprim : sulfamethoxazole), and is given
as either 80/400 or 160/800 mg orally twice a day for 
10 days, but the dosage should be adjusted in renal failure.
An intravenous preparation is also available. Side-effects
generally result from the sulfa component and include 
rash, gastrointestinal upset and occasional renal failure
(especially in elderly patients). 

Beta-lactam antibiotics
These bactericidal antibiotics, which include the penicillins,
cephalosporins and other agents, have in common the 
presence of a beta-lactam ring, which is bound to a five-
membered thiazolidine ring in the case of the penicillins
and to a six-membered dihydrothiazine ring in the case of
the cephalosporins [50,51]. Modifications in the thiazoli-
dine ring can lead to agents such as the penems (imipenem
and meropenem), while absence of the second ring struc-
ture characterizes the monobactams (aztreonam). These
agents can also be combined with beta-lactamase inhibitors
such as sulbactam, tazobactam or clavulanic acid to create
the beta-lactam/beta-lactamase inhibitor drugs. These com-
bination agents extend the antimicrobial spectrum of the
beta-lactams by providing a substrate (sulbactam, clavulanic
acid, tazobactam) for the bacterial beta-lactamases, thereby
preserving the antibacterial activity of the parent com-
pound. Beta-lactam antibiotics work by interfering with 

the synthesis of bacterial cell wall peptidogylcans by bind-
ing to bacterial penicillin-binding proteins. 

The penicillins used for AECB include the aminopeni-
cillins (ampicillin, amoxicillin) and the beta-lactam/beta-
lactamase inhibitor combinations. The anti-pseudomonal
penicillins (piperacillin, ticarcillin) are available only intra-
venously, and as a beta-lactamase inhibitor combination
(piperacillin/tazobacteam, ticarcillin/clavulanate) and are
not commonly used for AECB. The beta-lactamase inhib-
itor combination most commonly used for oral therapy of
AECB is amoxicillin/clavulanate. The addition of clavulanic
acid makes this agent resistant to bacterial beta-lactamases,
an important concern in patients with AECB, but some 
H. influenzae organisms can hyperproduce these enzymes
and even be resistant to amoxicillin/clavulanate [33].

Amoxicillin/clavulanate had been given as 500/125 mg
t.i.d or 875/125 mg b.i.d. for 10 days, and has been effective
therapy for AECB. Clinical trials have shown equivalence
to azithromycin and to moxifloxacin, when given for 7–
10 days [26,83–85]. It may offer an advantage over amoxi-
cillin alone, because this agent is susceptible to destruction
by bacterial beta-lactamases, a feature that may explain 
the observation of high failures rates with amoxicillin
(54%) but not with amoxicillin/clavulanate (9%) in patients 
presenting to an emergency department with AECB [27].
Recently, with concerns about pneumococcal resistance, 
a new preparation of amoxicillin/clavulanate has been
developed with a slow release formulation and with more
amoxicillin relative to clavulanate, and the dosage is
2000/125 mg b.i.d. This new preparation would be active
against resistant pneumococci with MIC values of at least 
2 mg/L. Although this high-dose preparation is not approved
in the USA for AECB therapy, clinical trials have shown
efficacy similar to levofloxacin and clarithromycin [78]. 

The cephalosporins span from first to fourth generation,
but the fourth-generation agents are not available for oral
therapy of AECB [83,86]. The earlier agents were generally
active against Gram-positive organisms, but did not have
extended activity for the more complex Gram-negative
organisms, or anaerobes, and were susceptible to destruc-
tion by bacterial beta-lactamases. The newer generation
agents are generally more specialized, with broad-spectrum
activity and with more mechanisms to resist breakdown 
by bacterial enzymes. The second-generation and newer
agents are resistant to bacterial beta-lactamases, and the
oral agents that are active against resistant pneumococci
include cefuroxime, cefprozil and cefpodoxime [86]. The
intravenous third- and fourth-generation agents active
against penicillin-resistant pneumococci include ceftriaxone,
cefotaxime and cefepime, while ceftazidime is less reliable
against this organism. Intravenous agents are occasionally
used in hospitalized patients, and cefepime and ceftazidime
have activity against P. aeruginosa. Although cephalosporins
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have been used successfully to treat AECB, they have 
not always been as successful as quinolones, amoxicillin/
clavulanate and the macrolides in patients with recurrent
infections [73], but have been effective at preventing
relapses in AECB among patients seen in an emergency
room setting [27].

Fluoroquinolones
These bactericidal agents act by inhibiting bacterial DNA
gyrase and thus interfere with DNA replication, repair,
transcription and other cellular processes [40,53]. DNA
gyrase is only one form of a bacterial topoisomerase enzyme
that is inhibited by quinolones, and activity against other
such enzymes is part of the effect of a variety of quinolones
[40,83]. The earlier quinolones (such as ciprofloxacin and
ofloxacin) are active primarily against DNA gyrase, which
accounts for their good activity against Gram-negative
organisms. The newer agents (gatifloxacin, gemifloxacin,
levofloxacin and moxifloxacin) bind both DNA gyrase and
topoisomerase IV, and have extended their activity to Gram-
positive organisms, including drug-resistant Streptococcus
pneumoniae (DRSP). Resistance to quinolones can occur
through mutations in the topoisomerase enzymes, by
altered permeability of the bacterial cell wall or by efflux.
The quinolones kill in a concentration-dependent fashion,
and thus optimal antibacterial activity can be achieved with
infrequent dosing, and with high peak concentrations and
high AUCs. In addition, because quinolones have a PAE
against both Gram-positive and Gram-negative organisms,
they can continue to kill even after local concentrations fall
below the MIC of the target organism [53]. These properties
make the quinolones well-suited to infrequent dosing, with
the ideal being once daily dosing, particularly given the 
relatively long half-life of the newer compounds. The only
factor limiting a switch to once daily dosing for all quino-
lones is the toxicity associated with high doses of some
agents (such as ciprofloxacin), particularly concerns related
to neurotoxicity and possible seizures.

There are two features of quinolones that make them
well-suited to respiratory infections. First, they penetrate
well into respiratory secretions and inflammatory cells,
achieving concentrations that usually exceed serum levels,
and thus these agents may be clinically more effective than
predicted by MIC values. This may explain the observation
that quinolones are often better than other agents in pro-
longing the ‘disease-free’ interval between exacerbations
[87]. Secondly, these agents are highly bioavailable with
oral administration and thus similar levels can be reached if
administered orally or intravenously. This has allowed
some patients to remain on oral therapy out of the hospital
and still receive a highly active antimicrobial regimen. 

The fluoroquinolones have excellent antimicrobial 
activity against beta-lactamase producing H. influenzae

and M. catarrhalis, making them very useful for patients
with AECB. However, the newer agents (gatifloxacin,
gemifloxacin, levofloxacin and moxifloxacin) extend the
activity of the quinolones by Gram-positive activity, as 
well as by being more active against C. pneumoniae and
M. pneumoniae than the older agents [53]. The new agents
are also highly effective against L. pneumophila. However, if
P. aeruginosa is the target organism, then only ciprofloxacin
(750 mg b.i.d. orally or 400 mg 8-hourly intravenously) or
levofloxacin (750 mg/day) are active enough for clinical
use. Because the older agents, ciprofloxacin and ofloxacin,
have borderline activity against pneumococcus, if they are
used for AECB, the dose must be increased, and in one
study, ciprofloxacin was administered at 750 mg b.i.d., and
led to efficacy in the therapy of complex patients with
AECB [88].

Among the newer agents, their in vitro activity against
pneumococcus is variable, with the agents listed in the order
of most to least active (on an MIC basis) as: gemifloxacin,
moxifloxacin, gatifloxacin and levofloxacin (Table 60.5)
[40,41,53]. All of these agents also have long half-lives,
generally allowing for once daily dosing, although the half-
lives of these drugs vary from 6 h for levofloxacin to more
than 15 h for moxifloxacin and gemifloxacin. The agents
also differ in the degree of protein binding, with agents that
have a low degree of binding having higher free concentra-
tions in the serum. The relevance of this feature to clinical
outcome is uncertain, but agents such as levofloxacin and
moxifloxacin are not highly protein bound. Although the
new agents are highly active against pneumococci, both
penicillin sensitive and resistant organisms, there is some
concern that with widespread use, pneumococcal resist-
ance to these agents will increase [40,41,43]. In addition,
one recent study has shown that as organisms become
penicillin resistant, they are also more likely to be
quinolone resistant [41]. With this in mind, pneumo-
cocci are more likely to be resistant to the agents with the
lowest pneumococcal activity (as listed above). Although
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Table 60.5 Activity of fluoroquinolones against
pneumococcus.

Agent MIC 90 (mg/L) Cmax (mg/L)

Ciprofloxacin (500 mg) 2.0 3.0
Gatifloxacin (400 mg) 0.5 4.2
Gemifloxacin (320 mg) 0.125 1.5
Levofloxacin (500 mg) 1.0 5.7
Moxifloxacin (400 mg) 0.25 4.5

Cmax, maximum plasma concentration; MIC, minimum
inhibitory concentration.



resistance of pneumococci to quinolones is still not com-
mon, it has developed in Asia, particularly to levofloxacin, in
COPD patients who have been given repeated courses of
therapy [89]. Other risk factors for quinolone resistance
among pneumococci are recent hospitalization and residence
in a nursing home. One concern for the future efficacy of
the quinolones in AECB patients has been their widespread
use in outpatients with a variety of illnesses, who may be
better treated with another antibiotic or who may not even
need antibiotic therapy [39]. 

One major distinction among these new quinolones 
is their profile of toxic side-effects. A number of agents 
have been removed from clinical use because of toxicities
such as QT prolongation (grepafloxacin), phototoxicity
(sparfloxacin) and liver necrosis (trovafloxacin). Recently,
gatifloxacin use has been curtailed because of drug-induced
glucose abnormalities (hypo- and hyperglycaemia), especially
in diabetics. The side-effects of the other new agents have
generally been minimal but, as with any therapy, the risks
of use should be weighed against the benefits. 

In clinical trials, all of the newer agents have been 
effective with 5 days of therapy. The dosing of gatifloxacin
is 400 mg/day, gemifloxacin 320 mg/day, levofloxacin 
500 mg/day and moxifloxacin 400 mg/day. In many situ-
ations, the newer agents are considered to be therapeutic-
ally equivalent, but some investigators have considered
that the risk of promoting pneumococcal quinolone re-
sistance may be higher with agents that have higher MIC
values, and thus have recommended using the most active
agents preferentially [40]. When compared with other
classes of antibiotics, the quinolones have the ability to 
prolong the disease-free interval, a feature that was first
described with ciprofloxacin [67,74,87].

While most studies have not shown quinolones to be
more effective than other antibiotics used to treat AECB,
two recent studies have reported improved outcomes 
with the newer agents [67,74]. In one study, 320 mg/day
gemifloxacin for 5 days was compared with 500 mg 
clarithromycin b.i.d. for 7 days and, although both agents
showed similar clinical success rates initially, gemifloxacin
led to a higher bacteriological success rates, especially for 
H. influenzae [67]. In addition, gemifloxacin-treated patients
had fewer recurrences after 26 weeks, and fewer hospital-
izations. In another study, 5 days of moxifloxacin was com-
pared with therapy with one of three standard agents given
for 7 days (amoxicillin, cefuroxime or clarithromycin) [74].
Patients in this study had established chronic bronchitis
with at least two exacerbations in the preceding year, and
those given moxifloxacin had less need for additional
antibiotics and a longer disease-free interval than those
given the comparator. These two studies are interesting
because they focused on long-term endpoints, and docu-
mented a potential advantage of the new quinolones 

compared with other accepted therapies of AECB. The fact
that differences only became evident when outcomes other
than short-term results were evaluated may explain why
many prior studies concluded that all antibiotics used for
AECB are equivalent. 

Cost effectiveness of antibiotic therapy in AECB

Although it is difficult to determine how to best define the
cost effectiveness of antibiotic therapy, it is quite clear that
multiple factors, in addition to acquisition cost, should be
considered. For example, an agent that costs little to buy,
but has limited efficacy, might cause a patient to miss sev-
eral days of work, and thus be less cost effective than a more
expensive agent that was able to cure the patient rapidly.
Other economic endpoints that should be considered in
defining a cost-effective antibiotic for AECB include the
prevention of hospitalization, the duration of disease-free
interval, the need for other medications and the develop-
ment of antimicrobial resistance [90,91].

One study looking at this issue was a prospective ran-
domized trial of quinolone therapy (with ciprofloxacin)
versus usual care, involving 240 patients with AECB man-
aged by their family physicians [90]. For the group as a
whole, quinolone therapy was not substantially better than
usual care, but for certain patient subsets it appeared to
have some advantage. Ciprofloxacin was associated with 
a better clinical outcome and lower cost for patients who
had moderate or severe bronchitis (severity of the acute
episode), at least four episodes of AECB in the preceding
year, more than 10 years illness, age of at least 56 years 
and at least three comorbities, once again confirming the
concept that empirical therapy should be modified for dif-
ferent patient groups. All of these findings suggest that if
patient profiling is used to prescribe antibiotics, then the
benefits of therapy with specific agents for specific patients
will be enhanced. Similarly, the study of gemifloxacin 
versus clarithromycin documented cost efficacy for the
quinolone, primarily by the avoidance of hospitalization,
physician visits and lost work productivity [92]. 

The bacteriology of exacerbations may vary with specific
patient features, and in certain populations, specific ther-
apies may have more value than others. In addition, as
patients become increasingly ill, both acutely and chron-
ically, the consequences of ineffective antibiotic therapy of
AECB may become more important. Therefore, a number
of guidelines have been developed that suggest patient

Therapy for AECB using patient subsets:
should different patients be treated 
with different therapies?
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stratification approaches and suggested therapies for each
subset. Most of the guidelines about exacerbations of COPD
either do not recommend specific antibiotics or recommend
that any antibiotic can be used in any patient population.
For example, the statement of the American College of
Physicians and the American Society of Internal Medicine,
published jointly with the American College of Chest
Physicians states ‘to date, no randomized, placebo-controlled
trials have proved the superiority of the newer broad-
spectrum antibiotics’ in patients who are likely to have
resistant organisms present [4]. Recently, a Candian guide-
line was published that made recommendations for specific
antibiotic choices for different populations, defined on the
basis of the presence of risk factors for treatment failure [5].

In the Canadian guideline, the risk factors for treatment
failure in AECB included: frequent exacerbations (odds
ratio of 2.11 for those with more than four exacerbations
per year), more severe lung dysfunction, ischaemic heart
disease or congestive heart failure, increasing age, use of
maintenance steroids, use of home oxygen and chronic
mucus hypersecretion [5]. Many of these factors also
increase risk for hospitalization including cardiopulmonary
disease (odds ratio of 8.9), patients with disease of long
duration and in those with severe lung dysfunction. Based
on these features, the authors identified three groups of
patients with AECB: the simple bronchitic, the complic-
ated bronchitic and the patient with chronic suppurative
bronchitis (Table 60.6) [5].

Therapy for all patients should target the group of ‘core
organisms’ that are possible for any patient with exacerba-
tion, and these include H. influenzae (usually non-typable),
M. catarrhalis, S. pneumoniae and H. parainfluenzae. The pati-
ent who is at risk for only these organisms is the ‘simple
bronchitic’, defined as a patient with at least two of the
three cardinal symptoms of exacerbation, but with no risk
factors for treatment failure or hospitalization. This popula-
tion has an FEV1 of more than 50% predicted, less than four
exacerbations per year and no underlying cardiac disease.
These patients are less likely to have resistant pathogens,
and could even tolerate treatment failure (although not
highly likely) without requiring hospitalization. Therapy for
this population was recommended to be a newer macrolide
(azithromycin or clarithomycin), a cephalosporin, amoxi-
cillin, co-trimoxazole, or tetracycline (doxycycline); but, 
in the case of a treatment failure, a fluroquinolone or beta-
lactam/beta-lactamase inhibitor combination could be used
as alternative therapies. It is still uncertain, if the patient
resides in an area with high rates of antibiotic resistance,
whether agents such as amoxicillin and co-trimoxazole will
remain as reliable choices.

The complicated patient is more likely to have a resistant
pathogen, and is also defined as having at least one adverse
outcome risk factor such as: FEV1 of less than 50% pre-

dicted, more than four exacerbations per year, cardiac 
disease, use of home oxygen, chronic oral steroid use or
antibiotic use in the last 3 months. For this population, the
recommended therapies were a fluroquinolone, or a beta-
lactam/beta-lactamase inhibitor combination, but other
groups have considered azithromycin to be an acceptable
alternative for patients with only one adverse outcome risk
factor [77].

The chronic suppurative bronchitic patient is defined as
having constant purulent sputum, usually with bronchiec-
tasis or an FEV1 of less than 35% predicted, or with multiple
risk factors such as frequent exacerbations. These patients
can be infected with resistant Gram-negative organisms,
and thus therapy should be tailored to culture data from
sputum samples, but empirical therapy should be directed
against P. aeruginosa, with ciprofloxacin in outpatients and
generally parenteral therapy in hospitalized patients [5].

This stratification scheme must be viewed as a hypothesis
that requires prospective verification. Future studies are
needed to document that, if patients are managed with this
approach to therapy, outcomes are improved. However,
retrospective data do support this general approach. In 
one study, the value of using newer, and more expensive
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Table 60.6 Patient stratification and suggested therapy 
for acute exacerbations of chronic bronchitis. (Only treat
those with at least two of the cardinal symptoms of
exacerbation.)

Simple bronchitic
FEV1 > 50% predicted, < 4 exacerbations/year, and no
underlying cardiac disease
• Newer macrolide, cephalsosporin, doxycycline
• Amoxicillin, co-trimoxazole (may be a concern in areas
with high rates of antibiotic resistance)
• For non-responders: fluroquinolone, beta-lactam/
beta-lactamase inhibitor combination

Complicated bronchitic
At least one of: FEV1 < 50% predicted, > 4
exacerbations/year, cardiac disease, need for home oxygen,
use of chronic oral corticosteroids, antibiotic use in the past 
3 months
• Fluoroquinolone, beta-lactam/beta-lactamase inhibitor
• Consider azithromycin if only one risk factor

Chronic suppurative bronchitis
Constant purulent sputum, and at least one of:
bronchiectasis, FEV1 < 35% predicted, multiple exacerbations
• Sputum culture may be useful in this group
• Ciprofloxacin orally
• Maybe a role for inhaled aminoglycosides
• Parenteral therapy if admitted

FEV1, forced expiratory volume in 1 s.



antibiotics was documented as being both beneficial and
cost effective in a population of patients that could be
described as mildly complicated. In this study, a group of 
60 patients had, on average, more than three exacer-
bations (a total of 224 exacerbations ) and therapy was cat-
egorized by the authors as being with first-line (amoxicillin,
tetracycline, erythromycin, co-trimoxazole), second-line
(cephalosporins) or third-line (amoxicillin/clavulanate,
azithromycin, ciprofloxacin) agents [73]. Patients who
received third-line agents failed less often than those 
who received first-line agents (7% vs 19%; P < 0.05) [73].
In addition, those given third-line agents were hospitalized
less often, and their time between exacerbations was sig-
nificantly longer than for those given first-line agents.
Another study, using a pharmacoeconomic model to 
evaluate 1102 patients with AECB in previously reported
randomized trials, concluded that macrolide therapy and
therapy with amoxicillin/clavulanate was more cost effect-
ive than therapy with ampicillin and older cephalosporins
[91].

In the future, the value of new agents will need to be
studied using both traditional and novel endpoints. Thus, 
in addition to clinical and microbiological success, future
studies will need to examine time to clinical resolution,
time to return to work or other productive activity, disease-
free interval, and the ability of a selected therapy to 
minimze the future potential for antibiotic resistance.
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CHAPTER 61

Antioxidants

Claudio F. Donner

In the normal lung, the balance between antioxidants and
oxidants is sufficient to keep the airway lining fluids and
extracellular spaces in a highly reduced state and enable
normal physiological functions. Any increase in oxidants or
decrease in antioxidants can disrupt this balance. The state
of imbalance is collectively referred to as oxidative stress
and is associated with diverse airway pathologies including
asthma, COPD and interstitial lung disease [1,2].

In the last few years, the possible association between
free radical-induced oxidative damage in the lung and the
development of cigarette smoke-related pathologies (e.g.
COPD, lung cancer) has received considerable attention.
There is growing evidence of the role of oxidative stress in

COPD [3–5]. Oxygen radicals from endogenous (priming 
of inflammatory cells) and exogenous sources (cigarette
smoke) induce parenchyma and airways wall damage in
the lung, as well as interferring in the inflammation process
by activation of transcription factors (Fig. 61.1).

Extracellular superoxide dismutase (ECSOD) is the prim-
ary extracellular antioxidant enzyme in the lung and is most
highly expressed in airway and vascular walls (Fig. 61.2)
[2]. The antioxidant defence of the lung seems incapable 
of controlling the process, as results from measurement 
of markers of oxidative stress in COPD patients [5,6].
Enhancing the antioxidant defence could be an attractive
strategy for the treatment of COPD. An ideal antioxidant
would be very specific and not interfere with the normal
oxidative function essential for the inflammatory response
for several metabolic reactions. A number of metal com-
plexes have been described as superoxide dismutase (SOD)
mimetics. AEOL 10113 and AEOL 10150 are positively
charged, and the positive charges on the four pyridyl or
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imidizol groups in these compounds give them distribu-
tion and function profiles that mimic ECSOD. Thus, AEOL
10113 and AEOL 10150 possess a broad range of antioxi-
dant activities including mimicking SOD and catalase, and
scavenging both lipid peroxides and peroxynitrite [7–9].
Natural antioxidants, such as vitamins, and synthetic ones,
such as N-acetylcysteine, have been investigated in the
clinical setting. However, few compounds have been stud-
ied in randomized controlled trials.

In this chapter, antioxidants used in the clinical setting
are discussed.

Reactive oxygen species (ROS, or oxidants) and anti-
oxidants have an essential role in aerobic life. Most of the 
oxygen taken into the body is expelled as CO2; however,
some molecular oxygen (O2) is converted to water. For 
this reaction four electrons must be added to the oxygen
molecule. Conversion of oxygen to water can result in the
formation of several oxygen free radicals (O2, H2O2, OH).

ROS and free radicals are molecules with an impaired
number of electrons in the external orbit. Because of the
instability in the molecular structure, these compounds are
very reactive and interact with fat and proteins, altering cel-
lular structure. Activated phagocytic cells (e.g. neutrophils,
macrophages) generate ROS [10]. ROS are present in all
cellular compartments: lysosomes, peroxisome, endoplas-
matic reticulum, mitochondria, cell membranes and cyto-
plasm. The oxidants formed by the activated cells are not
only present intracellularly but also reach the extracellular
environment, reacting with proteins and fat molecules
causing cellular or tissue damage, which can result in
chronic inflammation [11].

Cigarette smoke is a potent source of inhaled oxidants
and free radicals present in both gas and tar phase [12].
Cigarette smoke contains approximately 10–15 oxidant
molecules per puff and in aqueous solution it can generate
hydrogen peroxide and superoxide radicals [13,14].

The organism is protected from oxidative damage by a
wide screen of antioxidants. Natural antioxidants can be
divided into enzymatic (superoxide dismutase, glutathione,
catalase), non-enzymatic synthesized (uric acid, glutathione)
and dietary vitamins (vitamins E and C, beta-carotene).

When the amount of oxidants exceeds the available
antioxidant defence, oxidative stress ensues. Oxidative stress
has been implicated in the pathology of numerous diseases
such as atherosclerosis, diabetes, ischaemia–reperfusion
injury and cancer. The lung, widely exposed to oxidative
injury, is highly dependent on its antioxidant screen.
Several chronic (COPD, idiopathic pulmonary fibrosis
[IPF], asthma) and non-chronic (adult respiratory distress

Oxidants and antioxidants

syndrome [ARDS], cancer) lung deseases have been related
to oxidative stress [11].

Oxidants

An increased number of ROS from exogenous and endo-
genous sources are present in the lung of COPD patients
(Fig. 61.3). Cigarette smoke is irreversibly linked to COPD.
Inhaled ROS are derived from tobacco smoke and air pollu-
tion. In addition, cigarette smoke induces iron release from
ferritin, essential for oxidative processes (Fig. 61.4).

Endogenously ROS are generated by phagocytic cells
(neutrophils and macrophages) [10,15]. Activated macro-
phages and polymorphonuclear neutrophils (PMNs) from
smokers release more ROS than cells derived from non-
smokers [3,10]. There is evidence that cigarette smoke
exposure provokes an accumulation of macrophages and
neutrophils [16] in respiratory bronchiole and alveolar 
septum. Di Stefano et al. [17] described an increase of
macrophages in bronchial mucosa of patients with chronic
bronchitis. This situation escalates during exacerbations
when neutrophils and eosinophils increase even further,
compared with stable patients [18]. In conclusion, the

Oxidative stress and COPD
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number of inflammatory cells is higher in COPD and there-
fore their potential production of ROS is greater.

Jorres and Magnussen [13] suggested that the cellular
activation and tissue damage in COPD patients should be
associated with uncontrolled and not site-specific produc-
tion of ROS, which can generate a chain reaction perpetu-
ating these alterations.

Antioxidants

Pulmonary antioxidants are widely distributed and include
both enzymatic and non-enzymatic systems. The intra-
cellular antioxidant system comprises vitamins E and C,
beta-carotene and glutathione (GSH). Extracellular fluid
contains high levels of antioxidants but is relatively poor 
in enzymes. GSH in particular is critical in antioxidant 
pulmonary defence [11].

GSH, a low molecular tripeptide (L-gamma-glutamyl-
L-cysteinylglycine) is an important intracellular water-
soluble antioxidant. It is present in airways epithelial cells
and in pulmonary endothelial cells. In the lung, GSH is also
present extracellularly and it reaches high concentrations
in the lung epithelial lining fluid (ELF). The concentration
of GSH in ELF is approximately 100-fold higher than in
plasma. The GSH redox cycle is considered the most 

important mechanism for reduction of intracellular hydro-
peroxides [15]. The antioxidant action of GSH will lead to 
formation of a non-radical end product: GSSG, oxidized
glutathione. Conversely, GSSG can be reduced again to
GSH by the enzyme glutathione reductase, enabling the cell
to keep a ratio of GSH/GSSG.

Besides its function in maintaining a reducing environ-
ment, GSH is also a cofactor for various protective enzymes
against oxidative stress. Furthermore, GSH has been 
implicated in immunomodulation and the inflammatory
response [19].

Several animal and human studies [19] show that
cigarette smoke alters GSH levels in the lung. An acute fall,
as a direct consequence of smoking, is followed by a per-
sistent increase. Smokers have an elevated GSH and GSH 
peroxidase activity in ELF [20]. Animal and human studies
demonstrated that increased GSH levels increase lung 
permeability [21,22], suggesting a critical role for GSH in
maintaining epithelial barrier function. Linden et al. [23]
found an increased concentration of total GSH in broncho-
alveolar lavage (BAL) fluid of chronic bronchitis patients.
The GSH concentration was inversely correlated with the
forced expiratory volume in 1 s (FEV1) of these patients.

Rahman and MacNee [11] suggest that the intracellular
redox state of the cell has a key role in the regulation 
and potentiation of the inflammatory response in the cell.
Oxidants are implicated in the inflammatory response 
of the cell via activation of redox-sensitive transcription 
factors such as nuclear factor κB (NF-κB) and activatory 
protein-1 (AP-1). Depletion of GSH or alteration in the 
balance of GSH/GSSG in favour of the oxidized form 
causes degradation of the inhibitor form of NF-κB and con-
sequently its activation. NF-κB is involved in gene regula-
tion of pro-inflammatory cytokines (e.g. tumour necrosis
factor α [TNF-α], interleukin 6 [IL-6], IL-8, vascular cell
adhesion molecule 1 [VCAM-1] and intercellular adhesion
molecule 1 [ICAM-1]). The activation of the cytokines,
caused by oxidative stress, will amplify the inflammatory
response, creating a chain reaction.

The same authors show that GSH regulation is one of 
the factors involved in genetic susceptibility to oxidant-
mediated lung damage. Furthermore, GSH redox state 
and oxidative stress are involved in the expression of pro-
inflammatory and antioxidant genes.

Alteration in GSH concentration in BAL and ELF has also
been described in several inflammatory pathologies: ARDS
[24], IPF [25], cystic fibrosis and asthma [26].

The short half-life of oxidants makes their direct meas-
urement in vivo difficult. In the last few years, several 
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techniques have been developed that permit the measure-
ment of markers of oxidative stress in COPD patients, using
less invasive methods. Increased evidence of oxidative stress
in the lung was presented by Maier et al. [27], who showed
elevated levels of oxidized methionine residues of α1-
proteinase inhibitor in BAL of smokers with chronic 
bronchitis. Dekhuijzen et al. [6] found increased levels of
hydrogen peroxide (H2O2) in exhaled breath of COPD
patients. Higher levels were found during exacerbations.
More recently, Montuschi et al. [28] demonstrated in-
creased levels of 8-isoprostane in exhaled air, a marker of
lipid peroxidation, confirming the previous data of Pratico
et al. [29] for the same marker in urine. Elevated plasma
levels of thiobarbituric acid-reactive substances (TBARS),
another marker of lipid peroxidation, were found in stable
and exacerbated COPD patients [30]. Finally, decreased
antioxidant capacity in plasma (TEAC) was described by
Rahman et al. [12] in smokers and in patients with acute
exacerbations of COPD. These data confirm the presence of
an imbalance between oxidants and antioxidants in COPD
and support the use of antioxidants in this pathology.

The use of antioxidants may be an interesting strategy in
the prevention of radical-induced damage. The lung pro-
tects itself through several antioxidant systems, including
thiol compounds, vitamins and enzymes. Enzymes such as
SOD and catalase are large mass polymers, which prevents
their intracellular transport and their use by the oral route;
therefore their use has been limited to experimental 
studies. Only thiols and vitamins have been studied in the
clinical setting.

Thiols

GSH and cysteine are the most important antioxidant 
thiols in the lung. Intracellular synthesis of GSH depends 
on the availability of its natural precursor, L-cysteine [31].
Cysteine has a poor resorption, it is rapidly oxidized and is
toxic. These disadvantages are prevented by acetylation of
the molecule.

Exogenous GSH must be broken down to the constituent
aminoacids. A GSH preparation is available for intravenous
use but has never been tested in chronic pulmonary diseases.

N-acetylcysteine

N-acetylcysteine (NAC) is a sulphydryl group (SH) contain-
ing aminoacid residue with an acetyl group on the nitrogen.
The thiol group is crucial for its therapeutic effect. NAC has
been used in Europe as a mucolytic agent. The mucolytic

Pharmacological intervention

action, a result of cleavage of disulphide bonds between
mucines and consequent decrease of the viscosity of the
mucus, was described by Sheffner et al. [32] in the 1970s.
More recently, the therapeutic effect of NAC has been 
primarily ascribed to its antioxidant properties.

NAC is biotransformed very effectively, which explains
its low bioavailability. After oral administration, NAC is
deacetylated to L-cysteine. Cysteine has a central role in the
endogenous thiol metabolism and may be transformed into
a large number of molecules, including GSH.

In analogy with the well-established mechanism of action
of NAC against liver toxicity resulting from paracetamol
(acetaminophen) intoxication [33], GSH has been seen as 
a link between NAC and therapeutic effects in chronic
bronchitis.

Pharmacokinetics
After oral intake of 600 mg/day, the intestinal absorption of
NAC is rapid; it can be measured in the plasma after 60 min
[34]. NAC is partially deacetylated at intestinal mucosa
level and undergoes an intense metabolism after the first
hepatic passage. As a consequence, the bioavailability of the
unchanged molecule is apparently low (10%). At this dose,
NAC could not be detected in BAL fluid [35]. It is important
to bear in mind, however, that it is at the hepatic level that
its principal conversion into GSH takes place. An increase in
bioavalability has been reported after higher doses.

After administration of NAC, plasma level increases in
cysteine, GSH and thiolic groups have been measured
[35,36]. Also, increased levels of GSH in the lung were
measured [36]. However, in COPD patients, after an oral
dose of 600 mg NAC, the plasma concentrations of GSH
were unchanged, whereas 600 mg NAC three times daily
increased GSH plasma concentrations [37]. These data
were confirmed by Behr et al. [38] in patients with IPF, who
also demonstrated a significant increase in total concentra-
tion of GSH both in ELF and in the cells after oral adminis-
tration of 1800 mg/day NAC.

Pendyala and Creaven [39] found a significant increase
in GSH in the circulating lymphocytes in healthy volun-
teers after a single administration of 800 mg/m2. Repeated
administrations caused an increase in GSH concentration of
approximately 20% over baseline.

To understand the effect of NAC on cysteine and GSH
levels it is important to note that plasma levels are often
non-representative of the situation in the lung because of
compartmentalization of GSH need and availability. Further-
more, studies performed after coadministration of NAC (2 g)
and paracetamol (2 g) to healthy volunteers showed an
increase in cysteine and GSH levels in plasma, when a single
administration of NAC was without effect [27,40]. This result
suggests that the incorporation of NAC into GSH is depend-
ent on the increased demand, as during oxidative stress.
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Rationale for the use of NAC in COPD
NAC can interfere in the pathophysiology of COPD in 
different ways. Thiol groups are rich in electrons and can
act as scavengers, reductans and antioxidants. NAC exerts 
a direct antioxidant effect through its free thiol group 
interacting with electrophilic groups of ROS [41]. Aruoma
et al. [42] investigated the antioxidant action of NAC
against hydrogen peroxide, hydroxyl radical, superoxide
and hypochlorous acid. NAC is a powerful scavenger of
hypochlorous acid and hydroxyl radical, while the reaction
with hydrogen peroxide was noted to be slow. NAC’s effect
in reducing elastase activity was ascribed to the property of
scavenging hypochlorous acid.

Besides this direct scavenger effect, NAC’s working
mechanism has to be related to its function as a GSH 
precursor. Maintaining adequate intracellular levels of 
GSH is essential for overcoming the effects of toxic agents
such as cigarette smoke. Moldeus et al. [41] showed that
NAC prevents the decrease of pulmonary GSH in a rat
cigarette smoke exposure model and protects the lung
against the effects of cigarette smoke. The studies of NAC 
as a precursor of GSH in humans have been discussed above
(see p. 749).

Jeffery et al. [43] proved that NAC inhibits mucous cell
hyperplasia in rats exposed to cigarette smoke, with the
greatest effect in peripheral small airways. Furthermore,
NAC tended to reduce the magnitude of permeability
changes of the airways mucosa.

Several studies have studied the effect of NAC on
inflammatory cells. Kharazmi et al. [44] studied the effect 
of NAC on neutrophils and monocytes in vitro and in vivo.
In vitro, NAC was shown to inhibit the chemotaxis and
oxidative-burst response of neutrophils and monocytes 
at approximately millimolar concentration. In a study of
healthy volunteers, a single dose (400 mg) of NAC pro-
voked a significant reduction of neutrophil chemolumines-
cence response following zymosan activation. The author
concluded that the inhibition of migration and generation
of ROS by phagocytic cells could be of major importance 
in preventing tissue damage in patients with chronic
inflammatory disorders [45]. Three studies were performed
to study the effect of NAC on inflammatory cells and medi-
ators in BAL fluid in smokers [46–48]. The results can be
summarized as a tendency towards normalization of cell
composition with an increase in the proportion of lympho-
cytes. Activation was reduced as well as lactoferrin. The
activity of alveolar macrophages was also measured; an
increase in leukotriene B4 production, a reduction of the
production of ROS and an increase in the phagocytic activ-
ity of the cells was found.

Marui et al. [49] showed the ability of NAC to inhibit 
the expression of VCAM-1 in human endothelial cells. De
Backer et al. [50] found a decrease of sputum eosinophil

cationic protein (ECP) levels and reduction of PMN adhe-
sion with a dose of 600 mg/day NAC to COPD patients.

Effect on bacterial colonization
Riise et al. [51] described for the first time an effect of NAC
on bacterial colonization in a population of smokers with or
without chronic obstruction. Patients with chronic obstruc-
tion presented the highest number of bacterial colonies.
The intrabronchial bacterial colonization was significantly
lower (P < 0.05) in patients treated with NAC (600 mg/day
for several months).

It has already been demonstrated that NAC inhibits 
bacterial adhesion to epithelial cells [52,53] and that it
stimulates the phagocytic activity of macrophages in 
smokers. More recently, Oddera et al. [54] demonstrated 
in vitro that NAC stimulates the intracellular killing of
Staphylococcus aureus by alveolar macrophages and polymor-
phonuclear leucocytes of peripheral blood. Riise et al. [55]
demonstrated that NAC reduces the ability of bacteria
(Streptococcus pneumonia and Haemophilus influenza) to adhere
to human oropharyngeal epithelial cells. Very recently, an
Italian group (Schito University of Genoa) investigated the
effect of NAC (in concentration from 0.07–8.0 mg/mL) to
inhibit the formation of biofilms in S. aureus cultures. NAC
was found to inhibit the formation of biofilms in all cultures
[56].

A significant number of COPD exacerbations are asso-
ciated with respiratory viral infection. The role of oxidative
stress in relation to viral infections (influenza, rhinovirus)
has been recently evaluated. Viral induction of oxidative
stress in respiratory cells has been described by Biagioli et al.
[57]. Rhinovirus induces the production of ROS and con-
sequently stimulates the activation of NF-κB, a key step in
the signal transduction pathway leading to IL-8 production.
The same authors demonstrated that NAC blocked IL-8
production in a dose-dependent way by down-regulation
of the NF-κB activation, as also observed by Knobil et al.
[58]. Pretreatment with NAC attenuated the virus-induced
NF-κB activation and IL-8 release caused by influenza 
virus in epithelial cells. Further evidence was offered by the
work of Ungheri et al. [59]. Mice infected intranasally 
by influenza virus APR/8 showed high BAL levels of 
xantineoxidase, TNF and IL-6. Oral administration of NAC
(1 g/kg/day) significantly reduced the mortality rate of the
infected mice. 

Systemic effect
In recent years there has been a growing tendency to con-
sider COPD as a systemic disease. Thiols are implicated in
several enzymatic reactions in the organism and therefore
have an important metabolic role not only in the lung, but
also in other systems such as the muscles.

An interesting study was performed by Santini et al. [60],
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who demonstrated that in COPD patients, red blood cells
(RBC) have a low thiol concentration and are morpholo-
gically damaged, with possible consequences for oxygen
exchange. NAC (1.2 or 1.8 g/day for 2 months) was able to
improve the shape of the RBC and elevate the thiol concen-
tration [61]. Quing Lu et al. [62] found that treatment with
NAC (600 mg/day for 2 weeks) has a positive impact on the
smoking-induced negative effects on microcirculatory flow.
This effect was enhanced in habitual smokers, suggesting
that NAC could improve tissue oxygenation.

Clinical efficacy
In several controlled trials conducted in a large number 
of chronic bronchitis patients, NAC proved evidence for
reduction in symptoms, incidence and duration of exacer-
bations [63,64] and number of sick days [65]. These results
were not reproducible in all the studies [66] and the group
of patients studied was not very homogeneous.

To check the efficacy of NAC, Grandjean et al. [67] and
Stey et al. [68] performed a meta-analysis on the results 
of double-blind placebo controlled clinical trials with com-
mon endpoint exacerbations rate, duration of 12–24 weeks,
dosage 400–600 mg and similar definition of exacerbations.
The Grandjean meta-analysis resulted in a 23% reduc-
tion of exacerbations in favour of NAC. The systematic
review by Stey et al. [68] considered 11 trials with 2001
analysed patients selected following preset criteria. Nine of
the eleven trials reported prevention of any exacerbation as
the outcome in 1456 patients. With NAC, 48.5% of patients
were free of any exacerbation compared with 31.2% in the
placebo group. This result was statistical significant; relative
benefit = 1.56 (95% confidence interval [CI], 1.37–1.77), with
a number needed to treat of 5.8 (95% CI, 4.5–8.1). Only
one trial reported the number of patients having exacer-
bations requiring hospitalization [69]. With NAC, 1.6% of
patients were hospitalized within the 24-week study period
against 3.4% in the placebo group. The difference was 
not statistically significant. Stey et al. [68] also reported 
a significant improvement in symptoms: 61.4% in the 
NAC patients against 34.6% in the placebo group. The 
tolerability of NAC was very good and comparable to
placebo. Comparable results were obtained in a meta-
analysis performed by the Cochrane group [70] on mucolytic
agents including NAC.

These data seem to suggest that NAC has an effect 
in reducing the exacerbation rate in the same order of 
magnitude as other compounds (e.g. inhaled corticosteroids
[ICS]), but in a mild disease population. A large number of
national and international (Global Initiative for Chronic
Obstructive Lung Disease [GOLD], Swiss, Dutch, Spanish,
German) guidelines classify NAC as an antioxidant and
claim that NAC could have a role in the treatment of
patients with recurrent exacerbations [71].

There are few reports on the effect of NAC on other
parameters of COPD: FEV1 decline and quality of life (QoL).
Hansen et al. [72] studied the effect of 600 mg NAC twice
daily on the well-being status of 165 patients with mild 
to moderate obstruction (FEV1 of less than 50%), using 
the General Health Questionnaire (GHQ). NAC was signi-
ficantly superior to placebo in terms of favourable effect on
GHQ score.

Data on the monitoring of lung function were collected
in an open, randomized and stratified trial [73] in 113
COPD patients identified in a large population participat-
ing in an epidemiological surrey (Olin study) in northern
Sweden. After 2 years, a significant reduction in FEV1

decline (P < 0.03) in the NAC group was reported. A
beneficial effect of NAC was still present after 5 years.

Some interesting data appear on the effect of NAC on
markers of oxidative stress. Kasielski and Nowak [74]
described a reduction of H2O2 in exhaled breath concen-
trate (EBC) in stable COPD patients treated for 12 months
with 600 mg NAC versus placebo. This effect has been
confirmed by De Benedetto et al. [75] using 1.2 g NAC.

To assess the effect of NAC on the most significant para-
meters in COPD (exacerbations, FEV1 decline and QoL) 
and to justify its long-term use, two phase 3, randomized,
placebo-controlled multicentre studies were started. The
BRONCUS (Bronchitis Randomised On NAC and Cost-
Utility Study) [76] began in June 1997. Patients are treated
for 3 years with 600 mg/day NAC on top of standard treat-
ment (including ICS). The main goals of the study are:
reduction of exacerbation rate, decline of FEV1, QoL assess-
ment and pharmacoeconomic analysis. A total of 523 pati-
ents with mild to moderate disease have been recruited. 
In a group of COPD patients with milder disease, recruited
from general practice, the effect of NAC (600 mg/day for 
3 years) on exacerbation rate and cost effectiveness has
been compared with fluticasone and placebo. The BRONCUS
study has demonstrated that 600 mg/day NAC in COPD
patients had effects on pulmonary function and exacerba-
tion rate. It improved FEV1 and vital capacity (VC) initially
in patients with FEV1 of less than 50% of predicted but 
did not affect the annual decline in these variables. It 
reduced hyperinflations. It reduce yearly exacerbation
rates, with 22% of the patients not taking inhaled corticos-
teroids [77].

Vitamins

There is clear epidemiological evidence that dietary 
intake of antioxidant vitamins (vitamins E and C and α-
tocopherol) is positively associated with lung function and
respiratory symptoms. Large epidemiological studies such
as NHANES 1–3 [78–80] demonstrated that higher levels 
of antioxidant nutrients are associated with better lung
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function. Vitamin E in particular could be important in pro-
tecting surfactant lipids against oxidation and subsequent 
lung injury. A temporary vitamin E deficiency induces a
reversible change of the expression of pro- and anti-
inflammatory markers and of markers defining apoptosis,
and reduces surfactant lipid synthesis in alveolar type II
cells [81]. The question is whether supplementation of 
vitamins, outside the dietary intake, can provide benefit 
to patients. Fairfield and Fleicher [81], in a recent review,
found little convincing evidence in favour of supplementa-
tion for chronic disease prevention; fruit and vegetables
contain a variety of other compounds that may be protective
[82]. Bender, in an editorial in the British Medical Journal
[83], concluded that supplementation will be of little
benefit unless intake is inadequate as a result of poor diet.

Smoking, acute exacerbation of COPD and asthma are all
associated with a marked oxidant–antioxidant imbalance
and with signs of oxidative stress. COPD and asthma are
growing worldwide, and represent an ever-increasing 
burden on national health costs. However, it is not easy to
obtain definitive proof that oxidants have a decisive role in
the pathogenesis and evolution of these diseases. Because
asthma and COPD are chronic progressive diseases, long-
term studies in large case series are required. One of the most
significant aspects is that the lung oxidant–antioxidant bal-
ance is abnormal in cigarette smokers; however, it remains
unclear why only certain cigarette smokers develop COPD
while others do not. The answer to this question is related
to an improved understanding of the nature of the oxidant–
antioxidant balance, as well as of the genetic factors and
other intrinsic factors, including dietary, that control this
balance. In view of these uncertainties, it is not possible to
date to specifically document the benefit of antioxidant
therapy. Nevertheless, there are some antioxidants that
have been sufficiently well investigated and appear very
close to giving a definitive positive response concerning
their efficacy in the treatment of COPD. In this context, 
in vitro and in vivo data show that NAC protects the lungs
against toxic agents by increasing pulmonary defence
mechanisms through its direct antioxidant role in the rate
and severity of exacerbations, and its indirect role as a pre-
cursor of GSH synthesis. The long-term use of the drug in
COPD patients results in an improvement in respiratory
symptoms and in a decrease in the exacerbation rate.

It should be emphasized that there are numerous and
important studies in progress, unfortunately often limited
to the experimental setting, on new substances that 
will have an important role in antioxidant therapy in the
future.

Conclusions
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CHAPTER 62

Mucolytics for COPD

Duncan F. Rogers and Bruce K. Rubin

The role of airway mucus hypersecretion in the patho-
physiology of chronic obstructive pulmonary disease (COPD)
is debated. Similarly, the use of mucolytic medications in
the clinical management of COPD is controversial. Mucus
hypersecretion, implicit in the clinical term chronic bron-
chitis, is one of three pathophysiological entities comprising
COPD. The other two components are chronic bronchiolitis
(small airways disease) and emphysema (alveolar destruc-
tion) [1]. The relative contribution of each component to
pathophysiology varies between patients, with the impact
of mucus hypersecretion on morbidity and mortality vary-
ing accordingly. Thus, although previously included in
definitions of COPD [2], the term ‘mucus hypersecretion’ is
omitted from current definitions [3]. Nevertheless, there
are many patients in whom airway hypersecretion has 
clinical significance; for example, patients prone to chest
infections [4]. Consequently, development of pharma-
cotherapeutic compounds to inhibit mucus hypersecretion
in these patients is warranted. This chapter:
1 assesses the contribution of airway mucus hypersecre-
tion to the pathophysiology of the ‘bronchitic’ component
of COPD;
2 considers the clinical impact of mucus hypersecretion in
COPD; and
3 discusses use of mucolytic and related drugs in the treat-
ment of COPD.

The chapter begins with an overview of airway mucus,
mucins and sputum.

In health, a thin film of slimy liquid protects the airway 
surface [5]. The liquid is often referred to as ‘mucus’ and is a
non-homogeneous 1–2% aqueous solution of electrolytes,
enzymes and antienzymes, oxidants and antioxidants, bac-
terial products, antibacterial agents, cell-derived mediators
and proteins, plasma-derived mediators and proteins, and

Airway mucus and mucins

cell debris such as DNA. The mucus forms a bilayer, com-
prising an upper mucous gel layer and a lower sol layer,
with a thin layer of surfactant separating the two [6,7]. Cilia
beat in the sol layer, often termed periciliary fluid. Inhaled
particles are trapped in the gel layer and, by transportation
on the tips of beating cilia, are removed from the airways, 
a process termed mucociliary clearance. The mucus gel
requires an optimal combination of relatively low viscosity
and preserved elasticity for efficient ciliary interaction [8].
Viscoelasticity is conferred primarily by high molecular
weight mucous glycoproteins, termed mucins, which com-
prise up to 2% by weight of the mucus [9]. Respiratory tract
mucins are produced by epithelial goblet cells [10] and sub-
mucosal glands [11], and are long, thread-like molecules
composed of monomers joined end-to-end by disulphide
bridges. The monomers comprise a highly glycosylated (70–
80%) linear peptide sequence, termed apomucin, that is
encoded by specific mucin (MUC) genes. Eighteen human
mucin genes, to date, have been cloned and over 20 identi-
fied [12; see also 9, 13–15]. At least 12 are expressed as
mRNA in the lower respiratory tract [12]. In the normal,
healthy lung, MUC1, MUC4 are expressed at the apical 
surface of the respiratory epithelium; MUC2, MUC5AC are
generally expressed in goblet cells of the superficial airway
epithelium; MUC5B, MUC8, MUC19 are expressed in mucosal
cells of submucosal glands; MUC7 is not well-expressed 
normally and when expressed is localized to the serosal
cells of submucosal glands; MUC11, MUC13, MUC15, MUC20
are also known to be expressed as mRNA in lung tissue [12].

Before consideration of medications that may affect mucus
properties and, hence, mucus clearance, it is essential to
understand and define these properties. Often, mucoactive
medications are defined by their presumed action on the
mucus gel.

Mucus properties
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Periciliary fluid viscosity and depth affect mucociliary
clearance. If this fluid is too viscous the cilia will not be able
to beat effectively, and the decreased ciliary velocity will
decrease mucociliary clearance. This principle is well estab-
lished for water-propelling cilia, but for the periciliary fluid
in the two-layer airway mucociliary system, periciliary
fluid viscosity is unknown. Active ion transport and associ-
ated transepithelial water flux are probably important in
modulating periciliary fluid viscosity [16]. Transepithelial
protein fluxes may also contribute to periciliary fluid vis-
cosity [17]. The efficient transfer of momentum between
the cilia and the mucus layer requires the cilia to be firmly
in contact with the mucus during their forward stroke,
while minimally interacting with it during the return
stroke. Thus, mucociliary clearance will also decrease if the
periciliary fluid is either too deep or too shallow. The char-
acteristics of mucus that affect mucociliary clearance are
depth and viscoelasticity [18]. Although mucus that is too
deep hinders clearance by cilia, it may be better suited to
clearance by cough [19].

Rheology is the study of the deformation (strain) of mat-
ter with applied stress. Viscosity (energy loss or G′) is a
property of liquids and an ideal or Newtonian liquid can be
described strictly in terms of viscosity. An ideal or Hookian
solid is described entirely by elasticity or energy storage
(G″) with an applied stress. A non-Newtonian gel such as
mucus has both viscous and elastic properties. Both viscos-
ity and elasticity are needed for airway secretion clearance.
The elastic component is essential for beating cilia to trans-
mit kinetic energy to the mucus. Viscosity is also essen-
tial for effective clearance. Patients who have liquid-like
mucus, often termed ‘bronchorrhoea’, are unable to clear
secretions effectively. Mucociliary clearance is much more
sensitive to high levels of viscosity, although high levels of
elasticity may also impede ciliary transport [20]. A balance
between these factors must be maintained for optimal
efficiency of mucociliary clearance [21].

Expectoration of sputum is a sign of respiratory disease and
indicates excessive production (hypersecretion) and reten-
tion (impaired clearance) of mucus, as occurs in patients
with COPD, respiratory infection, asthma, bronchiectasis
and cystic fibrosis (CF). When excessive secretions are
expectorated, this substance is called sputum. 

The characteristics of mucus change with infection and
inflammation. Inflammation leads to mucus hypersecre-
tion, ciliary dysfunction and changes in the composition
and property of airway secretions. Inflammatory cells, par-
ticularly neutrophils, which are recruited to the airway to
combat infection, disappear from the airway either through
programmed cell death (apoptosis) or by necrosis. Necrotic

Sputum

neutrophils release pro-inflammatory mediators that dam-
age the epithelium and recruit more inflammatory cells.
They also release DNA and filamentous actin (F-actin) 
from the cytoskeleton. DNA and F-actin copolymerize 
to form a second rigid network within airway secretions
[22]. Neutrophil-derived myeloperoxidase imparts a charac-
teristic green colour to inflamed airway secretions, and
thickened and green secretions are usually described as
purulent.

Mucus hypersecretion in COPD has characteristic features.
It was thought that COPD mucus hypersection was similar
to hypersection in asthma and CF. However, it is clear now
that there is almost no mucin in the CF airway and with
chronic CF or bronchiectasis, the airways fill with similar to
pus rather than mucin [23]. Differences in mucus patho-
physiology between COPD and asthma have been consid-
ered previously [24], and are summarized in Figure 62.1.
Mucociliary clearance is also impaired in COPD and is 
discussed in detail elsewhere in the present volume. In
addition, the pulmonary inflammation of COPD (essentially
a macrophage-driven neutrophilia) that induces the hyper-
secretory phenotype of COPD is different from asthma [1]. 

Sputum production can be up to 100 mL/day in some
patients and is associated with excessive airway mucus
[25–27]. The increased mucus is associated with goblet cell
hyperplasia [25,28] and submucosal gland hypertrophy
[25,26,29,30]. Of note is that gland mucous cells are
markedly increased relative to serous cells [29]. This is in
contrast to asthma where the glands are hypertrophied but
otherwise morphologically normal. Gland size correlates
with amount of luminal mucus and daily sputum volume
[29].

Not all COPD patients exhibit all of the above features of
hypersecretion. Not all patients expectorate, not all patients
have goblet cell hyperplasia [26,31], and there is overlap 
in gland size with healthy non-smokers, and between spu-
tum producers and non-producers [28,30,32–34]. Thus,
although considered a general feature of COPD, mucus
hypersecretion is not always diagnostic.

The mucin composition of airway mucus in patients 
with COPD may be abnormal. For example, most chronic
smokers produce a relatively rigid mucus with more sialic
acid and fewer fucose residues [35]. Mucins in sputum
from patients with COPD are less acidic than in sputum
from control subjects [36], which may relate to altered gly-
cosylation. MUC5AC and a low charge glycoform of MUC5B
are the major mucin species in patients with COPD [37–40],
with the low charge glycoform increased above normal 
levels [41]. Although COPD patients often have airway

Pathophysiology of mucus
hypersecretion in COPD
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infection it is not clear how this may be related to the
change in MUC5B glycoforms [3].

In contrast to normal airways, airway goblet cells in COPD
patients contain not only MUC5AC but also MUC5B [39,42]
and MUC2 [9]. This distribution is different to that in pati-
ents with asthma or CF, where MUC5AC and MUC5B show
a similar distribution to normal controls [43,44]. Although
found inconsistently [27,38], MUC2 may be increased in
inflamed airways, including in CF or COPD [9,41,45].

The contribution of mucus to pathophysiology and clinical
symptoms in COPD is controversial [24]. Epidemiological
studies sampling hundreds to thousands of subjects in 
the late 1970s and 1980s found scant evidence for the
involvement of mucus in either the mortality or acceler-
ated agerelated decline in lung function associated with
COPD [46–50]. In all studies, expectorated sputum volume

Epidemiology of mucus hypersecretion 
in COPD

(sometimes called sputum production) was used as an
index of mucus hypersecretion. The relationship between
sputum volume and mucus hypersecretion is unclear, 
particularly in the small airways, the main site of airflow
obstruction. The consensus of the studies was that airflow
obstruction and mucus hypersecretion were largely inde-
pendent disease processes.

In contrast, a number of studies in the late 1980s and
1990s found positive associations between sputum pro-
duction and decline in lung function, hospitalization and
death [51–55]. Some of these reports were re-examinations
of the same patients, now older, reported previously. The
increased risk of death in patients with excessive sputum
appears to be brought about by the severity and chronicity
of disease and the frequency of infectious exacerbations [4].
Thus, although not associated with disease progression in
all cases, mucus hypersecretion contributes to morbidity
and mortality in certain groups of patients with COPD, par-
ticularly those prone to infection, and possibly as patients
age. This highlights the potential importance of developing
drugs that inhibit mucus hypersecretion in these patients.
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Figure 62.1 Schematic diagram of differences in airway mucus pathophysiology between COPD and asthma. Compared with
normal (a), in COPD (b) there is increased luminal mucus, goblet cell hyperplasia, submucosal gland hypertrophy (with an
increased proportion of mucous to serous cells), an increased ratio of mucin (MUC) 5B (low charge glycoform) to MUC5AC
and respiratory infection. In asthma (c) there is increased luminal mucus, marked goblet cell hyperplasia, submucosal gland
hypertrophy (although without a marked increase in mucous/serous cell ratio), ‘tethering’ of mucus to goblet cells, and plasma
exudation. Many of these differences require confirmation from greater numbers of subjects.



From the above it may be seen that there is some debate
concerning both the pathophysiological and clinical signi-
ficance of mucus hypersecretion in COPD and, therefore,
the therapeutic value of drugs affecting mucus properties.
This is evident in the observation that mucolytic agents are
not recommended in current guidelines for management of
stable COPD [3]. Nevertheless, the clinical symptoms of
cough and sputum production, coupled with a perception
of the importance of mucus hypersecretion in the patho-
physiology of COPD, has prompted renewed interest in
research into airway hypersecretion and, in concert, in
development of drugs targeting mucus. Because COPD has
specific trigger factors and mucus hypersecretory pheno-
type (see Fig. 62.1), COPD-specific drugs may be required
to fulfil the theoretical requirements for treatment of
hypersecretion (Table 62.1). There are many medications
available that purport to alleviate airway mucus hyper-
secretion. The mechanism of action of these compounds is
mostly unknown or incompletely characterized. For exam-
ple, N-acetylcysteine (NAC) is considered a mucolytic drug,
although this activity is not well documented [56], and it is
not found in airway secretions after oral dosing [57]. NAC
has antioxidant properties [58], and may also have antibac-
terial activity [59,60]. Ambroxol is another drug with pos-
sible multiple mechanisms of action, including antioxidant
activity [61] and enhancement of surfactant secretion [62].
Thus, any beneficial clinical effects of mucolytic treatment
are not necessarily a result of decreasing mucus viscosity –
the definition of a mucolytic.

In the following discussion, compounds will be classified
as mucolytics, mucoregulators, expectorants or abhesives
according to the following characteristics. Respiratory
mucins, in common with other mucins, contain disulphide
bonds that contribute to mucus viscosity and gel formation
[63,64]. Herein, the term mucolytic refers to compounds

Preliminary considerations for mucolytic
therapy of COPD

with free sulphydryl groups that hydrolyse disulphide
bonds and reduce mucus viscosity. Other compounds such
as proteolytic enzymes and DNase also break up mucus, but
do so via mechanisms other than dissociating disulphide
bonds in mucin molecules and, as such, are not classic
mucolytics and are often termed peptide mucolytics. Other
drugs do not have free sulphydryl groups, or otherwise
break up mucus. Nevertheless, in experimental studies they
have beneficial actions on various aspects of mucus properties.
These compounds are termed non-thiol mucolytics herein.
Expectorants probably increase secretion to a point where
sufficient mucus is produced to enable it to be coughed 
up. Expectorants may also hydrate mucus and, thereby,
enhance mucociliary clearance. These drugs may also be
irritants and facilitate cough to dislodge mucus. Oral expec-
torants are considered to increase secretion by triggering 
a vagal reflex via nerve endings in the gastric mucosa.
Abhesives reduce mucus adhesiveness, thereby enhancing
mucociliary clearance by increasing the efficiency of energy
transfer from the cilia. The effectiveness of cough in dis-
lodging secretions will also be enhanced because sputum
tenacity, the product of adhesivity and cohesivity (Fig. 62.2),
has a marked influence on cough clearance [65].

N-acetylcysteine

N-acetylcysteine (NAC) is a commonly prescribed muco-
lytic compound [66] that decreases mucus viscosity in vitro
[67,68]. In a rat model of chronic bronchitis, oral NAC
inhibited cigarette smoke-induced goblet cell hyperplasia
[69] and associated mucus hypersecretion [70], when
given concurrently with the smoke. More importantly from
a clinical and therapeutic standpoint, NAC reduced the time
taken for goblet cell numbers to return to normal after ces-
sation of smoke exposure [71]. This may have relevance to
treatment of patients with COPD who quit smoking.

Mucolytics
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Overall effect Component effects

Facilitate mucus clearance Reduce mucus viscosity (?increase elasticity)
(short-term relief of symptoms) Increase ciliary function

Induce cough

Reverse hypersecretory phenotype Reduce submucosal gland size
(long-term benefit) Correct increased gland mucous/serous cell ratio

Reduce goblet cell number
Reverse increased LCGF-MUC5B/MUC5AC ratio

LCGF, low charge glycoform; MUC, mucin gene product.

Table 62.1 Theoretical
requirements for treatment of
mucus pathophysiology in
COPD.



The pharmacokinetics of NAC depend upon the route 
of administration. Aerosolized inhaled NAC directly re-
duces mucus viscosity whereas oral NAC has low bioavail-
ability [72], although it is deacetylated to cysteine whose
thiol group possesses reducing and antioxidant properties
[73]. NAC cannot be detected in plasma or bronchoalveo-
lar lavage fluid following oral dosing for up to 2 weeks
[57,74], although increases in plasma cysteine concentra-
tions were reported [57], with associated increased levels 
of glutathione (GSH) in both plasma [57,74] and lung 
[57]. However, in patients with COPD, high doses of NAC 
(600 mg three times daily) are required to elevate plasma
GSH levels [75].

Clinical trial data on NAC are variable, and may be
related to route of administration. For example, inhaled
NAC in patients with chronic bronchitis did not improve
dyspnoea, cough, sputum production, lung function or
feelings of well-being after treatment for 16 weeks [76]. In
contrast, oral NAC increased sputum volume, decreased
sputum thickness and improved scores for dyspnoea and
ease of expectoration in chronic bronchitis patients [77].
The study also reported improvements in lung function
compared with the placebo group, although this should be
treated with caution because of differences in lung function
between the two groups at baseline. A large placebo-
controlled trial in patients with chronic bronchitis found
that oral NAC treatment (200 mg twice daily) decreased
symptom scores for sputum volume, degree of purulence,
‘thickness’ of sputum and difficulty in expectoration and
severity of cough [78].

A common theme of clinical trials with NAC is reductions
in exacerbations [78–80], although this is not always the
case [81]. The latter study differed from the former two
studies in that patients not only had chronic bronchitis but

also severe airways obstruction. Oral NAC (300 mg twice
daily as slow-release tablets) also reduces days off work
because of illness in patients with chronic bronchitis [82],
while 600 mg twice daily sustained-release NAC improves
‘general well-being’ [83]. This result should be interpreted
with caution because there was an imbalance between
groups in ‘well-being’ scores at the start of the trial. 

In the largest and most complete randomized, placebo-
controlled, and well-powered study of NAC in COPD to
date, 523 patients from 50 European centres were assigned
to 600 mg daily NAC or placebo. After 3 years, neither the
annual number of exacerbations nor the yearly rate of
decline in FEV1 differed between treatment and control
groups. From these data it appears that NAC is ineffective at
preventing deterioration in lung function or preventing
exacerbations in patients with COPD [84]

Nacystelyn

Nacystelyn is a lysine salt of NAC that has mucolytic 
and antioxidant properties, and a neutral pH which, when
compared with the more acidic NAC (pH 2.2), reduces
unwanted side-effects when aerosolized into the lung
[85,86]. In vivo, nacystelyn has greater mucolytic activity
than NAC [87], and in vitro has greater antioxidant activity
in inhibiting the oxidative burst of human peripheral blood
neutrophils [88]. Inhaled nacystelyn has been given to CF
patients but, to date, there are no data available regarding
its use in COPD.

Methylcysteine hydrochloride

Methylcysteine hydrochloride (mecysteine) is a mucolytic
indicated for reduction of sputum viscosity [89]. In a 
double-blind placebo-controlled trial in chronic bronchitis
patients with uncontrolled productive cough, oral methyl-
cysteine markedly decreased sputum viscosity at all time
points assessed, increased sputum volume, albeit at one
time point only, and improved the subjective assessment 
of both ease of expectoration and severity and frequency 
of cough [90]. No side-effects of clinical significance were
reported. Further clinical trials of the use of this drug in
COPD are warranted.

2-Mercaptoethane sulphonate sodium

2-Mercaptoethane sulphonate sodium (MESNA) is a
mucolytic agent that reduces the viscosity of aspirated
mucus from patients following surgery [91]. In rabbits,
MESNA was the least irritating to the tracheal epithelium 
of three mucolytic agents examined [92]. In surgical cases
requiring mucolytic therapy for mucus retention in the
lung, MESNA instillation liquefied the secretions and 
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Figure 62.2 Tenacity (dynes) is the product of cohesivity and
work of adhesion. Sputum tenacity and air flow are the two
strongest predictors of cough clearability.



facilitated aspiration [91]. There were no side-effects.
Specific studies in COPD are required.

Carbocysteine

Carbocysteine (S-carboxymethylcysteine) is a cysteine
derivative with a blocked sulphydryl group, and so does 
not directly break disulphide bonds [93]. Consequently,
carbocysteine does not reduce the viscosity of canine 
tracheal mucus in vitro [94] or human nasal mucus [95],
but did reduce sputum viscosity in patients with chronic
bronchitis who produced viscous secretions [96]. The 
therapeutic effect of carbocysteine may be via stimulation
of intracellular sialyl transferase activity [97]. As a result,
newly synthesized mucus would have an increased content
of sialomucins and a decreased content of fucomucins. In 
a rat model of chronic bronchitis, carbocysteine inhibited
tracheal mucus hypersecretion [70].

Carbocysteine has been reported to have variable effects
in clinical trials. For example, in one study, carbocysteine
had no effect on lung clearance, cough, weight of sputum
expectorated, lung function or subjective improvement 
in patients with chronic bronchitis [98]. In contrast, in a 
3-month double-blind controlled study of 82 patients with
chronic bronchitis, carbocysteine reduced sputum viscosity,
increased sputum volume and ease of expectoration, reduced
cough frequency, improved lung function and reduced 
dyspnoea [99]. Similarly, in another double-blind placebo-
controlled study in 20 male patients, 2 weeks of oral 
carbocysteine enhanced the viscoelastic properties of the
bronchial secretions, improved clinical parameters, although
with no change in lung function [100]. Carbo-cysteine 
also increased penetration of amoxicillin into bronchial
secretions in patients with chronic bronchitis [101], an
effect that may be beneficial during infective exacerbations.

Carbocysteine-lys

Carbocysteine-lys is a lysine salt of carbocysteine that 
diffuses into bronchial mucus [102] and has modest muco-
lytic activity [103]. Four days’ treatment of patients with
chronic bronchitis with carbocysteine-lys decreased spu-
tum viscosity and increased mucociliary transport for up 
to 8 days after cessation of treatment [104]. In a 6-month
multicentre double-blind placebo-controlled trial in 622
COPD patients, carbocysteine-lys reduced exacerbations
and antibiotic use compared with placebo controls [105].
However, intermittent carbocysteine-lys therapy (1-week
courses alternating with 1 week of placebo) was not effect-
ive. No serious adverse effects were reported.

Non-thiol mucolytics

Erdosteine

Erdosteine (N-(carboxymethylthioacetyl)-homocysteine
thiolactone) is a synthetic derivative of the naturally 
occurring amino acid methionine that was developed as 
a mucolytic for use in COPD patients [106]. Erdosteine 
contains two blocked sulphydryl groups that are ‘exposed’
after hepatic metabolism of the drug. The freed sulphydryl
groups break down disulphide bonds in mucins [106], and
also confer free radical scavenging and antioxidant pro-
perties. Erdosteine 300 mg three times daily significantly
reduced the viscosity of sputum in 20 male patients with
COPD without altering elasticity [107]. These changes were
accompanied by reductions in mucin concentration and dry
weight. The same dose of drug improved mucociliary trans-
port in 16 former smokers with chronic bronchitis [108].

Erdosteine also appears to have antioxidant activity, leading
to significant increases in levels of functional α1-antitrypsin
(an endogenous antielastase) in healthy smokers [109].
In addition, erdosteine enhances antibiotic penetration into
sputum. Twenty four patients with an infective exacerba-
tion of chronic bronchitis were treated with amoxicillin
(500 mg three times daily) plus either erdosteine or placebo
in a double-blind trial [110]. There was a significantly higher
concentration of amoxicillin in the sputum of the erdosteine
group, with more rapid sterilization of the sputum. Erdosteine
was evaluated in 237 patients with exacerbations of COPD,
comparing treatment with amoxicillin (500 mg three times
daily) plus erdosteine (300 mg twice daily) with amoxicillin
plus placebo [111]. Sputum viscosity and clinical assess-
ment improved with combined therapy, but without changes
in sputum volume, body temperature or lung function. 

Stepronin

Stepronin (2-(α-theoylthio)propionylglycine lysine salt),
like erdosteine, is not itself mucolytic but is metabolised in
the intestine to remove a thenoyl moiety and release thio-
propionylglycine, which has a free sulphydryl group that
breaks disulphide bonds [112]. It also reduces secretion in
cat isolated tracheal submucosal glands [113]. Launched 
in Italy in 1981 [114], stepronin was developed to treat
chronic bronchitis associated with mucus hypersecretion.
Side-effects are rare, although cell-mediated hypersensitiv-
ity to stepronin has been reported [115]. 

Bromhexine

Bromhexine (N-methyl-N-cyclohexane-3,5-dibromo-2-
aminobenzylamine hydrochloride) is derived from the

Expectorants
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alkaloid vasicine (Adhatoda vasica nees). Bromhexine
reduces the elasticity and viscosity of mini-pigis tracheal
mucus after oral dosing [116] and stimulates mucus secre-
tion by canine tracheal submucosal glands, but not goblet
cells [117]. In a multicentre placebo-controlled trial of 
237 patients with COPD, oral bromhexine (30 mg twice
daily) significantly decreased sputum volume and improved 
sputum ‘quality’ and ease of expectoration, cough, dysp-
noea, lung function a   nd the physician’s overall assess-
ment [118]. Similar to erdosteine and ambroxol (see
above), bromhexine increases penetration of antibiotics,
amoxicillin and erythromycin, into sputum [119,120].

Ambroxol

Ambroxol is a metabolite of bromhexine (see above) and is
probably an expectorant because it stimulates mucus secre-
tion [121]. It does not exhibit anti-inflammatory activity 
in patients with chronic bronchitis [122]. The effect of
ambroxol on mucociliary clearance is variable. For exam-
ple, ambroxol significantly increased mucociliary transport
in one double-blind cross-over study in 12 heavy smokers
with chronic bronchitis [123]. In contrast, in another 
double-blind placebo-controlled trial in 30 patients with
COPD and asthma, ambroxol increased mucociliary clear-
ance in only one out of five regions of the lung, compared
with an increase in four out of five regions following a β2-
adrenoceptor agonist [124]. Similar results were found in
14 patients with simple chronic bronchitis [125]. 

The clinical efficacy of ambroxol is also equivocal. For
example, in a controlled study in 60 patients with ‘bron-
chial stasis’, 120 mg/day ambroxol increased ease of expec-
toration and sputum volume, and reduced cough severity
and sputum viscosity [126]. In another controlled study,
ambroxol improved subjective symptoms and phlegm 
loosening in 92 patients with chronic bronchitis, but did 
not improve lung function or diary card entries [127]. In 
contrast, in a similarly designed study in 90 patients with 
stable chronic bronchitis who had difficulty clearing secre-
tions, there was no clinical advantage in taking ambroxol
[128]. In a 6-month multicentre double-blind controlled
trial, ambroxol significantly reduced the frequency of exac-
erbations in 104 patients with chronic bronchitis compared
with 104 patients taking placebo [129]. A similar reduction
in frequency of exacerbations was seen in a larger trial of
5635 patients, although the results should be interpreted
with caution as the trial was open, prospective and had no
control group [130]. In a study in 24 patients with infec-
tious exacerbations of COPD, ambroxol increased the con-
centration of the antibiotic ofloxacin in lung lavage alveolar
cells, although there were no increases in concentration in
plasma or bronchial biopsy specimens [131]. Ambroxol was
well tolerated in all studies.

Iodides

Although iodides, in particular saturated solutions of potas-
sium iodide (SSKI), have long been used as expectorants,
clinical efficacy has not been demonstrated and their use is
not recommended because they may induce thyroid disease
[132]. A potentially less toxic product is ‘iodinated’ glycerol
(iodopropylidene glycerol), which has been shown to be an
effective expectorant in patients with excessive sputum
production [133]. However, clinical data are equivocal. For
example, in a randomized double-blind placebo-controlled
study in 361 patients with chronic bronchitis, 2 months’
treatment with iodinated glycerol tablets reduced chest 
discomfort and frequency and severity of cough, increased
ease of expectoration and improved patients’ subjective
assessment of well-being [134]. However, the physician’s
evaluation of patients showed no significant difference
between treatment and placebo groups, and the study
lacked objective measurements of pulmonary function or
sputum clearance. Similarly, another placebo-controlled
trial found no significant changes in pulmonary function,
clinical scores or sputum properties following 16 weeks’
treatment with iodinated glycerol [135]. Although con-
sidered safe in clinical trials [134,135], iodinated glycerol 
is associated with adverse side-effects, including hypo-
thyroidism, hyperthyroidism and goitre [136–140]. Chronic
iodine poisoning has been reported with long-term use [141].

Domiodol (iodoethylene glycerol) is another iodinated
organic compound [142]. In a placebo-controlled cross-over
study, domiodol significantly increased volume of secre-
tions and aided ease of expectoration in chronic bronchitis
patients [143]. However, the lack of convincing clinical 
evidence coupled with concerns regarding safety suggests
that iodine and iodinated compounds should not be used as
mucoregulatory drugs in COPD.

Surfactant can reduce sputum adhesiveness and enhance
mucus clearance, thereby improving lung function (Fig. 62.3).
Patients with chronic bronchitis have a reduced amount of
bronchial surfactant [144], and also have abnormal sputum
phospholipid composition [145,146], factors that would
tend to decrease clearance. Consequently, decreasing tenacity
with surfactant enhances the effectiveness of cough [147].
Fourteen days of aerosolized surfactant (607.5 mg dipaly-
motyl phosphotidal choline/day) increased in vitro sputum
transportability, improved forced expiratory volume in 1 s
(FEV1) and forced vital capacity (FVC) by more than 10%,
and decreased trapped thoracic gas (residual volume/total
lung capacity [RV/TLC] ratio) by more than 6% in patients
with stable chronic bronchitis [148]. This effect persisted for
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at least a week after treatment was completed. Interestingly,
ambroxol is thought to stimulate surfactant secretion.

Some of the expectorant activity of mucolytic and related
compounds may be attributed to abhesive action. Decreasing
the viscosity of a mucous plug might, theoretically, reduce
cough clearance by decreasing the height of the mucus
layer. However, if a mucolytic decreased mucus mechanical
impedance at the epithelial surface (i.e. frictional adhesive
forces), it might ‘unstick’ secretions from the underlying
ciliated epithelium, thereby making airflow-dependent
clearance more efficient. 

Recombinant human DNase (dornase alfa)

DNA, released in large amounts from necrosed neutro-
phils, increases mucus viscosity in purulent lung secre-
tions. Recombinant human DNase I (dornase alfa) has 
been developed for treatment of mucus hypersecretion in
CF [149,150]. Dornase alfa reduces the viscosity of puru-
lent sputum from CF patients (see Plate 62.1; colour plate
section falls between pp. 354 and 355) and, in a clinical trial,
dornase alfa inhalation decreased the surface adhesivity
(and thus the tenacity) of CF sputum, with an associated
improvement in lung function [151]. In contrast, in patients
with bronchiectasis not caused by CF, dornase alfa did not
alter sputum transportability, lung function, dyspnoea or
quality of life [152].

Dornase alfa also reduces the viscosity and favourably 

Peptide mucolytics

alters the surface properties of purulent sputum in vitro
from patients with chronic bronchitis [153]. Phase II and 
III clinical trials of the effects of dornase alfa in COPD are, 
to date, reported only in abstract form, with limited data 
on patient characteristics, disease severity and concomitant
treatment [154–156]. The results of these studies are 
equivocal. Consequently, at present, dornase alfa is recom-
mended only for use in patients with CF [157].

Gelsolin

Actin is the most prevalent cellular protein in the body,
having a vital role in maintaining the structural integrity of
cells. In addition to DNA (see above), necrozing cells also
release significant quantities of actin. The actin in turn
interacts with mucus to increase its viscosity. Gelsolin is the
recombinant form of the natural actin-severing agent and
reduces sputum viscosity in patients with CF [158]. Clinical
trials of gelsolin in patients with respiratory diseases,
including chronic bronchitis, have not been reported.

Current guidelines do not recommend mucolytics in the
management of COPD [3]. Despite this, numerous
mucolytic and related drugs are available worldwide, with
N-acetylcysteine, bromhexine and carbocysteine listed
extensively in international pharmacopoeiae [66]. The dis-
crepancy between drug listing and recommended treat-
ment is related to the inconsistency in data from clinical
trials of mucolytic drugs [159]. Many mucoactive com-
pounds have an impressive preclinical profile but subse-
quently are entered into imprecise clinical trials of a design
leading to ambiguity in interpretation. Two meta-analyses
of clinical trials in COPD, one on mucolytics [160], the
other on N-acetylcysteine [161], excluded 70–80% of the
reported trials because they did not conform to standard
criteria including being double blind and placebo controlled,
of sufficient duration and of sufficient power, and with
well-defined primary endpoints or outcome measures.
Better clinical studies are required and should conform to
current guidelines for clinical trials of mucolytics [162,163].
Data on rate of hospital admissions in response to mucolytic
treatment would be useful because this outcome measure
contributes greatly to the costs of treating severe COPD.
Two systematic reviews analysed clinical trials in COPD,
one for mucolytics and exacerbations [80], the other for N-
acetylcysteine [161], and concluded that treatment for 2–
6 months with oral mucolytic drugs was associated with a
23–29% reduction in exacerbation rate. 

The conclusion from the present chapter and the meta-
analyses [80,160] is that maintenance treatment with
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Figure 62.3 Surfactant therapy in cystic fibrosis. Fourteen
days of aerosolized surfactant (Exosurf at 607.5 mg
dipalymotyl phosphotidal choline/day) increased in vitro
sputum cough transportability and improved forced 
expiratory volume in 1 s (FEV1) by more than 10% in 
patients with stable cystic fibrosis. Pulmonary function
returned to baseline within 2 weeks of stopping therapy.
(From B.K. Rubin, unpublished data.)



mucolytic or related drugs is not associated with significant
improvements in lung function in patients with COPD.
However, treatment with certain mucolytic drugs is asso-
ciated with a reduction in exacerbations and days of 
illness [80,161]. The cost effectiveness of treatment of this
patient group for up to 6 months a year is debatable [164].
However, the analysis of Poole and Black [80] indicates 
that patients with more severe COPD benefit more from
treatment with mucolytics. Consequently, maintenance
mucolytic treatment of patients with severe COPD should
be cost effective, and future clinical trials should exam-
ine the value of mucolytic drugs in this difficult patient
group.
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CHAPTER 63

End-of-life and palliative care for 
patients with COPD

John E. Heffner and Ann L. Heffner

Patients with moderate to severe chronic obstructive pul-
monary disease (COPD) experience a progressive disorder
characterized by breathlessness, decreased exercise tolerance
and episodes of acute exacerbations of airway obstruction.
Each exacerbation presents a risk of respiratory failure that
may require intubation and ventilatory support. Although
most hospitalized patients with COPD managed by mech-
anical ventilation survive to hospital discharge, a subset 
of patients with far advanced disease and poor baseline
quality of life have a low probability of weaning from mech-
anical ventilation and regaining their prehospitalization
functional capacity. Such patients face either a prolonged
period of ventilatory support at the end of life or considera-
tions of withdrawal of life support after a trial of aggressive
restorative care. Other patients with end-stage COPD may
elect to avoid hospitalization during the final stages of their
disease if the burden of life-supportive care exceeds its
anticipated benefit. 

Meeting the needs of patients with moderate to severe
COPD at the end of life requires advance care planning and
appropriate palliative services directed by skilled caregivers
[1,2]. Unfortunately, most observers note extensive defi-
ciencies in the USA with the provision of care to patients
with terminal medical conditions [3]. Recently, even
greater deficiencies in end-of-life and palliative care have
been noted to exist for patients with COPD as compared
with other terminal conditions, such as lung cancer [4,5],
even though patients with chronic lung disease have sim-
ilar physical and psychosocial needs [6]. 

Although the reasons for these deficiencies are uncertain,
lack of patient desire for comprehensive end-of-life care 
does not appear to contribute. Patients with advanced 
symptomatic COPD desire information about life-supportive
care and advance care planning [7] but voice disappoint-
ment with the amount of educational information typically
provided by their physicians [8].

This chapter focuses on the nature of the ethical decisions

faced by patients with advanced COPD and describes gen-
eral approaches to advance care planning and palliative
care. Expert clinicians who have pioneered the modern
management of COPD have deep roots in offering a 
message of hope, aspirations for a high quality of life, and
comprehensive supportive care to promote an active and
functional lifestyle for patients [9,10]. We believe end-of-
life care and advance care planning fits well into this rich
medical tradition.

Patients hospitalized for an acute exacerbation of their air-
way disease represent a subgroup of patients with COPD
who have a guarded prognosis. Although 89% of patients
survive the initial hospitalization [3], hospital survival
decreases to 76% if intubation and mechanical ventilation
are required [4]. Survival measured at 1 year after hosp-
italization decreases to 59%, which is a marker for the
underlying severity of COPD among patients who require
hospitalization for exacerbations [11]. Those patients who
survive hospitalization frequently experience a poor qual-
ity of life after discharge because of unremitting respiratory
symptoms [11].

Clinicians faced with assisting patients with advance care
planning would benefit from accurate prognostic informa-
tion that could guide an individual patient toward under-
standing his or her likely clinical course. Such information
would enable the patient and their family to weigh the 
relative benefits and burdens of life-supportive care as they
consider their wishes regarding the desired level of medical
care. Unfortunately, the ability to predict clinical outcome
of hospitalized patients with COPD is marginal at best. 
No clinical characteristics available at the time of hospital
admission identify with sufficient accuracy which patients

Outcome predictions and advance 
care planning
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will follow an unfavourable clinical course [12–14].
Available systems utilize a complex combination of clinical
factors to estimate the probability of a specific outcome for
populations of patients and lose validity when applied to
individual patients with COPD. Moreover, most prediction
models presented in the literature have not been validated
in independent cohorts. Also, the Study to Understand
Prognoses and Preferences for Outcome and Risks of
Treatment (SUPPORT) demonstrated that physicians have
limited ability to incorporate prognosticating information
into their clinical practices [3].

The ability to predict the mortality of ambulatory patients
is even more challenging. Single variables, such as forced
expiratory volume in 1 s (FEV1), have limited predictive
accuracy for individual patients [15]. Multidimensional 
disease staging systems that consider variables such as 
dyspnoea, health status and exercise capacity are only now
being developed [16]. Fan et al. [17] recently demonstrated
that quality of life, as assessed by a condition-specific meas-
ure (Seattle Obstructive Lung Disease Questionnaire), was a
strong predictor of hospitalization and all-cause mortality.
The application of these measures to specific patients to
assist advance care planning awaits further investigation.

Without accurate predictors of clinical outcomes for 
individual patients, caregivers must recognize the ethical
dilemmas that arise in caring for patients with advanced
COPD, assist patients with the uncertainties of advance care
planning and understand the perspectives of patients with
advanced lung disease who may face end-of-life decisions.
Autonomy is the predominant ethical principle that drives
end-of-life decision-making in the USA [18]. Most patients
with advanced COPD wish to make their own decisions
regarding life-supportive care even after they lose decision-
making capacity. More than 80% of patients with advanced
COPD enrolled in pulmonary rehabilitation programmes
would choose to direct decisions regarding intubation and
mechanical ventilation by either communicating with their
physicians directly or through an appointed surrogate or
instrument of advance care planning [7]. 

To make informed decisions, patients need knowledge of
the nature of alternative therapeutic decisions (e.g. intuba-
tion, mechanical ventilation, tracheotomy) and their prob-
able outcomes. The complexity of advanced life-supportive
care requires physicians to discuss these interventions 
with patients in advance of their need. Unfortunately, only
19% of patients with advanced lung disease enrolled in 
pulmonary rehabilitation programmes have discussed with
their physicians the appropriateness of life-supportive care
relative to their lung condition and 15% have discussed 
the nature of intubation and mechanical ventilation [7].
Consequently, less than 15% of patients with advanced
lung disease have confidence that their physicians under-
stand their end-of-life wishes, even though most of these

patients have strong opinions regarding end-of-life care 
[7]. A clear understanding of the potential value of life-
supportive care is important because patients with terminal
conditions, such as lung cancer, usually retain a more opti-
mistic and less accurate estimate of their survival compared
to their physicians [19]. Patients with severe lung disease
alter their willingness to accept life-supportive care once
informed of a low likelihood of survival or recovery to an
acceptable functional status [7,20]. 

Multiple studies confirm that patients with a broad 
category of conditions and their physicians agree that
physicians should initiate discussions about end-of-life care
[7,21,22]. Many barriers exist, however, to the completion of
these discussions. Most studies that examine these barriers
demonstrate that physicians identify more barriers than
patients [23]. The majority of these barriers pertain to con-
cern that patients will not be receptive to these discussions
or that the patient’s condition has not yet advanced enough
to warrant these discussions [23–25]. 

Multiple interventions to promote more patient–physician
discussions related to advance care planning have been
examined. Unfortunately, policy interventions, case man-
ager facilitators in inpatient settings, computer prompts to
electronic medical records and physician education have
provided only marginal effects [3,26–28]. Greater research
is needed to understand the barriers that limit the occurr-
ence of these discussions [24]. The variability of the barriers
to these communications suggests that multiple inter-
ventions, both educational and health system related, are
required [23,29].

In face of these barriers, physicians should develop 
their own strategies for inviting their patients with COPD 
to discuss advance care planning. An increasing body of
knowledge has developed to assist physicians in initiating
end-of-life discussions with their patients [30–34]. These
strategies recommend that physicians introduce these dis-
cussions in a manner that does not trigger understandable
patient reactions that their physicians have new concerns
about their imminent death, a sense of hopelessness or
futility, a negative view of their disease status, or an interest
in abandoning restorative care. Introducing these discus-
sions during intervals of stable or good health defuse some
of these concerns. Also, specific measures have been recom-
mended to assist patients’ acceptance of these discussions.
These measures include neutral topic introductions, certain
prompting cues and phrasing, focused listening, efforts to
gain patient goals and values, clarifying strategies, avoiding
too much discussion about specific treatment details, and a
series of open-ended questions (Table 63.1) [30–39]. 

Although most patients with advanced lung disease
desire advance care planning discussions with their physi-
cians, a small minority (less than 5%) do not because of
concerns that these discussions may provoke anxiety [7].
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Most patients with chronic health conditions, however, do
not find these discussions anxiety provoking, and some
studies note more end-of-life information from physicians
decrease depression scores [7,30,40–43]. Patients who ini-
tially refuse these discussions may become more receptive
after they receive general information regarding the nature
of their disease and the progressive course of COPD [44].
Patients may benefit from reading materials on advance
care planning in preparation for physician discussions. 

Even when patient–physician discussions about end-of-
life care occur, they frequently do not achieve the patient’s
goals. Patients with COPD and other terminal conditions prefer
to receive straightforward, honest and relevant information
about their specific prognosis and circumstances [8,45,46].
Unfortunately, physicians often deliberately soften their
discussion of prognosis when they sense patients harbour
more optimistic prognostic outlooks in an effort to avoid
extinguishing hope [47]. Also, physicians spend 75% of
such conversations talking and allow little time for patients
to state their wishes for therapy and personal values

[48–50]. Few data exist regarding interventions to enhance
these discussions. Randomized trials demonstrate that an
intensive communication skills workshop over several days
can improve physician communication skills [37]. 

Most patients with advanced lung disease prefer discussions
about advance care planning to occur in outpatient settings
during periods of stable health [7]. Physicians usually defer
these discussions until patients have far advanced disease.
McNeely et al. [25] observed that pulmonary physicians
delayed discussions with their patients about end-of-life
care until their patients experienced recent hospitalizations
and marked decreases in FEV1. Sullivan et al. [24] noted
that physicians used clinical metrics, such as poor nutri-
tional status or low FEV1, to trigger end-of-life discussions.
In contrast, patients with COPD demonstrate an interest in
receiving this information regardless of the severity of their
disease. Heffner et al. [7] demonstrated that no measure of
lung disease severity was associated with desire among 
pulmonary rehabilitation patients to discuss end-of-life
issues with their physicians. Pfeifer et al. [51] reported that
the desire for an end-of-life discussion with their physicians
expressed by 100 patients with COPD presenting for pul-
monary function testing was not associated with FEV1, oral
corticosteroid use, functional status score, hospitalizations
in the past year or previous mechanical ventilation. 

Ideally, these discussions should occur with the first diag-
nosis of COPD as soon as a primary care provider establishes
a therapeutic relationship. Generally, the caregiver most
closely involved with the patient’s care should initiate these
discussions, which has been termed ‘captaincy’ [52]. In the
absence of physician initiative, however, other caregivers
can promote the completion of these discussions by educat-
ing patients to expect that these discussions should occur. 

One study heightened these patient expectations through
an educational programme on advance care planning in a
pulmonary rehabilitation programme [7]. Patients enrolled
in pulmonary rehabilitation consider their non-physician
rehabilitation programme educators as acceptable sources
of information on life-supportive care [7]. A before–
after study demonstrated that end-of-life education in 
pulmonary rehabilitation increases the adoption rate for
instruments of advance care planning and completion of
patient–physician discussions about end-of-life care [20].
Although 70% of pulmonary rehabilitation programme
directors consider end-of-life education as an appropriate
component of their curriculum, fewer than 10% of pro-
grammes in the USA provide their enrolled patients these
educational opportunities [53].

Timing and setting for advance 
care planning
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Table 63.1 Open-ended questions to promote end-of-life
discussions with patients. (Adapted from Lo et al. [35].)

General
What are your greatest concerns about your illness?
What are your and your family’s thoughts about your care?
What are your greatest hopes and fears related to 

your illness?
Tell me about the most difficult part of this illness?
What would you hope for the future?
When you think about your future, what is most important

to you?

Questions to determine patient interest in spiritual and 
existential matters

In thinking about this illness, is faith (religion, spirituality)
important to you?

In earlier times before your illness, has faith (religion,
spirituality) been important to you?

Are you able to talk with someone about religious matters?
Would you wish to talk about religious matters with

someone?

Questions for patients who wish to pursue spiritual and 
existential matters

What would you like to accomplish during the rest of 
your life?

Do you have thoughts as to why you became ill?
If you were to die today, what would be left undone?
What do you think happens after you die?
What legacy do you want to leave your family were you to

die today?
After your death, what do you want your family to

remember about you?



Advance care planning has traditionally focused on methods
to address plans for the use of life-sustaining treatments.
Methods have included written advance directives, surrog-
ate decisions by families, friends or physicians, and discus-
sions between patients and their physicians.

Advance care planning with the completion of formal
written instruments, such as living wills and durable 
powers of attorney for health care, were met with optimism
when introduced into health care that would allow the
patient to direct their own end-of-life care or identify a
proxy who could convey the patient’s wishes after the
patient lost decision-making capacity. These documents,
however, face major barriers in implementation and have
not achieved their goals of promoting patient autonomy
[54,55]. Only 10–20% of patients complete advance direc-
tives and these instruments, when present, have limited
impact on future care [56–60]. Also, the decisions of sur-
rogates correspond poorly with the wishes and desires 
of the patient for whom decisions are being made [56].
Uncertainty in the minds of surrogates regarding the appro-
priateness of their decisions often lead them to favour more
intense life-supportive interventions that warranted by the
patient’s previously expressed wishes or the likelihood of a
favourable clinical outcome [56,59,61–63].

The utility of advance directives may be improved if they
are tailored to a specific patient’s underlying condition and
clinical events that they will most likely experience [64,65].
However, because most patients request that physicians
and surrogates overrule their wishes contained within
advance directives if unique clinical circumstances occur
[66,67], written advance directives should be considered
for most patients as general statements regarding treatment
preferences rather than specific directives that cannot be
altered. This indicates that both medical and ethical decision
making at the end of life is a shared process and the prin-
ciple of beneficence on the part of both the physician and
the family may at times equal or override patient autonomy
[68,69].

Limitations of written advance directives and surrogate
decision making prompt medical professionals to adopt a
broader approach to advance care planning that incorpor-
ates the patient’s perspective [70]. Most physicians consider
advance directives to be operational tools to determine
which life-sustaining interventions should be applied in
various clinical circumstances. In contrast, patients have
more comprehensive goals that centre on preparing for death,
achieving a sense of control over their lives, and fortifying
personal relationships with friends and families. Patient
goals, therefore, are less operational and more orientated
toward their psychological, emotional and spiritual needs. 

Nature of advance care planning
Consequently, the emphasis of discussions on end-of-

life care may shift from patient–physician discussions on
the use of life-supportive interventions to patient–family–
friend communication. This communication has a purpose
of strengthening relationships and sharing decisions
regarding life-supportive care through mutual support.
Physicians, with their patient’s permission, can promote
this dialogue by involving families in advance care planning
and encouraging discussions within families regarding 
the end-of-life decisions that patients may eventually face
[18]. Caregivers can enrich these discussions by providing
the patient with educational materials and resources that
enhance informed decisions. In this model, emphasis shifts
from the completion of written advance directives to an
ongoing dialogue between patients, caregivers and famil-
ies regarding the prognosis of the patient’s condition, likely
outcomes of various treatment interventions, and the 
values and goals that the patient would wish to have
fulfilled [70].

Physicians frequently overlook the spiritual context of
these discussions. Most patients with pulmonary or other
medical conditions wish to discuss spiritual and religious
topics with their physicians [19,46,71]. Physicians, how-
ever, either omit or perform poorly in conversations about
the spiritual needs of their patients, despite guidance in 
the literature for approaching these discussions [35,72].
Physicians in this setting are challenged to balance the need
to maintain their professional boundaries yet recognize
their patient’s spiritual concerns in the clinical environ-
ment [73].

Comprehensive advance care planning for patients with
COPD assists in the identification of patients with far
advanced symptomatic disease who wish to withhold 
ventilatory support at the end of life. Other patients with
end-stage disease who fail a trial of aggressive restorative
care benefit from a humane withdrawal of life support after
it is initiated. Extensive legal, ethical and moral justification
exists for the withdrawal of life-supportive care at the end
of life when it is no longer desired or no longer provides
comfort to the patient [74]. Less consensus exists regarding
the specific practical steps for withdrawing life-supportive
care. Observational studies demonstrate extensive practice
variation both within and between institutions in the 
timing and methods of life-support withdrawal [75–78].

For patients with COPD receiving ventilatory support,
practical steps begin with a validation of the decision to
withdraw life support with the patient (when possible),
family and all team members who participate in patient
care. This process ‘shares the burden of decision making’

Withdrawal of life-supportive care
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[79]. Informed consent is then obtained. Although the
sequencing and manner for withdrawal of life support 
is complex and varies on the basis of patient, family and
institutional needs, an explicit and organized approach
improves patient care [80]. Preprinted order sheets and
established policies and procedures enhance amelioration
of patient and family discomfort and promote the accept-
ance of the process by bedside caregivers [81]. 

Essential elements of an organized approach include ade-
quate treatment of the patient’s pain, anxiety and suffering
that is present or anticipated to occur after withdrawal of
ventilatory support. Patient surrogates and family members
of patients dying in the intensive care unit (ICU) rank pain
control, availability of family at the bedside, and efforts 
to address dyspnoea as the most important factors that 
promote a peaceful and satisfying death experience [82].
Aggressive symptom control with opioids and sedatives,
even if such treatment accelerates death, has received
endorsement under the ‘principle of double effect’, which
allows such treatment if the intent is not to hasten death
[83]. In actual practice, the amount of morphine used dur-
ing withdrawal of life support does not correlate with the
duration of survival, which is a function of ventilatory status
at the time support is withdrawn [81]. Careful planning 
is required to manage the patient who has received neuro-
muscular paralytic agents before the decision to withdraw
support [84]. Several reviews provide extensive discussions
of the practical aspects of the withdrawal of life-supportive
care [79,80,84].

Hospitalized patients with acute exacerbations of COPD
who choose to have life-supportive care withheld or with-
drawn require expert care to relieve their pain and suffering
and manage their end-of-life care [85]. Special considera-
tions are required for terminal patients with COPD who
choose to avoid hospitalization and die at home. Both
groups of patients may experience distressing physiological
symptoms of pain, cough, dyspnoea, anxiety, agitation, con-
fusion, fatigue and depression [86,87]. Patients may also
experience discomfort related to their sense of completion
with their life affairs, meaning to their life, and relation-
ships with their family and friends. Unresolved issues in
these areas can cause ‘existential suffering’ at the end of
life, which often surpasses physiological symptoms as a
source of distress for dying patients [88,89]. Caregivers
versed in palliative care can address these symptoms and
experiences to improve the quality of life in the last days of
patients’ lives. 

The goals of palliative care encompass the comprehensive
management of physical, psychological, social and spiritual

Palliative care

needs of patients [90]. It attempts to improve the life of 
not only ill patients, but also for family members through
the interaction of an interdisciplinary team of physicians,
nurses, social workers, home health agencies, pharmacists,
chaplains, and physical and occupational therapists. Al-
though death is nearly always hard, palliative care services
work to ensure that death is not horrible. Palliative prin-
ciples of managing symptoms at the end of life derive 
from hospice care and focus on both pharmacological and
non-pharmacological interventions (Tables 63.2 and 63.3)
[83,87,91–94].

Patients hospitalized with endstage COPD in an acute
care setting benefit from the coordinated services provided
by a hospital-based multidisciplinary palliative care team
[95]. These teams provide the necessary skills to control
physical and psychological symptoms and assist patients to
die with as much comfort as possible. In the absence of a
coordinated team approach to palliative care in the inpati-
ent setting, families of dying patients report that as many as
50% of patients experience moderate to severe pain during
the last days of their lives [96]. 

Palliative care for the hospitalized patient with COPD
begins with goal setting. Efforts to set goals for individual
patients should be proactive and deliberate, with attention
to the needs of the individual patient. Initial questions that
assist goal setting include: ‘What is best for this patient and
the patient’s family?’, ‘What can we achieve?’ and ‘How
can we go about achieving it?’ [97]. The role of the critical
care or ward nurse in identifying when treatment goals
require revision to emphasize palliative over restorative
care is critical because of the extensive opportunities nurses
have to interact with patients and families. The palliative
care team considers the family in setting goals to support
family members in their roles as surrogate decision-makers
and to address their needs for care themselves. Address-
ing family needs requires a shift toward ‘family-focused 
care’, which requires hospital administrative and services
changes akin to the dramatic shift in inpatient obstetric ser-
vices that included the family in labour and delivery [98].
Shannon [98] reviews the elements of ‘family-focused care’
and practical measures to address family needs during the
death of a hospitalized patient.

After goal setting, symptom assessment assists the selec-
tion of palliative care interventions and the monitoring of
their effect [95]. Objective assessment tools for pain allow
implementation of treatment algorithms that provide rapid
dosage escalations or drug changes to control symptoms
quickly [99–102]. Assessment techniques for the hos-
pitalized patient with pain utilize verbal and non-verbal 
methods that incorporate physiological measures of pain
[96,103,104]. Puntillo [97] has reviewed available assess-
ment tools for the inpatient setting. 

In managing dyspnoea at the end of life, objective 
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measures of dyspnoea can guide therapy but are rarely 
used [94], in contrast to the frequent use of pain scales for
guiding analgesia therapy. Absence of objective measures
promote under-recognition of the need to treat severe 

dyspnoea, which is experienced by 56% of COPD patients
during their terminal hospitalization [4]. Uncontrolled 
dyspnoea produces anxiety, fear and dread, and warrants
aggressive management. Unfortunately, specific inter-
ventions to relieve dyspnoea do not exist, which requires
physicians to use opioids and sedatives that partially relieve
dyspnoea and also manage the associated distress of anxi-
ety, discomfort and fear (see Tables 63.2 and 63.3). Recent
systematic reviews of sedative therapy for symptom relief 
in the terminally ill recognize that sedatives ‘relieve intoler-
able and refractory distress by the reduction in patient 
consciousness’ [105]. Although depression of conscious-
ness is not the primary goal of palliative sedation therapy
for dyspnoeic patients, it becomes a necessary by-product 
of palliative care. 

Use of sedatives for the non-intubated patient with dis-
abling dyspnoea at the end of life commonly engenders
physicians’ concern that they will be participating in a form
of euthanasia or will become subject to legal action [106].
Forty percent of surveyed neurologists in one study, for
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Table 63.2 Pharmacological interventions to improve symptoms for patients with COPD at the end of life.

Indication Drug Commonly used doses

Dyspnoea Morphine
Oral 5–10 mg every 4 h
Rectal 5–10 mg every 4 h
IV, SC Titrate to relieve dyspnoea
Nebulized 5 mg in 2 mL normal saline every 4 h with hand-held nebulizer. 

Benefit from this route of administration remains controversial

Benzodiazepines
Lorazepam oral, sublingual, IV 1–2 mg every 1–4 h
Diazepam oral, IV (IV risks phlebitis) 2.5–25 mg/day
Midazolam SC, IV, sublingual 5–10 mg SC then 10–30 mg continuous subcutaneous

infusion/24 h

Cough Opioids
Codeine linctus oral 30–60 mg every 4 h
Morphine linctus oral 2.5–5 mg every 4 h
Methadone linctus oral 2 mg every 4 h

Inhaled anaesthetics
Bupivacaine 0.25% 5 mg every 4–6 h

Retained secretions Anticholinergic agents
Scopolamine hydrobromide SC 0.4–0.6 mg every 4–6 h then 1.2–1.6 mg/24 h continuous 

SC infusion
Transdermal patch Every 72 h
Hyoscyamine SC 0.25–0.5 mg every 4–6 h

Mucokinetic agents
Carbocysteine oral 750 mg t.i.d.

IV, intravenous; SC, subcutaneous; t.i.d., three times daily.

Table 63.3 Non-pharmacological interventions to relieve
intractable dyspnoea at the end of life.

Non-invasive positive pressure ventilation – Face mask
ventilation has been used for patients who refuse
intubation and mechanical ventilation to relieve
intractable suffering and maintain cognition at the 
end of life [117]

Patient positioning
Relaxation techniques
Guided imagery
Fans with directed cool air
Pursed-lip breathing
Diaphragmatic training
Energy conservation techniques



instance, believed that administering intravenous morphine
to severely dyspnoeic patients with amyotrophic lateral
sclerosis would be considered euthanasia [107]. Caregivers
can gain confidence in aggressively using sedatives to
relieve severe dyspnoea if they direct therapy with pre-
established treatment algorithms and guidelines to direct
therapy. These guidelines explicitly express the purpose of
sedative and opioid therapy, which is to relieve symptoms
and distress rather than to accelerate death. Clear indica-
tions for advancing therapy document the purpose of 
dosing schedules and prevent misinterpretations of intent.
Family requests to advance therapy to bring death and end
patient suffering more quickly signal the need for family
support rather than an acceleration of therapy.

Recent data further support the conclusion that symptom
relief for dying patients represents aggressive palliative care
rather than euthanasia. Sykes et al. [108] reported that 
adequate sedative therapy to relieve symptoms rarely 
accelerates death or invokes the principle of double effect.
Similarly, Wilson et al. [101] demonstrated that patients
who receive morphine after withdrawal of ventilatory 
support have a longer survival time than patients who do
not, which suggests a protective effect from physiological
stress-related consequences of severe dyspnoea. Daly et al.
[81] did not observe a correlation between sedative and
opioid use after withdrawal of mechanical ventilation and
survival time. Ongoing dialogues regarding end-of-life care
within hospitals and other clinical units draw on available
resources that separate myths from realities of sedative 
palliative care to promote quality patient care [109,110].

Hospice services provide opportunities for respite care,
assisted living and end-of-life care [11,112], which unfor-
tunately is frequently neglected for terminal patients with
COPD [113,114]. Spouses of patients with advanced COPD
often endure negative impacts on the quality of their own
lives [115]. Neglect in offering patients and their families
appropriate resources for supportive end-of-life care results
in unnecessary admissions to acute care hospitals for worsen-
ing respiratory symptoms. Many episodes of worsening
dyspnoea in patients coming to the end of life can be
avoided in a reliable care system with effective treatment 
of dyspnoea (with assurance of terminal sedation if war-
ranted) and with comprehensive advance care planning.
Most patients eventually choose not to use ventilator sup-
port, or to use it only for a time-limited span, if they can be
sure of competent relief of terrifying dyspnoea [116].

Patients with moderate to severe COPD as defined by FEV1

face a high likelihood that their disease adversely affects 
the quality of their lives. The progressive course of COPD

Conclusions

punctuated by episodes of acute respiratory failure necessit-
ates decisions about the relative benefit and burdens of 
life-supportive care. In facing these decisions, patients and
families benefit from advance care planning initiated by
physicians during intervals of stable health. Physicians
should not reserve these discussions for patients with 
endstage disease considering that severity of COPD is not
associated with patient interest in and receptiveness for
these discussions. Once the burden outstrips the benefits of
aggressive life restorative care, pulmonary and critical care
physicians must skillfully engage the patient in discussions
that promote ‘shared decision making’ about end-of-life
care. These decisions allow the introduction of palliative
services to control symptoms and the initiation of an appro-
priate treatment plan that meets the patient’s life values
and goals during the terminal stages of COPD. Caregivers’
skilled understanding of ethical issues related to end-of-life
and palliative care prevent the dying patient with COPD
and his or her family from experiencing death as a horrible
event.
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CHAPTER 64

Economic burden of COPD

David H. Au and Sean D. Sullivan

Chronic obstructive pulmonary disease (COPD) refers to a
set of conditions made up primarily of chronic bronchitis
and emphysema accompanied by permanent and not fully
reversible airflow limitation. COPD is a prevalent and costly
condition. As will be discussed in subsequent sections and
based on current projections of disease prevalence, the full
economic burden of COPD worldwide has yet to be appreci-
ated. From the patients’ perspectives, the economic burden
of COPD will likely increase because of loss of productivity
from themselves and/or family members. Independent of
the health payer system, expenditure for patients is also
likely to increase because of the costs of pharmaceutical
therapies as well as inpatient and outpatient care. Because
COPD is a chronic incurable illness, patients will also bear
the burden of COPD on diminished health status and
health-related quality of life. The prevalence of COPD is
increasing worldwide and from a societal perspective, 
the economic burden from lost productivity, increased
health-care expenditures and premature mortality will also
increase. Within the constraints of budgetary limitations,
the costs associated with technological and pharmaceutical
therapies need to be balanced with their effectiveness.
Many health payers base the decision to fund new therapies
on their cost and cost effectiveness. If preventive measures
were implemented today and were 100% effective, COPD
would continue to contribute significant morbidity and
mortality for decades to come. This article reviews our cur-
rent understanding of the economic burden of COPD. 

Various survey designs that rely on patient self-report, pres-
ence of airflow limitation and physician diagnosis are likely
to produce biased estimates of true disease prevalence 
[1]. A recent review of the literature found that among 32

Epidemiology of COPD: prevalence 
and trends

studies representing 17 countries, COPD prevalence varied
from 0.2% to 18.3% [2]. In the USA, the National Health
Interview Survey estimated the prevalence of COPD in
2000 to be approximately 10.5 million persons based on
patient self-reported affirmation that in the past 12 months
a doctor or other health-care professional had told them
that they had either emphysema or chronic bronchitis [3].
In contrast, as part of the National Health and Nutrition
Examination Survey III (NHANES III) conducted between
1988 and 1994, a randomly selected subsample of patients
performed spirometric evaluations without bronchodilata-
tion [4]. For reporting purposes, airflow limitation was
defined as a forced expiratory volume in 1 s to forced vital
capacity (FEV1/FVC) ratio of less than 70% and severity was
determined by patients having mild obstruction if the FEV1

was greater than 80% predicted, and moderate obstruction
if the FEV1 was less than 80% predicted. Using these defini-
tions, Mannino et al. [5] reported that there were more than
24 million Americans who have some lung dysfunction,
half having moderate obstruction. Recently, Confronting
COPD, a study sponsored by GlaxoSmithKline, performed
probability sampling in North America and the European
Union which included more than 200 000 households [6].
Patients were considered to have COPD if they reported a
physician diagnosis of emphysema or chronic bronchitis,
were aged over 45 years and had smoked for more than 
10 years. Results from this study suggest that the preval-
ence of COPD in Western industrialized countries in North
America and Europe varied from 3.2% (France) to 5.4%
(Netherlands). In Asia, reliable estimates of COPD preval-
ence are difficult to ascertain. In 1997, a survey suggested
that the prevalence of COPD in Japan was only 0.2% [7]. A
more recent estimate has suggested that the prevalence rate
is closer to 8.5% among people over the age of 40 years [8].
Similarly, a study of the Korean population, which used a
design similar to NHANES III and had a 50% response rate,
estimated the prevalence of COPD to be 8.1% [9].
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From an epidemiological standpoint, the definition used
to identify patients with COPD directly affects the estimates
of prevalence and burden of disease [1]. Even among well-
respected societal recommendations, there is sufficient vari-
ation in definitions to lead to large disparities in estimates 
of COPD prevalence. For example, the American Thoracic
Society (ATS) states that COPD is comprised of chronic
bronchitis and emphysema that leads to irreversible loss 
of airflow [10]. The definition of chronic bronchitis and
emphysema are defined on clinical and anatomical bases,
respectively. The precise definition of irreversible airflow
limitation was not defined, but was reviewed in another
related ATS document on interpretation of pulmonary
function testing [11]. The European Respiratory guide-
lines, although similar in requirement of irreversible airflow 
limitation, do not require that COPD be caused solely by
chronic bronchitis and emphysema [12]. Recently, the
GOLD guidelines published recommendations that a clini-
cal history in conjunction with an FEV1/FVC ratio of less
than 70% was consistent with a diagnosis of COPD [13].

Tobacco smoke remains the leading risk factor for the
development of COPD worldwide. International preval-
ence trends are consistent with those countries that have
the greatest proportion of smokers also having the highest
prevalence of COPD. Data from NHANES III demonstrated
that among Caucasian men and women, current smokers
had a prevalence of COPD of 14.2% and 13.6%, respect-
ively; ex-smokers had a prevalence of 6.9% and 6.8%,
respectively; and never smokers had a prevalence of 3.3%
and 3.1%, respectively [14]. With changing behaviour 
patterns and an increase in consumption of tobacco by
women, the prevalence of COPD among women and men
are nearly equal in some industrialized countries [3,5,15].
Although not entirely clear, there is some evidence to sug-
gest that women may be more susceptible to the effects of
tobacco smoke than men [16,17]. Exposure to occupational
dusts and chemicals or home biomass fuel used in cooking
or home heating, in addition to or independent of tobacco
smoke, has been associated with increased risk of COPD
development [18–25]. 

Genetic factors, including gene–environment interac-
tions, almost certainly play a significant part in the develop-
ment of COPD [26–30] but which genetic factors lead to the
development of COPD has not been elucidated. However,
there is evidence to suggest that COPD risk may be higher
in those with a previous family history of COPD. Some 
of these studies are difficult to interpret because of similar
behaviour and exposures among family members. The
most classic genetic factor is α1-antitrypsin deficiency [30],
which leads to panacinar emphysema. 

Risk factors for development of COPD

Recently, the World Health Organization warned of the
growing effects of non-communicable diseases. In 1990,
COPD contributed to nearly 5% of deaths worldwide and
was the fifth leading cause of death [31]. Likewise, there
are a number of concerning statistics that have continued to
emerge. Unlike every other major cause of morbidity and
mortality in the USA, between 1965 and 1998, COPD mor-
tality increased 163%. This is in contrast to coronary artery
disease and cerebrovascular disease which demonstrated a
59% and 64% reduction in age-adjusted mortality, respect-
ively [13,15]. Incidence of COPD in women has continued
to rise and is comparable or higher than in men. Although
reports have suggested that the prevalence of COPD in men
may have plateaued, prevalence in women has steadily
increased over the past two decades [5,32]. Moreover, in
2000, in the USA, women achieved the dubious distinction
of surpassing men in the absolute number of COPD deaths
(men vs women), although men still lead women in 
age-adjusted mortality [5]. Recent projections from the
Netherlands suggest that by the year 2015, the prevalence
of COPD will increase by 43% in men and 142% in women,
after adjusting for projected decline in smoking status
within the population [33]. Most of the projected preval-
ence of COPD will be from the direct effect of past smoking
history. Even if there were no new smokers and all current
smokers were to stop consuming tobacco products, 90% of
the projected prevalence will be attributed to current and
past use of tobacco [33,34]. 

Costs associated with illnesses are often divided into those
that result from direct management of disease, including
medications, and clinical visits and indirect consequences,
including work days lost, loss of productivity resulting from
illness or premature death. The National Heart, Lung and
Blood Institute (NHLBI) estimated that in 2002, the US
total costs for patients with COPD was 32.1 billion dollars
(Fig. 64.1) [35]. 

As demonstrated in Figure 64.1, direct costs represented
approximately half of the total expenditures and, of these,
40.6% ($7.3 billion) of direct costs were related to hospital
visits. Of the indirect costs, nearly 51.8% ($7.3 billion)
were attributed to loss of income and productivity from
early loss of life. In unadjusted dollars, this represents a 
relative increase of 34.3% in costs relative to 1993 when
the total cost to treat COPD was $23.9 billion. The greatest
increase cost was associated with premature mortality
increasing from $4.5 billion to $7.3 billion. The results of
this study are in agreement with other studies examining
the cost of COPD. In the Netherlands, health-care costs for
patients with COPD are projected to increase by 90% and
possibly as much as 140% between 1994 and 2015 [33].

Global burden of COPD
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Women account for a larger proportion of the increase cost
than men, mainly because of the relative increased preval-
ence of COPD in women. Hospital admission for patients
with COPD is also a major contributor to costs in the 
USA, accounting for 45–68% of total expenditure [36–38].
Compared with patients of similar age and gender, patients
with COPD consistently have more hospital admissions,
longer lengths of hospital stay and 2–3 times the costs [39].
In other countries, the largest proportions of costs are asso-
ciated with COPD treatment medications. For example, in
the UK, 57% of costs are associated with medication use
and only 17% are related to hospital admissions [40]. These
are similar to a recent study which demonstrated that 
medications costs were similar to hospital admission costs
in Germany [41]. Current predictions suggest that the
importance of COPD to patient burden and economic
significance is likely to continue to increase.

The greatest costs of COPD are associated with a relative
minority of patients. At least three separate studies demon-
strated that costs for COPD are not proportionally dis-
tributed among all patients with COPD, rather 10–20% of
patients with COPD account for the majority (45–74%) of
total direct expenditure (Fig. 64.2) [36–38]. 

One reason is that the relative distribution of costs
changes with severity of illness. Several studies have
demonstrated that there is a direct relationship between the
severity of COPD, as measured by health status and/or
airflow limitation, and the risk of COPD-related hospitaliza-
tions and mortality [39,42,43]. There is evidence that there
is both a proportional increase in utilization of all medical
care services, including proportional increases in pharmacy
cost, outpatient and hospital care across COPD severity
[42], as well as a non-proportional increase in severity-

Costs of treatment and COPD severity

related services including need for long-term oxygen ther-
apy (LTOT) and hospitalizations [37,38,44,45]. 

There have been very few studies that have examined
the indirect costs associated with COPD severity. In a
Swedish study, the proportion of indirect costs relative to
total costs increased generally with severity of disease [45].
For patients with the most severe to least severe disease
(FEV1 less than 40%, 40–59%, 60–79% and greater than
80%), indirect costs represented 58%, 68%, 52% and 28%
of total costs in each stratum, respectively. Furthermore,
total indirect costs for the most severe category were 
89 times greater than those in the least severe stratum (at
COPD risk), and 15 times greater than those with mild dis-
ease. The direct costs associated with COPD treatment also
increase with severity and are reviewed in Figure 64.3 [44].
Several studies have demonstrated that direct costs increase
mainly because of hospitalization (45–70% of total direct
costs), medication acquisition (7–40%) and oxygen ther-
apy (5–20%) [39,44].
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COPD represents a significant burden to the patient and
their caregivers. From an economic standpoint, most stud-
ies have focused primarily on the perspective of the payer
or society. Most cost-of-illnesses have not addressed the
burden imposed by COPD from the patient’s perspective.
The direct costs of COPD to patients are likely to vary based
on socioeconomic status and place of residence. In nations
with national health coverage, direct medical costs will be
generally limited. In countries such as the USA where there
are multiple types of health-care payers, direct costs to the

Burden of disease from the 
patient’s perspective

patient will vary based on coverage. For many patients 
with COPD over the age of 65, the Medicare programme
provides coverage for outpatient and inpatient medical 
services; however, Medicare will not cover the majority of
prescription-associated costs. Medicaid is available to those
patients who are among the most socioeconomically chal-
lenged. Patients of higher economic status are more likely
to be able to afford supplemental medication coverage or be
covered by health plans that include medication coverage.
A number of studies suggest that medication costs increase
with severity of disease and the GOLD recommendations
suggest that medications should be added with progressive
symptoms [13]. A list of commonly used inhaled medica-
tions and charges are described in Table 64.1. Because
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Table 64.1 Direct costs of commonly used inhaled therapy for COPD. (From www.drugstore.com [accessed 13 January 2004].)

Generic name Brand name MDI Total cost ($)

β-Agonists
Albuterol Generic × 13.99

Airet 49.69
Albuterol Sulfate 17.99
Proventil HFA × 38.47
Ventolin HFA × 38.99

Salmeterol Serevent Diskus × 80.99
Formoterol Foradil 79.99
Metaproterenol Metaproterenol Sulfate 33.99

Alupent 0.65 mg/act × 29.99
Alupent 0.4% 2.5 mL 55.99

Anticholinergics
Ipratropium bromide Generic 11.99

Atrovent 18 μg/act × 50.99
Atrovent 0.02% 2.5 mL 73.99

Combination therapy
Albuterol and ipratropium bromide Combivent × 52.99
Fluticasone and salmeterol Advair Diskus 100–50 μg/dose 106.99

Advair Diskus 250–50 μg/dose 134.99
Advair Diskus 500–50 μg/dose 184.99

Budesonide and formoterol* Symbicort Turbuhaler 100 μg 80.00
Symbicort Turbuhaler 200 μg 99.00

Inhaled corticosteroids
Beclometasone Beconase AQ × 60.70
Triamcinolone Azmacort × 64.99
Flunisolide Generic × 37.99

Aerobid-M × 66.99
Fluticasone Flovent 44 μg/act × 52.99

Flovent 110 μg/act × 71.99
Flovent 220 μg/act × 106.99

Budesonide Pulmicort Turbuhaler × 122.99

* www.canadapharmacy.com (accessed 13 January 2004).
Act, actuation; MDI, metered dose inhaler.



15–40% of direct costs are derived from medications, pati-
ents who are economically disadvantaged and not covered
by private health insurance or Medicaid, will be most
directly affected by the costs associated with medication
acquisition [39,44].

The effects of COPD on patients’ health status and
health-related quality of life (HRQoL) have been extens-
ively reviewed [46]. In short, however, COPD has large
detrimental effects on HRQoL using a variety of condition-
specific and generic instruments. COPD has larger effects 
on HRQoL than other common chronic illness such as
arthritis, prostate cancer, diabetes and hypertension. Con-
fronting COPD demonstrated that 61% of patients with
COPD reported that their health was fair to very poor [6].
Thirty per cent of patients reported that COPD affected their
sex lives to a varying degree and 59% reported that COPD
affected their normal physical exertion. Of patients under
the age of 65, 45% reported that they had missed work
because of COPD. Although COPD is a disease that affects
many retired patients, 25% of patients over the age of 
65 reported work loss secondary to COPD.

The disability adjusted life years was developed as part 
of the Global Burden of Disease Study as a composite meas-
ure of health status and health outcome that incorporates
dimensions of premature life years lost and loss of product-
ivity resulting from illness and injury [31]. In 1990, of the
30 most common disorders, COPD was the 12th leading
cause of disability adjusted life years and sixth among 
non-infectious aetiologies. The effects of tobacco smoke
will have the highest relative effects on non-third world
countries, where the risk of mortality associated with infec-
tious diseases are less apparent. Current projections suggest
that COPD will rise from the 12th to the sixth leading cause
of disability adjusted life years by the year 2020. 

Strategies to reduce costs associated with
treatment of exacerbations

Because of the large proportion of costs associated with
exacerbations, even strategies that have relatively small
effects on COPD exacerbation rates may have large effects
on reducing total costs [40]. Also, evidence would suggest
that a large proportion of costs are associated with treat-
ment failure. There have been a number of interventions
that appear reasonable and effective and may lead to
improvement in clinical outcomes and reduced costs. These
interventions include non-invasive positive pressure venti-
lation (NIPPV), decreasing severity or managing patients
outside of the hospital setting, and decisions about anti-
biotic use.

COPD exacerbations

Controversy about antibiotics for treatment of
acute exacerbations of COPD
Bacteria have clearly been implicated in the risk of COPD
exacerbation; however, the use of antibiotics for all COPD
exacerbations is probably not indicated [47,48]. An infec-
tious aetiology in an acute exacerbation of COPD can be
detected in 30–50% of cases and, of those with infectious
aetiologies, viruses account for a significant proportion of
these cases [49]. The best available evidence would suggest
that antibiotics will most likely benefit those with severe
exacerbations defined as a triad of worsening dyspnoea,
increased sputum production and sputum volume [50]. 
A meta-analysis of antibiotics for COPD suggests a small 
but statistically significant benefit of using antibiotics for
COPD exacerbations [10]. From a cost perspective, there
are a number of important issues including prevention of
relapse, need for hospitalization and the costs of antibiotic-
resistant organisms in the community [51–53]. These issues
have been reviewed in detail [51]. A recent economic 
analysis of resistance to medications, including antibiotics,
suggested that the best policy may be to have a mixed treat-
ment approach that may lessen the possibility of resistance
to a single class of agents [52].

The issue of resistance and compliance with antibiotics
also raises the question of the best choice of antibiotics for
patients with COPD exacerbations. Currently, there is little
evidence to support the choice of any specific antibiotic
when considering clinical efficacy [54–60]. In a retrospec-
tive study of 60 patients with 224 exacerbations, Destache
et al. [61] demonstrated that the initial costs of first-line
antibiotic agents were significantly less than broader spec-
trum second- and third-line antibiotics, but may have less
resource utilization. This study has significant methodo-
logical issues including no adjustments for prior COPD 
exacerbations and violations of independence in statistical
analysis. Other studies have suggested that ciprofloxacin
when compared to usual care may be cost-effective from
the societal perspective ($18 588 per quality-adjusted life
year [QALY]), however, there was no difference in time 
to resolution of symptoms [62]. Another study suggested
that when comparing the macrolides azithromycin with
clarithromycin among patients with lower respiratory track
infections, patients taking azithromycin were able to return
to work sooner, although there were no additional benefits
in respect to clinical outcomes [63]. 

Mechanical ventilation and non-invasive positive
pressure ventilation
Mechanical ventilation is costly for patients with severe
COPD. In a secondary data analysis of the Study to Under-
stand Prognoses and Preferences for Outcome and Risks of
Treatment (SUPPORT), Ely et al. [64] compared patients
requiring mechanical ventilation. In comparison to patients
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with other causes of respiratory failure, patients with COPD
had similar length of stay (COPD 9 days), days of mechanical
ventilation (COPD 5.5 vs other 5.0) and total hospital costs
(COPD $24 217 vs other $27 672); however, they had
appreciably more respiratory care costs (COPD $4064 vs
other $2342). Of the median cost difference, 74% could be
attributed to costs associated with bronchodilators and pulse
oximetry. Despite the high costs associated with mechan-
ical ventilation, Anon et al. [65] examined the cost–utility of
mechanical ventilation for acute respiratory failure among
20 oxygen-dependant COPD patients. Despite having a
high 1-year mortality of 75%, Anon et al. estimated that in
the best and worse case scenarios the cost was $26 283/
QALY (US) and $44 602/QALY (US), respectively. 

Interventions that reduce the need for invasive mechan-
ical ventilation have been demonstrated to reduce hospital
costs and mortality. Shortly after the introduction of NIPPV,
there were concerns about its costs because of a lack of
reimbursement from insurers [66] and clinical availability
[67,68]. There is currently little doubt of the effectiveness
of NIPPV, used in a select group of COPD patients with
acute respiratory failure, as a therapeutic cost-saving 
strategy. There have now been several meta-analyses 
that consistently demonstrate that NIPPV reduces the odds
of in-hospital mortality and mechanical ventilation when
compared with standard therapy [69–71]. In addition, in
one study the cost savings from a payer’s perspective was
$3244 (Canadian dollars, 1996) per patient hospitalization.
Another study suggested that resource use, as measured by
physician, respiratory therapist and nursing time, was sim-
ilar to standard therapy for the first 48 h, but fell dram-
atically in favour of the NIPPV group after 48 h [69]. The use
of NIPPV has risen dramatically, especially among patients
with COPD [72]. Bilevel pressure-cycled ventilation has
become the most common mode of ventilation. 

Early discharge or avoiding hospitalizations by
home management as a strategy to reduce costs
Hernadez et al. [73] recently described a randomized con-
trolled trial of patients referred to an emergency room for
COPD exacerbations. After excluding those who required
imperative hospitalization, 222 patients were randomized to
home hospitalization versus usual care. The programme con-
sisted of a specialized team who encouraged immediate or
early discharge, a comprehensive and tailored therapeutic
approach to care, including education and a respiratory
skilled nurse and/or a free-phone consultation. Treatment
was considered to fail if a patient subsequently required
hospitalization or had more than five home consultations
with the nurse. The study was designed from the perspect-
ive of the payer. The costs associated with the intervention
were nearly 60% of the usual care group (home hospital-
ization vs usual care: 1255.12 [95% CI 978.51–1568.04] vs
2033.51 [95% CI 1547.05–2556.81], in Euros, year 2000).

The number of days of hospitalization was significantly less
in the intervention group. In addition, although there was
no reduction in treatment failures that required hospitaliza-
tion, there was a significant reduction in readmission to the
emergency department for relapse and significant improve-
ments in patient disease knowledge, home rehabilitation,
inhalation technique and HRQoL. These results are supported
by the results of Skwarska et al. [74], who demonstrated that
supported discharge of selected patients resulted in fewer
readmissions for treatment failure and a cost differential of
867 pounds/patient (home support 877 vs usual care 1753).
In addition, observational data suggest that early outpatient
follow-up visits after an emergency room visit was associated
with a lower risk for repeat visits in the subsequent 90 days
(hazard ratio 0.79; 95% CI 0.73–0.86) [75]. Also, interven-
tions such as a home respiratory care visit after hospitaliza-
tion may save as much as $2625/patient-hospitalization
through reduced need for rehospitalization [76]. 

The home setting has also been employed to reduce
COPD exacerbation relapse. In a recent study by Bourbeau
et al. [77], patients who had COPD hospitalizations were
randomized to an 8-week programme of weekly home 
visits followed by monthly telephone calls for 10 additional
months to promote patient self-management. In this study,
hospital admissions for COPD were reduced by 40%, with
number of days/person in hospital decreasing by 42%.
Unscheduled visits to primary care physicians and emer-
gency room visits were reduced by 59% and 41%, respect-
ively, while the number of scheduled visits to the primary
care physician increased by 15%. 

Long-term oxygen therapy
The beneficial effect on mortality of LTOT for patients 
with hypoxaemic respiratory failure has been clearly
demonstrated [78,79]. However, LTOT is a major source of
expenditure associated with outpatient therapy for COPD
and is naturally associated with severity of illness. Based 
on COPD stage, Hilleman et al. [44] demonstrated that as a
percentage of COPD costs, LTOT costs were associated with
stage (0.0% cost for stage 1 disease, 13.8% for stage 2 dis-
ease and 18.6% of stage 3 disease). This is consistent with
the results of others who have found that LTOT represented
as much as 73% of outpatient expenditure for COPD [80].
The cost of LTOT in the USA in 1998, after mandated reduc-
tions in reimbursement, was 1.3 billion dollars or 28% 
of the durable medical equipment expenditure [81]. The
Fifth Oxygen Consensus Conference made a number of 
recommendations that either reduced direct expenditure 
or improved the cost effectiveness of oxygen therapy. The
most important of these focused on improving adherence 
to oxygen therapy [82]. Because many of the costs of 
LTOT are fixed, improving patient adherence would likely
lead to improvements in cost effectiveness. Inappropriate
use of oxygen may also be a source of potential cost savings.
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Several studies have demonstrated that adherence to
guidelines for LTOT is low [80,83,84]. These studies suggest
that many patients who receive oxygen are not hypoxic. 
In addition, re-evaluation during a period of stability is 
recommended after the initial prescription for LTOT. In 
one study, only 19 of 226 patients had re-evaluation, 11 of
whom were found not to need further LTOT [84]. Finally,
several studies have examined the delivery of LTOT by
cylinder or concentrator [80,85–87]. These studies together
suggest that for patients who will likely need LTOT for a
prolonged period of time (more than 3 months), oxygen
concentrators are more cost effective.

Smoking cessation
Smoking cessation remains the most important therapy in
COPD. It is the only therapy that has been definitively
demonstrated to slow the progression of airflow limitation
[16]. In addition to the effects on lung function, smoking
cessation has immediate effects on cardiovascular disease
and future risk of cancer. Independent of COPD in 1998,
smoking-attributable medical expenditure was estimated
by the Centers for Disease Control (CDC) at $75.5 billion.
For the 46 million adult smokers in 1999, these costs were
derived from $1760 for loss productivity and $1623 in
excess medical expenditure [88]. In addition, smokers had
greater absenteeism and less productivity at work but after
smoking cessation had improvements in absenteeism and
productivity [89]. Multiple studies have demonstrated the
effectiveness of smoking cessation and smoking cessation
programmes. A recent review summarized the findings from
157 studies, including 112 individual studies of adverse
events, four systematic reviews, 17 economic studies and
13 individual studies of effectiveness [90]. Based on the 
literature contained in this review, the authors found that
1–3 life-years were saved per quitter. A decision model was
built to compare the cost effectiveness of four smoking ces-
sation interventions: counselling or advice about smoking
cessation, advice plus nicotine replacement (NRT), advice
plus bupropion SR and advice plus NRT and bupropion 
SR in combination. The incremental costs per quality of
life-year saved was approximtaely £1000–2400 for NRT,
£640–1500 for bupropion SR and £900–2000 for com-
bination of NRT and bupropion SR. In a separate report 
by the same authors, when compared with counselling
alone, they found similar results with incremental costs 
per life year saved was $1411–3455 for NRT, $920–2150 
for bupropion and $1282–2836 for combination of NRT and
bupropion SR [91]. Cornuz et al. [92] performed cost-
effectiveness ratios for pharmacotherapies for nicotine
dependence and found that that all first-line therapies for
smoking cessation were cost effective, but the cost effect-
iveness varied widely by age and gender.

Coverage by health payers for tobacco cessation pro-
grammes has been a concern in part because of increased

costs to the system. Fishman et al. [93] examined health-
care expenditures in a non-for-profit mixed model Health
Maintenance Organization (HMO) in western Washington
State. This retrospective cohort study found that costs in the
first year after cessation were higher for former smokers but
that costs fell by the second year and were statistically not
different for the subsequent 6 years. Cumulative health-
care expenditure was lower for former smokers by the 
seventh year. This study supports the widely held notion
adopted by the UK National Health Service programme that
smoking cessation is cost effective not only the from the
perspective of the individual, but also for the payer.

Pulmonary rehabilitation is a multifaceted intervention
that has been demonstrated to improve HRQoL, patient
self-efficacy and exercise endurance [94,95]. The costs of
these programmes are somewhat dependent on the provi-
sion in the rehabilitation programme. Goldstein et al. [96]
reported the costs associated with a 6-month rehabilitation
programme that included 2 months of inpatient hospital-
ization followed by 4 months of outpatient therapy. The
incremental cost of this programme relative to usual care
was $11 597 (Canadian). The proportion of patients who
had a 0.5 point or more increase on each of the domains 
of the Chronic Respiratory Disease Questionnaire (CRQ)
ranged between 0.23 and 0.39. On average, pulmonary
rehabilitation lead to an improvement in 6-minute walk
test of 38 m. Troosters et al. [95] performed a 6-month out-
patient programme of exercise three times weekly for 
3 months followed by twice weekly for the remainder of the
programme. The mean cost of the intervention was $2615 ±
625 and resulted on average in an improvement of 52 m on
6-minute walk tests. Home rehabilitation produces similar
effects on exercise endurance, but the effect may be more
sustained than those in shorter inpatient or outpatient 
programmes [97,98]. From a cost-saving perspective, pul-
monary rehabilitation has been demonstrated to decrease
hospitalizations for COPD exacerbations, although this effect
has not been consistently demonstrated in the literature. 

Despite the fact that bronchodilators are the mainstay of
therapy for patients with obstructive lung disease, there is a
surprisingly sparse literature about the cost effectiveness of
these medications. As demonstrated in Figure 64.3, medica-
tion acquisition costs as a function of COPD severity do not
increase as rapidly as other costs. Thus, medication costs as
a proportion of total of costs are least among patients with
the most severe disease and greatest at the least severe stages. 

Bronchodilators

Pulmonary rehabilitation
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Ipratropium bromide either alone or in combination with
albuterol has been demonstrated to result in fewer health-
care costs than either albuterol (cost over 85-day study
period per patient: ipratropium $156; ipratropium plus
albuterol $197; albuterol alone $269) [99], or theophylline
alone (theophylline $121.40 per patient per therapy-
month, ipratropium $84.56 per patient per therapy-month)
[100]. In both studies, the reductions in cost were prin-
cipally brought about by reductions in health-care utiliza-
tion, including hospitalization, emergency room visits and
unscheduled visits for COPD exacerbations. 

There have been two studies to compare long-acting β-
agonists with either usual care or ipratropium bromide.
Jones et al. [101] recently reported that the addition of 
salmeterol to usual care had higher overall costs, but found
that the addition of salmeterol had the incremental cost of
£5.67 per symptom-free night. Hogan et al. [102] compared
two doses of formoterol (12 and 24 μg) with ipratropium
bromide with respect to the cost effectiveness on producing
bronchodilatation (FEV1) and quality of life. Ipratropium
bromide had incremental cost effectiveness ratios that were
more favourable than either doses of formoterol (incre-
ment of 0.137 L: ipratropium bromide $273.03/FEV1;
formoterol, 12 μg 1611.32/FEV1 or 24 μg dominated) when
compared with placebo. In contrast, when examining the
effects on HRQoL, the 12 μg dose of formoterol appeared 
to be more effective ($25.20/change QoL score) than either
the 24 μg dose of formoterol or ipratropium bromide (both
dominated) when compared with placebo. More recently,
Oostenbrink et al. [103] performed a prospective cost-
effectiveness analysis along two 1-year randomized control
trials of tiotropium compared with ipratropium bromide.
Mean annual medical costs were 1721 euros for tiotropium
and 1541 euros for ipratropium bromide. Of the higher
costs of medication acquistion costs of tiotropium (cost 
difference 453 euros), 60% was offset by reductions in
medical expenditures associated with fewer hospitaliza-
tions and unscheduled visits for COPD. The incremental
cost-effectiveness ratio was 667 euros per exacerbation and
1084 euros per patient for clinically meaningful improve-
ments in HRQoL. The cost and cost effectiveness presented
in this study were likely conservative estimates given that
indirect costs such as days of work missed were not
included in the cost estimates. 

Inhaled corticosteroids and risk of COPD
exacerbation and mortality

The utility of inhaled corticosteroids among patients 
with COPD remains controversial. There have been four

Corticosteroids

large well-performed randomized controlled trials that
demonstrate no improvement in the rate of FEV1 decline
for patients with various degrees of COPD severity
[104–107]. The medications included in these trials utilize
inhaled corticosteroids of varying potency and include 
triamcinalone, fluticasone and budesonide. A recent meta-
analysis identified nine randomized controlled trials of
inhaled corticosteroids among patients with COPD [108].
Six of the nine trials reported risk of COPD exacerbations
associated with inhaled corticosteroids in comparison 
with placebo. Two of the six reported no benefit in COPD
exacerbation risk and when combined with the remaining
four trials, inhaled corticosteroids were associated with 
a 30% reduction (RR, 0.70; 95% CI, 0.58–0.84) in exacer-
bation. Ayres et al. [109] have recently demonstrated that
fluticasone in comparison with placebo had no effects on
total costs (direct and indirect); however, they suggested
that the incremental cost effectiveness may favour inhaled
fluticasone with the cost of remaining exacerbation free
estimated at £0.25/day from the payer’s perspective. There
have now been three trials that combine inhaled corticos-
teroids with long-acting β-agonists in comparison with
individual components [110–112]. All trials examined the
effects of combination therapy on exacerbation risk. The
results of these trials consistently demonstrate that all 
treatment arms were better than placebo; however, these
studies could not demonstrate consistent improvement 
in exacerbation risk between individual components and
combinations.

In observational trials, the association of inhaled corticos-
teroids on risk of mortality has been mixed. In two observa-
tional trials, inhaled corticosteroids that were assessed at
baseline and required limited exposure, defined as either
single or three prescriptions for inhaled corticosteroids,
were associated with a decreased risk of all-cause mortality
as long as 3 years after exposure assessment [113,114].
These two trials have been questioned, largely because of
the miminal exposure requirements and concern over
immortal person time bias [115,116]. Two follow-up trials
that utilized time-dependent exposures of inhaled corticos-
teroids assessments could not confirm a survival benefit
associated with inhaled corticosteroids [115,116]. One of
these trials used three methods to assess inhaled corticos-
teroid use and required at least 80% compliance with filling
prescriptions for inhaled corticosteroids [115]. 

The GOLD COPD treatment guidelines endorse the use of
inhaled corticosteroids for the treatment of moderate to
severe COPD but also states that ‘Prolonged treatment 
with inhaled glucocorticoids does not modify the long-term
decline in FEV1 in patients with COPD’ [13]. Whether
inhaled corticosteroids will be cost effective has yet to be
determined; however, a clinical trial is currently underway
to determine the effects of COPD exacerbation as a primary

786 CHAPTER 64



outcome. In one study, Sin et al. [117] examined the cost
effectiveness of inhaled corticosteroids in treating COPD.
Among patients with stage 2 or 3 disease, the cost effective-
ness of the inhaled corticosteroids was $17 000/QALY. In
contrast to prospective studies of cost effectiveness per-
formed along clinical trials [103,118], assumptions about
condition severity, treatment and outcomes were derived
from a literature review that included heterogeneous
patient populations, varying entry criteria and exclusions.
In addition, the results appeared to be highly dependent
upon the assumptions that inhaled corticosteroids would
lead to a 16% reduction in mortality and that the effective-
ness of inhaled corticosteroids (in contrast to the efficaci-
ousness of inhaled corticosteroids) was 30% in reducing
COPD exacerbations. The reliability of the estimates was
also difficult to assess because of the lack of acceptability
curves.

Although lung volume reduction surgery was not a new
concept in 1994, Cooper et al. [119] reported beneficial
effects of this operation on patients with severe emphy-
sema. This and subsequent reports fuelled a prolific in-
crease in the use of this procedure for emphysema. Early
reports suggested improvement in pulmonary function
tests, LTOT and HRQoL [120–128]. However, these reports
were clouded by differential follow-up and reports of 
1-year postoperative mortality of up to 17% [129]. In
response to these lingering questions, the Health Care
Financing Administration (HCFA) announced that it 
would no long reimburse for lung volume reduction
surgery. At the same time, HCFA, along with the NHLBI and
the Agency for Healthcare Research and Quality (AHRQ)
announced plans for the National Emphysema Treatment
Trial (NETT) [130]. This randomized clinical trial was
designed to compare the best current medical therapy and
best current medical therapy plus lung volume reduction
surgery with all-cause mortality as the primary outcome
measure. The trial enrolled 1358 patients from 17 medical
centres. Interim analysis demonstrated that patients who
had an FEV1 of less than 20% predicted and either a DLCO
less than 20% or homogeneous emphysema on chest com-
puted tomography had excessive risk of mortality and were
subsequently excluded from the trial [131]. Of the remain-
ing 1218 patients, no benefit in mortality was detected at 
24 months [132]. In post hoc subgroup analysis, it appeared
that there was a potential benefit in survival, exercise
capacity and HRQoL among those patients who had upper
lobe emphysema and low exercise capabilities after pul-
monary rehabilitation. A prospective cost-effectiveness
analysis was also performed as part of this trial [118]. This

Lung volume reduction surgery

trial used the societal perspective to determine the quality-
adjusted life year gained. The Quality of Well Being scale
was used to derive health state preferences, and cost estim-
ates were calculated to be in 2002 dollars. Not surprisingly,
in the first 12 months, hospital days, days of ambulatory
care and nursing home admissions were greater in the 
surgical treatment group, but by 12–24 months there were
more hospital admissions in the medical treatment group
and no difference in any resource use between 24 and 
36 months. Direct and total costs also followed similar
trends, with the surgical arm having higher costs at 
12 months (direct $61 415 vs 15 738 and total $71 515 vs
23 371), but having less direct and total cost at 13–24 months
(direct $9474 vs 13 222, total $13 222 vs 21 319) and 
similar costs between 25 and 36 months (direct $10 199 vs
12 303, total $14 215 vs 17 870). The estimated quality-
adjusted life year gained at 3 years after initiation was 
$190 000. Comparing direct cost only, the estimate quality-
adjusted life year gained at 3 years was $193 000. Strati-
fying by those with upper lobe disease and exercise 
capacity, the cost-effectiveness ratio for those who had
upper lobe disease and low exercise capacity was $98 000 
at 3 years. The next most effective group, those who had
upper lobe disease and high exercise capacity had a cost-
effectiveness ratio of $240 000 at 3 years. Estimates of 
10-year cost-effectiveness ratios was $53 000/QALY; how-
ever, the cost-effectiveness acceptability curves suggested
significant instability in this estimate. In comparison to
other common surgical procedures, medical therapy plus
lung volume reduction surgery appears costly: coronary
artery bypass graft $8300–64 000/QALY, lung trans-
plantation $130 000–220 000/QALY, heart transplantation 
$65 000/QALY. 

COPD is a prevalent problem and the economic effects are
not isolated to Western countries. Worldwide, the preval-
ence of COPD will likely increase and outside the USA and
western Europe, the cost of COPD has not been estimated.
It is clear, however, that even if preventive measures were
implemented today and were 100% effective, COPD will
continue to contribute significant morbidity and mortality
for decades to come.

Despite the substantial costs associated with the condi-
tion, there are surprisingly few data to support decision
making for health payers on cost-effective therapy. Relative
to effects of other conditions, research on COPD is under-
funded [133]. Greater emphasis and a stronger commit-
ment from non-commercial-based research are necessary
to encourage significant advancements. 

Conclusions
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CHAPTER 65

Pharmacoepidemiology of COPD

Joan B. Soriano

Pharmacoepidemiology is the study of the effects of drugs
on disease and its determinants in large numbers of popu-
lation by means of observational data. The pharmacoe-
pidemiology of chronic obstructive pulmonary disease
(COPD) has flourished recently, as a hypothesis-generating
method. Ahead of ongoing randomized controlled trials,
associations such as the increased mortality in COPD users
of short-acting anticholinergics or the increased survival 
in COPD users of inhaled corticosteroids were formulated
from pharmacoepidemiological studies. Standardization of
methods and replication of single studies by independent
investigators in other populations are needed. However,
because of the absence of randomization intrinsic in any
observational research, the advantages and limitations of
these studies, and the interpretation of the direction and
magnitude of their results are of great importance. When-
ever possible, confirmation of results in carefully conducted
randomized controlled trials in COPD patients is needed.

Radical is the vision of Sackett et al. ‘to keep up with the
clinical literature, doctors should discard at once all articles
on treatment that are not randomized trials’ [1]. How-
ever, clinicians have long recognized the value of non-
experimental research. Quoting Sir Austin Bradford Hill,
one of the developers of the randomized trial methodology:
‘Any belief that the randomized controlled trial (RCT) is the
only way in medical research would mean not only that 
the pendulum had swung too far but that it had swung off
its hook’ [2]. The concordance of results of large clinical 
trials with well-conducted observational studies and meta-
analyses of smaller RCTs, and its predictive power, has been
the subject of recent reviews [3,4]. Some of the strengths of
observational evidence versus RCTs include large numbers
of real-life patients and not pure non-representative case

Introduction

patients, and particularly the inclusion of elderly patients
with additional comorbidities, often excluded in clinical
research. Duration of follow-up can be also longer, and
power to detect rare adverse events is greater.

Clinicians have often considered COPD as a ‘Cinderella’
disease, unattractive and self-inflicted, with little to offer
and even less to expect. However, the contrary is true for
respiratory epidemiologists, for whom COPD is indeed a
‘dream’ disease. COPD is a disease with a huge and increas-
ing burden in society, affecting women as well as men, in
developed and developing countries, and the age at COPD
diagnosis is becoming younger. To date, respiratory epide-
miology has not been as comprehensively developed as
cancer or cardiovascular epidemiology. In clinical research,
COPD has also been hindered by a shortage of large decisive
trials involving tens of thousands of individuals. The clinical
epidemiology of COPD is comprehensively presented else-
where in this book (see Chapter 10); however, the study of
beneficial effects (efficacy and effectiveness) and adverse
effects (safety) of respiratory drugs in general, and of COPD
drugs in particular, has not been well covered in respiratory
clinical trials to date. Ultimate reasons for this are beyond
the scope of this chapter, but most likely include: nihilism
of the condition by patients and their doctors, an adaptation
phenomenon in COPD patients similar to other long-lasting
chronic conditions, the natural history of COPD per se, con-
fusion regarding tobacco as the overwhelming cause but
with other causative risk factors involved, and a difficulty to
set thresholds for diagnosis and severity grading. Adding
insult to injury, the historical lack of interest in COPD
research is notorious compared with less severe, less com-
mon diseases of worldwide distribution. Gross et al. [5]
identified COPD as an important example of the dispro-
portionate lack of research funding provided by the US
National Institutes of Health with relation to the burden 
of disease for society. Compared with AIDS, breast 
cancer, diabetes mellitus and dementia, all of which received
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relatively generous funding, research on perinatal condi-
tions, peptic ulcer and COPD (the worst of them all) was
underfunded.

Pharmacoepidemiology, the discipline that deals with the
study of the effects of drugs in large numbers of individuals
by means of observational data [6,7], seems to lead the 
way in COPD research ahead of largely absent or ongoing
clinical trial data. In a recent comprehensive review of 
respiratory epidemiology in Europe [8], the term pharma-
coepidemiology was not mentioned, and a search in Medline
(October 2005) for the terms ‘COPD’ and ‘pharmacoepi-
demiology’ produced only four hits.

It has been difficult to study COPD medications until
recently, as most drugs licensed for COPD are extensions of
drugs developed to treat asthma or other conditions. Often,
general practitioners apply sensible practical criteria when
managing COPD patients. During the early 1990s, as no
therapeutic options were available to manage their COPD
patients other than advice to quit smoking, oxygen therapy
and short-acting bronchodilators, general practitioners and
primary care doctors started to try interventions that were
successful in asthma. The pharmacoepidemiological study
of this sensible approach by several research groups in 
different countries has created a recent effervescence of
observational data in COPD and drugs. As highlighted in
two recent editorials, observational studies are hypothesis-
generating, and these hypotheses can be later confirmed
(or rejected) in other observational independent studies 
or newly conducted trials [9,10]. Finally, RCTs are not
unbiased, contrary to common assumptions. The recent
large 1-year RCTs of combination therapy in COPD [11,12]
have clearly shown differential drop-out rates, with large
withdrawal numbers in placebo groups complicating inter-
pretation and likely producing an underestimation of treat-
ment effects. Therefore, pharmacoepidemiological studies,
which allow for larger and more inclusive cohorts with
longer durations of follow-up, could complement and help
to interpret findings from RCTs. Consistency in the direc-
tion and magnitude of outcomes by independent researchers
in different populations of patients is the real power of
pharmacoepidemiology.

To expand on COPD pharmacoepidemiology later, it is 
necessary to briefly mention that there is already extensive 
literature on the pharmacoepidemiology of asthma [13]. 
In spite of more than 30 years of asthma RCTs, some out-
comes are difficult to assess with the RCT methodology
[14]. In particular, asthma mortality and exacerbations
have escaped trialists for years. It was not until recently that
the beneficial effects of low-dose inhaled corticosteroids

Asthma pharmacoepidemiology

(ICS) in preventing asthma deaths was demonstrated [15].
In addition to these Canadian findings, results have been
replicated in the UK [16]. Similar beneficial results were
also reported for use of low-dose ICS in preventing asthma
hospitalizations [17–19]. The pharmacoepidemiology of
asthma has recently been reviewed elsewhere [20].

To date, a number of databases have been explored to conduct
COPD pharmacoepidemiology, including the Saskatchewan,
Alberta and Ontario databases in Canada, the General
Practice Research Database (GPRD) and UK Mediplus in the
UK, Lovelace BCBS and Veteran Affairs in the USA, and
Pharmo in the Netherlands. Collaborations pooling and
comparing several of these databases are being established
[21]. There are a number of challenges when conducting
pharmacoepidemiological studies. Ideally, protocols with
observational data should reflect the situation of a random-
ized clinical trial. A list of items (Table 65.1), not to be 
considered in comprehensive detail, should help the reader
to develop greater awareness when conducting or assessing
COPD pharmacoepidemiology.

Strategies of differential diagnosis of
COPD/exclusion of asthma

The ability to differentiate COPD from asthma or other con-
ditions is obviously critical. The effectiveness of ICS has
been very well established in asthma, but it is the subject 
of debate in COPD. Thus, because the inclusion of asthma
patients may exaggerate the effectiveness of respiratory
medications in COPD studies, the study population must
have clear criteria to identify COPD and exclude asthma

Methodological issues when conducting/
assessing COPD pharmacoepidemiology
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Table 65.1 Challenges when conducting/assessing COPD
pharmacoepidemiology.

Strategies of differential diagnosis of COPD/exclusion 
of asthma

Confounding by indication
Reference groups: matching or restriction?
Time: date of clinical incidence of COPD, right- and left-

truncation, censoring, rates, immortal time period
Drug exposure: onset, chronic, regular treatment
Dose–response relationships
Biases
Comorbidities
Main outcome and endpoints
Statistical analysis



patients. In particular, definitions and criteria based on
physician’s reported diagnosis, drug treatment and age
must be carefully combined to optimize the diagnosis of
COPD. GOLD and other COPD international guidelines use
descriptions rather than definitions of COPD, and the chal-
lenge that a clinician faces with an individual patient is
magnified when using observational data. However, some
clinicians consider that the relevance of this misdiagnosis 
is exaggerated, as it seems much more likely that COPD
patients may be classified as ‘asthmatic’ than asthmatics
falsely being labelled as having COPD, although evidence 
to support this statement is scarce. Several strategies 
used to differentiate COPD from asthma in observational
data research include: age restriction above 50 years or
older thresholds; and primary care physician-diagnosed
patients or patients discharged from hospital with a primary
diagnosis compatible with COPD. However, it is important
not to select a population with little resemblance to the 
target population, as the introduction of inappropriate
exclusion criteria will create bias. Moreover, it is advisable
to conduct validation studies of individual COPD defini-
tions [22–25].

Confounding by indication

Confounding by indication is a major source of bias, perhaps
the most important in pharmacoepidemiology. It is also
referred to as confounding by severity, confounding by indica-
tion for a prescription, indication bias or channelling [26].

Confounding by indication is caused by the absence of
randomization in the allocation of treatment, inherent in
observational research. It exists when patients who receive
different treatments also differ in their risk of adverse out-
comes, independent of the treatment received [27]. In gen-
eral, confounding by indication occurs when an observed
association between a drug and an outcome is caused by 
the underlying illness or its severity, and not to any effect 
of the drug. In simple terms, patients with a disease who are
treated with drug A would be expected to be sicker than
those not so treated. In this case the risk factor under study
is the drug and the outcome variable under study is the
clinical variable that the drug is supposed to change.

In COPD, confounding by indication can be controlled by
proper adjustment for underlying severity when available,
such as previous use of health resources (i.e. history of
COPD hospitalizations or emergency room visits), and the
profile of use of other drugs for COPD. 

Another type of bias, protopathic bias [28], can be found
in COPD studies. Although related to confounding by indi-
cation, it is slightly different. It may occur when a particular
manoeuvre is started, stopped or changed because of the
baseline manifestation caused by a disease or other particular
event. Then the event happens to be in the causal pathway

between an exposure and the event. In COPD, protopathic
bias occurs when a drug is used both as chronic and acute
therapy. To avoid exposure misclassification in pharmacoe-
pidemiological studies, some advocate using time-dependent
analysis. However, respiratory drugs such as bronchodil-
ators and steroids are also used during acute exacerbations.
Thus, by using a time-dependent analysis, these drugs could
be incorrectly shown to increase morbidity and mortality,
which in reality is related to exacerbation itself. 

Reference groups: matching or restriction?

It has been standard in respiratory epidemiology to com-
pare users of one drug versus non-users of that drug, for
instance COPD patients with or without prescriptions for
ICS. However, it is possible that patients with a disease
treated with drug A may be sicker than those not so treated
with drug A. A partial solution is to compare patients with a
disease who are treated with drug A versus those treated
with drug B (i.e. the recommended treatment by COPD
national or international clinical guidelines). Other solu-
tions for the choice of reference groups are matching by
demographic variables at baseline or restricting the analyses
to only male, only older COPD patients or only those with-
out a clinical suspicion of asthma, etc.

Time: date of clinical incidence of COPD, 
right- and left-truncation, censoring, rates,
immortal time period

A recent report has underlined the major problems that can
potentially occur when time to different events and out-
comes, and different designs, are applied in COPD pharma-
coepidemiology [29]. The issue on time control relates 
to the choice of design: cohort or case–control (Fig. 65.1). 
In addition, whether the events of interest are acute, or
whether regular treatment is required to attain the effective-
ness under study, needs to be considered with respect to
drug exposure. Drug exposure also affects the choice of 
the reference group and whether this group can include
patients who do not currently use a given drug but who
used them previously, or patients who are restricted to
other drugs or classes of drugs. With these classifications
and the question of timing of use, one must then be con-
cerned about issues of exposure misclassification. For
instance, patients who are not using a drug might be
wrongly classified as users and vice versa. The exposure and
its timing will also relate to the analysis of the data and, par-
ticularly, whether exposure is fixed, such as for the intention-
to-treat approach, or time-dependent, such as that used in
nested case–control analysis.

The COPD patients under study may be incident (newly
diagnosed patients) or prevalent (patients well into their
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disease). It has to be determined whether patients at time
zero already have had COPD for some time or have already
been exposed to the drug under study. It may be preferable
to use incident cohorts where new treatment or new dis-
ease defines time zero for the cohorts. If this is not possible,
the duration of prior COPD or prior drug use should be
examined and accounted for in the analysis. The choice of
time zero is important and may be taken as the date of first
COPD diagnosis, the date of the first hospitalization for
COPD, the date of any hospitalization for COPD or the first
time a drug was used. Finally, in all cohort studies that
involve time-dependent exposure, immortal time should
be explored. Immortal time periods, defined by follow-up
times during which patients cannot, by definition, incur the
outcome, have to be identified and accounted for with a
proper analysis. In addition, studies that improperly exclude
immortal time or do not account for it in the proper expo-
sure group should be identified and assessed with respect 
to bias. As a rule of thumb, the duration of the immortal
time period should equal the duration of the window of
drug exposure.

Drug exposure: onset or chronic 
regular treatment

It is particularly relevant whether exposure is selected at
cohort entry or at the time of the outcome under study.
When studying harmful drug effects and acute events, the
closer the assessment of drug exposure to the outcome
under study seems fundamental, and a nested case–control
is the design of choice. However, when searching for unan-
ticipated beneficial effects of chronic regular drug treatment,
the cohort design mirroring a RCT is to be considered first. 

Dose–response relationship

Dose–response is one of the 10 Hill criteria for causality
[30]. Ideally, once an association between a drug and a
COPD outcome is considered causal, searching for a dose–
response or a threshold indicates consistency and adds 
further evidence of causality.

Bias

There are three major types of bias in epidemiological
research: selection bias, information bias and confounding.
Selection bias includes referral bias, self-selection bias, pre-
valence study bias and protopathic bias. Information bias
can be of differential misclassification (recall bias, detection
bias) or non-differential misclassification; and there are many
types of confounding. Confounding by indication will need
to be tackled appropriately in any COPD pharmacoepide-
miological study.

Comorbidity

Because COPD is not only a respiratory disorder but also 
a systemic disease, and because smoking has non-COPD
effects, it is common that COPD patients have comorbid
conditions associated. A modified Charlson comorbidity
index helps quantitatively and qualitatively to assess imbal-
ances in the distribution of comorbidities between drug
exposure groups [31].

Main outcome and endpoints

To date, most RCTs in COPD have been powered to pulmo-
nary function [32]. Observational studies permit observation
of more relevant endpoints for the clinician and in particular
to the patient, such as survival or time to next exacerbation.

Statistical analysis

The choice of statistical analysis, depending on the study
design, cohort or case–control, is an important methodolo-
gical aspect that requires extensive discussion [33].

A number of interventions in COPD have been assessed
using pharmacoepidemiological methods. Outcomes of

Beneficial or adverse effects of COPD
medications in epidemiological studies
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observational studies on antibiotics, oral theophyllines,
anticholinergics, N-acetylcysteine, long-acting β2-agonists
(LABA), ICS and combination treatment are summarized
below. It is important to note the scarcity of available data
on COPD pharmacoepidemiology, most of which has only
been available from the late 1990s.

It is relatively surprising that after the original RCTs on the
efficacy of antibiotics to treat or prevent exacerbations of
COPD [34], little has been published regarding their effect-
iveness in the real world [35]. A recent report [36], from 
a population-based retrospective cohort study in Ontario,
Canada, determined the association between outpatient
use of oral antibiotics and 30-day all-cause mortality fol-
lowing hospitalization in a group of elderly COPD patients.
Outpatient use of antibiotics was associated with a signific-
ant reduction in the 30-day mortality following hospitaliza-
tion (odds ratio [OR] 0.83; 95% confidence interval [CI],
0.75–0.92). Use of macrolides had the lowest relative 
odds for mortality (OR 0.58; 95% CI, 0.47–0.73), while use
of fluoroquinolones had the worst relative odds (OR 0.98;
95% CI, 0.84–1.15). However, another report from the
same group identified an increased risk of COPD hospital
readmission with antibiotic use (relative risk [RR] 1.17;
95% CI, 1.10–1.23) [37].

Available evidence investigating the effect of oral theo-
phyllines on COPD mortality, from well-conducted RCTs 
or from observational studies, is too scarce to draw any
meaningful conclusions [38].

A paper by Benayoun et al. [39] on the concomitant use of
ipratropium bromide and inhaled β2-agonists in a single
inhaler reported that it did not significantly alter the treat-
ment of COPD and resulted in appreciable cost savings 
relative to using both drugs separately. Although an initial
epidemiological study indicated an absence of increased
mortality in COPD patients [40], there is open controversy
regarding the safety of short-acting anticholinergics. Studies
comparing short-acting combinations (ipratropium plus
albuterol or metaproterenol) with short-acting β2-agonists
or anticholinergic monotherapies may have been too small
or too short to conclude anything about COPD mortality
and survival [41–43].

Anticholinergics

Oral theophyllines

Antibiotics

In UK patients with asthma and COPD [44], treatment
with ipratropium bromide at discharge from hospital was
associated with an increased risk of death from asthma (OR
4.04; 95% CI, 1.47–11.13) and from COPD (OR 7.75; 95%
CI, 2.21–27.14), even after adjusting for peak flow, cardio-
vascular comorbidity, smoking history and age at onset of
asthma. In Denmark [45], ipratropium bromide was asso-
ciated with a relative risk of increased mortality of 2.0 
(95% CI, 1.5–2.6) for COPD and 3.6 (95% CI, 1.8–7.1) for
asthma patients. After adjustment for confounding factors,
including forced expiratory volume in 1 s (FEV1), smoking
habits, asthma medication and presence of cor pulmonale,
the relative risk for COPD remained increased at 1.6 for COPD
(95% CI, 1.2–2.1) and 2.4 for asthma (95% CI, 1.2–5.0). A
recent report from the 5-year Lung Health Study RCT [46],
has shown that deaths and hospitalizations for cardiovascu-
lar disease and coronary artery disease were more common
in the smoking intervention plus ipratropium bromide,
than in the smoking intervention plus placebo inhaler group,
and the differences approached statistical significance. Later
correspondence has not yet clarified this finding [47,48].
Garcia-Aymerich et al. [49], in a prospective cohort of 340
COPD patients recruited during an admission for an exacer-
bation in four tertiary hospitals in Barcelona (Spain) fol-
lowed for 1 year, reported that taking anticholinergic drugs
was associated with an increased risk of COPD readmission
of 1.81 (95% CI, 1.11–2.94). The authors concluded that
the excess risk associated with anticholinergic drugs might
be partially caused by confounding by indication. A recent
reanalysis of this study with additional control for con-
founding by indication [50], reduced but did not negate this
association. Residual confounding may still account for part
of the remaining excess risk, but true adverse effects of this
treatment cannot be excluded.

Regarding long-acting anticholinergics, five RCTs of the
once-daily, inhaled long-acting anticholinergic bronchodilator
tiotropium compared with either placebo or ipratropium
bromide are available, including 3574 patients with moder-
ate to severe COPD [51–55]. However, these trials are too
short and underpowered to allow evaluation of the effect of
tiotropium on all-cause mortality, and no observational
studies are yet available.

Several epidemiological studies have assessed the effect of
oral antioxidant N-acetylcysteine (NAC) in the prevention
of rehospitalization for COPD exacerbations. In the Dutch
Pharmo database [56], it was observed that NAC reduced
the risk of COPD rehospitalization up to 1 year by approxim-
ately 30% and that this risk reduction was dose dependent.
This positive result was consistent with three previous 

N-acetylcysteine
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6-month RCTs [57–59], and two recent meta-analyses of
RCTs [60,61]. Methodological concerns about the account
of immortal time and bias in the Pharmo study were
recently raised [62]. The Bronchitis Randomized On NAC
Cost-Utility Study (BRONCUS) [63] is an ongoing 3-year,
randomized, double-blind, placebo-controlled, parallel
group study in 10 European countries designed to assess
the effectiveness of NAC in altering the decline in FEV1,
exacerbation rate and quality of life in patients with moder-
ate to severe COPD. 

The use of LABAs has caused some concern about serious
adverse events and mortality in COPD and in adult asth-
matics [64]. Many COPD patients have a number of cardio-
vascular comorbidities, and the specificity of LABA effects
in the β2-adrenonoceptor is not so specific or selective in
practice, and therefore could cause cardiac events. 

Only one observational study, the Serevent Nationwide
Surveillance Study [65], indicated a small non-significant
trend towards increased mortality with salmeterol and this
was in patients with asthma. However, in a posterior, large
prescription-event monitoring study of 15 407 patients
given salmeterol and observed for a minimum of 1 year
[66], no evidence was found that salmeterol contributed to
death in any of the patients. On careful examination of the
clinical records, all deaths appeared to have been due to
natural causes, suggesting that advanced age and severity of
disease were the most likely factors contributing to mortal-
ity in the population studied.

In an UK GPRD study [67], salmeterol use was not asso-
ciated with an increase in short-term mortality compared
with ipratropium bromide and theophylline.

In a case–control study of admissions to the intensive
care unit for asthma in 14 major hospitals within the
Wessex region in 1992, the use of salmeterol by patients
with chronic severe asthma or COPD was not associated
with an increased risk of a near-fatal attack of asthma or
COPD [68].

In a meta-analysis of all RCTs of salmeterol versus
placebo in COPD [69], treatment with salmeterol ranging
from 12 to 52 weeks showed no increased risk of cardio-
vascular adverse events compared with placebo (RR 1.03;
95% CI, 0.8–1.3), and both groups had a similar incidence of
cardiovascular events (8%), including cardiovascular deaths.
The conclusions that salmeterol does not increase mortal-
ity in patients with COPD was also shared in a recent 
review [70]. Finally, in another meta-analysis, the impact
of LABAs as a drug class on COPD mortality was also
assessed [71]. Nine randomized placebo-controlled trials of
LABAs with 3-month or longer follow-up were identified,

Long-acting β2-agonists

including 4198 patients with moderate to severe COPD. No
significant difference in all-cause mortality was observed
(RR 0.76; 95% CI, 0.39–1.48).

Perhaps the most active area in pharmacoepidemiological
research today is the study of the observational effects 
of ICS in COPD, involving several groups worldwide.
Although all RCTs to date and most respiratory physicians
are interested in lung function, COPD patients are not. As
reviewed by van der Molen et al. [72], COPD patients are
mainly interested in breathlessness in daily life, not being
able to control breathlessness during an exacerbation, their
symptoms getting worse, catching a cold and, above all,
staying alive. It is appropriate to review randomized experi-
mental evidence on exacerbations and survival at this point.
A meta-analysis of published results of RCTs reported that
there was a risk reduction in COPD exacerbation rate 
of 30% (RR 0.70; 95% CI, 0.58–0.74) and a 16% non-
significant reduction in mortality in the five trials that 
measured this outcome (RR 0.84; 95% CI, 0.60–1.18) [73].
Although these trials were not designed or powered to
detect differences in survival or COPD rehospitalization,
this meta-analysis indicates a strong signal for unexpected
beneficial effects of ICS on these outcomes.

Sin and Tu [37] used the Ontario health databases in
Canada and found that elderly patients (65 years or older)
who received at least one dispensation of ICS within 90 days
of hospital discharge had a 26% lower adjusted risk for respir-
atory hospitalization and all-cause mortality than did those
who did not receive these medications (RR 0.74; 95% CI,
0.71–0.78).

The results of Sin and Tu on reduced rehospitalization 
or death after a first COPD hospitalization associated with
ICS were replicated in the UK GPRD population [74].
Additionally, an association with survival in COPD patients
prescribed with combination treatment of fluticasone pro-
prionate (an ICS) and salmeterol xinafoate (a LABA), was
observed in UK COPD patients diagnosed at primary care
[75]. Survival at year 3 was significantly greater in fluticas-
one proprionate and/or salmeterol users (78.6%) than 
in the reference group (63.6%). After adjusting for con-
founders, the survival advantage observed was highest in
combined users of fluticasone proprionate and salmeterol
(RR 0.48; 95% CI, 0.31–0.73), followed by users of fluticas-
one proprionate alone (RR 0.62; 95% CI, 0.45–0.85) and
non-significantly by regular users of salmeterol alone (RR
0.79; 95% CI, 0.58–1.07) versus the reference group made
up of users of short-acting bronchodilators.

In a second study from Sin and Man [76], administrat-
ive databases in Alberta, Canada were used to evaluate the

Inhaled corticosteroids
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long-term effects of ICS among elderly COPD patients and
to determine whether the survival benefits were dose
dependent. Patients who received at least one dispensation
of ICS during follow-up (average follow-up 32 months)
had a 25% relative reduction in the risk for all-cause mor-
tality (RR 0.75; 95% CI, 0.68–0.82) compared with those
who did not receive any ICS during follow-up. Patients on
medium (501–1000 μg/day beclometasone equivalent) or
high-dose therapy (more than 1 mg/day beclometasone)
had lower risks for mortality than those on low doses 
(RR 0.77; 95% CI, 0.69–0.86 for low dose; RR 0.48; 95%
CI, 0.37–0.63 for medium dose; and RR 0.55; 95% CI,
0.44–0.69 for high dose). The McGill group in Montreal has
challenged these results [29,77,78] and found no associa-
tion with survival, or mortality, of ICS in the Saskatchewan
COPD population. Additionally, Fan et al. [79] reported in a
time-dependent study of outpatients with COPD, adher-
ence to ICS use was not associated with a decreased risk of
mortality.

To date, groups determining outcomes of rehospital-
ization and mortality in COPD populations are using 
somewhat heterogeneous methods (Table 65.2). This het-
erogeneity might explain some or most of the differences 
in direction and magnitude of results. Nevertheless, any
possible beneficial effects of ICS should be balanced against
any adverse effects in the acute or long-term management
in COPD [80].

Interestingly, no past RCTs mentioned in the meta-
analysis of RCTs [73] had been powered to detect survival.
However, reanalysis of old RCTs might provide further
insights into the possible beneficial effects of ICS in COPD.
In the Inhaled Steroids in Obstructive Lung Disease in
Europe (ISOLDE) trial, the results of the 3-year study of
751 patients with moderate to severe COPD randomized 

to the ICS fluticasone proprionate or placebo reported no
differences in survival as per the protocol (Fig. 65.2) [81].
However, when an extensive search of life status for miss-
ing and withdrawn individuals from the protocol was
undertaken, including searching national UK death regis-
tries, a survival advantage in the fluticasone proprionate
arm was suggested, although not statistically significant 
(P = 0.069) (Fig. 65.3) [82]. 

To help settle the controversy on the effect of ICS and
combination treatment in COPD survival, and in the
absence of a higher level of evidence coming from new
RCTs, yet more sophisticated analyses of old RCTs are
worth exploring. Of interest, a new tool called patient-level
pooled analysis is currently available. A pooled analysis fol-
lows the principle of traditional meta-analysis, but instead
of grouping published results, it collects the raw data at the
individual level, creates a new database, and analyses data
as if they were a new RCT. Although patient-level pooled
analyses are more difficult to conduct than those based on
published data, they are more desirable, because patient-
level pooled analyses are more powerful and less susceptible
to methodological biases than those that rely exclusively 
on published reports [83]. Results of the pooled analysis
known as Inhaled Steroid Effect Evaluation in COPD (ISEEC)
have recently become available [84]. ISEEC aimed to re-
analyse original data at the individual level from the seven
available large long-term COPD RCTs with ICS or placebo
that had life status recorded, including the Lung Health
Study 2 (LHS-2), Copenhagen City Lung Study (CCLS),
Inhaled Steroids in Obstructive Lung Disease in Europe
(ISOLDE), European Respiratory Society Study on Chronic
Obstructive Pulmonary Disease (EUROSCOP), TRial of
Inhaled STeroids ANd long-acting β2-agonists (TRISTAN),
Szafranski’s trial, and Calverley’s trial. The most important
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Figure 65.2 Survival in the Inhaled Steroids in Obstructive
Lung Disease in Europe (ISOLDE) randomized controlled trial
(RCT). Time to death during 3 years of follow-up of patients
while receiving study treatment. (From Waterhouse et al. [82]
[abstract], kindly forwarded from Professor S. Burge.)
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Figure 65.3 Survival in the Inhaled Steroids in Obstructive
Lung Disease in Europe (ISOLDE) randomized controlled trial
(RCT). Time to death during 3 years of follow-up including 
all deaths obtained from UK central registers. (From
Waterhouse et al. [82] [abstract], kindly forwarded from
Professor S. Burge.)



and novel finding of ISEEC was that therapy with ICS 
was associated with a 27% reduction in all-cause mortality
among individuals with stable COPD (adjusted hazard ratio
[HR] 0.73; 95% CI, 0.55–0.96). The beneficial effects of
these medications appeared to be especially pronounced in
female COPD patients (adjusted HR 0.46), former smokers
(adjusted HR 0.60) and in those with a baseline postbron-
chodilator FEV1 of less than 60% predicted (adjusted HR
0.67). The findings of ISEEC might be considered surprising
in terms of direction and magnitude, as each of the seven
RCTs included did not identify this survival signal per se.
ISEEC adds weight and consistency to the direction and
magnitude of the hypothesis of beneficial associations of
ICS in COPD formulated earlier via observational pharma-
coepidemiological studies.

One important lesson for ongoing and future RCTs is that
withdrawn individuals tend to be very informative. Past
COPD RCTs did not study individuals withdrawn from
study protocols as they were not contributing to respiratory
function measurements. The Towards a Revolution in
COPD Health (TORCH) study is an RCT designed to invest-
igate the long-term effects of the salmeterol/fluticasone 
proprionate combination (Advair/Seretide) at a strength of
50/500 μg twice daily compared with salmeterol alone,
fluticasone proprionate alone, or placebo, on survival of
COPD subjects over 3 years of treatment [85]. The primary
analysis is a difference in all-cause mortality rates in patients
randomized to salmeterol/fluticasone proprionate com-
bination versus placebo. The secondary efficacy endpoints
include rate of COPD exacerbations and health status.
Other secondary endpoints include other mortality and
exacerbation endpoints, requirement for long-term oxygen
therapy, and clinic lung function. Safety endpoints include
adverse events, with additional information on bone 
fractures. TORCH is a multicentre randomized double-
blind parallel-group placebo-controlled study conducted in
45 countries worldwide of approximately 6200 male and
female outpatients aged 40–80 years with a baseline FEV1

of less than 60% of predicted normal, an established clinical
history of COPD (as per the European Respiratory Society
[ERS] consensus statement), current or ex-smokers with a
smoking history of at least 10 pack-years, poor reversibility
of airflow obstruction (defined as less than 10% increase in
FEV1 as a percentage of normal predicted 30 min after
inhalation of 400 μg salbutamol via metered dose inhaler
[MDI] and spacer), and baseline FEV1/forced vital capacity
(FVC) ratio less than or equal to 70%. The first TORCH
patient was recruited in September 2000, and results should
be available early in 2006.

In 2002, it was announced a new large-scale 4-year study
to look at the impact of long-term treatment with the long-
acting anticholinergic bronchodilator tiotropium bromide
(Spiriva) on lung function in COPD. The Understanding

Potential Long-term Impacts on Function with Tiotropium
(UPLIFT) trial will enrol up to 6000 patients in 37 countries
and examine whether tiotropium bromide reduces the rate
of lung function decline over time. It will also assess quality
of life, exacerbations, hospitalizations and mortality [86].
The inclusion criteria of UPLIFT include a clinical diagnosis
of COPD, age 40 years or older, smoking history of 10 pack-
years or more, a maximal postbronchodilator FEV1 of less
than 70% of predicted and an FEV1/FVC of less than 70%,
and the ability to perform satisfactory spirometry. Patients
are excluded if they had a respiratory infection or an exac-
erbation of COPD in the 4 weeks prior to screening, a his-
tory of asthma or pulmonary resection, used supplemental
oxygen more than 12 h/day, or had a significant disease
other than COPD that, in the opinion of the investigator,
may influence the results of the study or the patient’s abil-
ity to participate in the study. The presence or absence of
reversibility to the bronchodilator was not an entry criter-
ion in UPLIFT. Patients are permitted to continue using all
previously prescribed respiratory medications other than
inhaled anticholinergics, provided the prescriptions had not
changed in the 6 weeks prior to randomization. Of interest,
there are no restrictions for medications prescribed for
treatment of exacerbations.

The ongoing TORCH and UPLIFT RCTs have a focus on
mortality, the former being powered on it. Complete assess-
ment of life status of all randomized patients during the
entire period of follow-up is a necessity. Issues to interpret
this intention-to-treat approach have been elegantly pre-
sented elsewhere and results are expected between 2006
and 2007 [87].

Pharmacoepidemiology leads the way in COPD research,
ahead of forthcoming COPD clinical trials data [33]. Data
from clinical trials are classified as evidence A or B in the
GOLD guidelines [88]. In the meantime, interpretation of
pharmacoepidemiological studies, particularly on the direc-
tion and magnitude of survival results in COPD, has to be
balanced with other sources of available data. The tradi-
tional skepticism towards observational evidence has to be
put into perspective and its quality must be objectively
assessed. Guidelines are now being presented on how to
evaluate the quality of evidence from observational research
[89]. To confirm or reject the effects of observational stud-
ies, standardization of methods, and of course independent
replication by other researchers can help to clarify evidence
C for GOLD and for the community. More good pharma-
coepidemiology is needed, as well as more good RCTs.
Eventually, randomized trials are the most robust tool to
support and implement any medical intervention with 

Future directions
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solid experimental evidence. However, in COPD and other
conditions, even with more and larger RCTs, outcomes in
some disease endpoints and some rare adverse events 
will only be detected post-marketing by means of epide-
miological and surveillance methods. The main problem
interpreting pharmacoepidemiology – confounding by indica-
tion – will remain. It is a high price to pay but unavoidable
because of the absence of randomization in observational
research. Apart from the classic ways to deal with the pro-
blems described earlier, several alternative designs and 
analytical strategies have been proposed to deal with time-
dependent variables, and specifically to avoid confound-
ing by indication. Thus, case cross-over [90], G-estimation
[91] and marginal structural [92] models might be con-
sidered for future studies in COPD patients. Other methods
to be explored include multilevel analysis [93] and pro-
pensity score techniques [94]. On the latter, very recently 
a propensity score design within a UK pharmacoepidem-
niology cohort was reported [95] and its results add further
evidence to the discussion on the effectiveness of ICS 
in COPD [96]. 

Future applications of meta-analysis [97] and pharmaco-
genetics [98] will still have a role in COPD. Short-term
drug-associated serious events are more likely to be
detected in selected COPD populations. Long-term genomics
techniques can be incorporated into population data to map
genetic risk factors for COPD and drug responses. Tissue
specimens might be linked to clinical data in certain data
resources like clinical trials, ad hoc cohorts, case registries,
and cross-sectional and longitudinal population samples,
giving a ‘real world’ perspective to COPD pharmacogenetics. 

Finally, we must be aware that COPD pharmacoepidemi-
ology is merely in its infancy, compared with a successful
history in cardiovascular and cancer research for longer
than 30 years, and even for at least 15 years in asthma phar-
macoepidemiology. Most likely, old methods have to be
adapted and perhaps new methods developed to study
drugs in COPD by means of observational data. COPD 
has been a Cinderella disease for clinicians but should be
considered a dream disease for respiratory epidemiologists.
Perhaps, with time, COPD will be like Snow White. It has
been kept in a long sleep by all sides, and now it is time to
kiss it awake.

1 Sackett DL, Haynes RB, Guyatt GH, Tugwell PT. Clinical
Epidemiology: A Basic Science for Clinical Medicine. Boston: Little
Brown, 1985.

2 Hill AB. Reflections on the controlled trial. Ann Rheum Dis
1966;25:107–13.

3 Concato J, Shah N, Horwitz RI. Randomized, controlled trials,

References

observational studies, and the hierarchy of research designs.
N Engl J Med 2000;342:1887–92.

4 Benson K, Hartz AJ. A comparison of observational studies and
randomized, controlled trials. N Engl J Med 2000;342:1878–86.

5 Gross CP, Anderson GF, Powe NR. The relation between
funding by the National Institutes of Health and the burden
of disease. N Engl J Med 1999;340:1881–7.

6 Strom BL. What is pharmacoepidemiology? In: Strom BL.
Pharmacoepidemiology, 3rd edn. Chichester: John Wiley & Sons,
2000: 3–16.

7 Rothman KJ, Greenland S. Modern Epidemiology. Philadelphia:
Lippincott-Raven, 1998.

8 Annesi-Maesano I, Gulsvik A, Viegi G, eds. Respiratory 
epidemiology in Europe. Eur Respir Mon 2000;5:15.

9 Vestbo J. Another piece of the inhaled corticosteroids-in-
COPD puzzle. Am J Respir Crit Care Med 2001;164:514 –5.

10 Calverley PM. Medical therapy for COPD: lessons from the
real world. Eur Respir J 2002;20:797–8.

11 Calverley P, Pauwels R, Vestbo J et al. TRial of Inhaled
STeroids ANd long-acting β2-agonists study group. Combined
salmeterol and fluticasone in the treatment of chronic
obstructive pulmonary disease: a randomised controlled trial.
Lancet 2003;361:449–56.

12 Szafranski W, Cukier A, Ramirez A et al. Efficacy and safety 
of budesonide/formoterol in the management of chronic
obstructive pulmonary disease. Eur Respir J 2003;21:74 –81.

13 Pearce N, Beasley R, Burgess C, Crane J, eds. Asthma Epidemi-
ology: Principles and Methods. New York: Oxford University
Press, 1998.

14 Van Ganse E. Use of computerized data in pharmacoepidemi-
ology. Therapie 2000;55:123–6.

15 Suissa S, Ernst P, Benayoun S, Baltzan M, Cai B. Low-dose
inhaled corticosteroids and the prevention of death from
asthma. N Engl J Med 2000;343:332–6.

16 Lanes SF, Garcia Rodriguez LA, Huerta C. Respiratory medica-
tions and risk of asthma death. Thorax 2002;57:683–6.

17 Suissa S, Ernst P, Kezouh A. Regular use of inhaled corticos-
teroids and the long term prevention of hospitalisation for
asthma. Thorax 2002;57:880–4.

18 Sin DD, Man SF. Low-dose inhaled corticosteroid therapy
and risk of emergency department visits for asthma. Arch
Intern Med 2002;162:1591–5.

19 Sin DD, Tu JV. Inhaled corticosteroid therapy reduces the
risk of rehospitalization and all-cause mortality in elderly
asthmatics. Eur Respir J 2001;17:380–5.

20 Suissa S, Ernst P. Inhaled corticosteroids: impact on asthma
morbidity and mortality. J Allergy Clin Immunol 2001;107:
937–44.

21 van Staa TP, Cooper C, Leufkens HG, Lammers JW, Suissa S.
The use of inhaled corticosteroids in the United Kingdom and
the Netherlands. Respir Med 2003;97:578–85.

22 Rawson NS, Malcolm E. Validity of the recording of ischaemic
heart disease and chronic obstructive pulmonary disease in the
Saskatchewan health care datafiles. Stat Med 1995;14: 2627–43.

23 Barr RG, Herbstman J, Speizer FE, Camargo CA Jr. Validation
of self-reported chronic obstructive pulmonary disease in a
cohort study of nurses. Am J Epidemiol 2002;155:965–71.

PHARMACOEPIDEMIOLOGY OF COPD 801



24 Soriano JB, Maier WC, Visick G, Pride NB. Validation of gen-
eral practitioner-diagnosed COPD in the UK General Practice
Research Database. Eur J Epidemiol 2001;17:1075–80.

25 McKnight J, Scott A, Menzies D et al. A cohort study showed
that health insurance databases were accurate to distinguish
chronic obstructive pulmonary disease from asthma and 
classify disease severity. J Clin Epidemiol 2005;58:206–8.

26 Salas M, Hofman A, Stricker BH. Confounding by indication:
an example of variation in the use of epidemiologic termin-
ology. Am J Epidemiol 1999;149:981–3.

27 Collet JP, Boivin JF. Bias and confounding in pharmacoepi-
demiology. In: Strom BL, ed. Pharmacoepidemiology, 3rd edn.
Chichester: John Wiley & Sons, 2000: 765–84.

28 Feinstein AR. Clinical Epidemiology: The Architecture of Clinical
Research. Philadelphia, PA: Saunders, 1985.

29 Suissa S. Effectiveness of inhaled corticosteroids in COPD:
immortal time bias in observational studies. Am J Respir Crit
Care Med 2003;168:49–53.

30 Shakir SA, Layton D. Causal association in pharmacovigi-
lance and pharmacoepidemiology: thoughts on the application
of the Austin Bradford Hill criteria. Drug Saf 2002;25:467–71.

31 Deyo RA, Cherkin DC, Ciol MA. Adapting a clinical comor-
bidity index for use with ICD-9-CM administrative databases.
J Clin Epidemiol 1992;45:613–29.

32 Fabbri L, Caramori G, Beghe B, Papi A, Ciaccia A. Chronic
obstructive pulmonary disease international guidelines. Curr
Opin Pulm Med 1998;4:76–84. 

33 Burney P, Suissa S, Soriano JB et al. The pharmacoepidemi-
ology of COPD: recent advances and methodological dis-
cussion. Eur Respir J 2003;22(Suppl 43):1–44.

34 Anthonisen NR, Manfreda J, Warren CP et al. Antibiotic 
therapy in exacerbations of chronic obstructive pulmonary
disease. Ann Intern Med 1987;106:196–204.

35 Miravitlles M, Torres A. Antibiotics in exacerbations of
COPD: lessons from the past. Eur Respir J 2004;24:896–7.

36 Sin DD, Tu JV. Outpatient antibiotic therapy and short-term
mortality in elderly patients with chronic obstructive pul-
monary disease. Can Respir J 2000;7:466–71.

37 Sin DD, Tu JV. Inhaled corticosteroids and the risk of mortal-
ity and readmission in elderly patients with chronic obstruct-
ive pulmonary disease. Am J Respir Crit Care Med 2001;164:
580–4.

38 Ram FS, Jones PW, Castro AA et al. Oral theophylline for
chronic obstructive pulmonary disease. Cochrane Database Syst
Rev 2002:CD003902.

39 Benayoun S, Ernst P, Suissa S. The impact of combined inhaled
bronchodilator therapy in the treatment of COPD. Chest 2001;
119:85–92.

40 Sin DD, Tu JV. Lack of association between ipratropium bro-
mide and mortality in elderly patients with chronic obstruct-
ive airway disease. Thorax 2000;55:194–7.

41 COMBIVENT Inhalation Aerosol Study Group. In chronic
obstructive pulmonary disease, a combination of ipratropium
and albuterol is more effective than either agent alone: an
85-day multicenter trial. Chest 1994;105:1411–9.

42 COMBIVENT Inhalation Solution Study Group. Routine
nebulized ipratropium and albuterol together are better than
either alone in COPD. Chest 1997;112:1514–21.

43 Tashkin DP, Ashutosh K, Bleecker ER et al. Comparison of
the anticholinergic bronchodilator ipratropium bromide with
metaproterenol in chronic obstructive pulmonary disease: a
90-day multi-center study. Am J Med 1986;81:81–90.

44 Guite HF, Dundas R, Burney PG. Risk factors for death from
asthma, chronic obstructive pulmonary disease, and cardio-
vascular disease after a hospital admission for asthma. Thorax
1999;54:301–7.

45 Ringbaek T, Viskum K. Is there any association between
inhaled ipratropium and mortality in patients with COPD
and asthma? Respir Med 2003;97:264–72. 

46 Anthonisen NR, Connett JE, Enright PL, Manfreda J.
Hospitalizations and mortality in the Lung Health Study. Am
J Respir Crit Care Med 2002;166:333–9. 

47 Lanes S, Golisch W, Mikl J. Ipratropium and lung health
study. Am J Respir Crit Care Med 2003;167:801.

48 Anthonisen NR, Manfreda J, Connett JE, Enright PL.
Ipratropium and lung health study. Am J Respir Crit Care Med
2003;167:802.

49 Garcia-Aymerich J, Farrero E, Felez MA et al. Risk factors of
readmission to hospital for a COPD exacerbation: a prospect-
ive study. Thorax 2003;58:100–5.

50 Garcia-Aymerich J, Marrades RM, Monso E et al. EFRAM
Investigators. Paradoxical results in the study of risk factors 
of chronic obstructive pulmonary disease (COPD) re-admission.
Respir Med 2004;98:851–7.

51 Casaburi R, Mahler DA, Jones PW et al. A long-term evalua-
tion of once-daily inhaled tiotropium in chronic obstructive
pulmonary disease. Eur Respir J 2002;19:217–24.

52 Donohue JF, van Noord JA, Bateman ED et al. A 6-month,
placebo-controlled study comparing lung function and health
status changes in COPD patients treated with tiotropium or
salmeterol. Chest 2002;122:47–55.

53 Brusasco V, Hodder R, Miravitlles M et al. Health outcomes
following treatment for six months with once daily tiotro-
pium compared with twice daily salmeterol in patients with
COPD. Thorax 2003;58:399–404.

54 van Noord JA, Bantje TA, Eland ME, Korducki L, Cornelissen
PJ. A randomised controlled comparison of tiotropium 
and ipratropium in the treatment of chronic obstructive 
pulmonary disease: the Dutch Tiotropium Study Group.
Thorax 2000;55:289–94.

55 Vincken W, van Noord JA, Greefhorst AP et al. Improved
health outcomes in patients with COPD during 1 year’s treat-
ment with tiotropium. Eur Respir J 2002;19:209–16.

56 Gerrits CM, Herings RM, Leufkens HG, Lammers JW. N-
acetylcysteine reduces the risk of re-hospitalisation among
patients with chronic obstructive pulmonary disease. Eur
Respir J 2003;21:795–8.

57 Boman G, Backer U, Larsson S, Melander B, Wahlander L.
Oral acetylcysteine reduces exacerbation rate in chronic
bronchitis: report of a trial organized by the Swedish Society
for Pulmonary Diseases. Eur J Respir Dis 1983;64:405–15.

58 Rasmussen JB, Glennow C. Reduction in days of illness after
long-term treatment with N-acetylcysteine controlled-release
tablets in patients with chronic bronchitis. Eur Respir J 1988;
1:351–5.

59 Pela R, Calcagni AM, Subiaco S et al. N-acetylcysteine reduces

802 CHAPTER 65



the exacerbation rate in patients with moderate to severe
COPD. Respiration 1999;66:495–500.

60 Grandjean EM, Berthet P, Ruffmann R, Leuenberger P.
Efficacy of oral long-term N-acetylcysteine in chronic bron-
chopulmonary disease: a meta-analysis of published double-
blind, placebo-controlled clinical trials. Clin Ther 2000;22:
209–21.

61 Stey C, Steurer J, Bachmann S, Medici TC, Tramer MR. The
effect of oral N-acetylcysteine in chronic bronchitis: a quanti-
tative systematic review. Eur Respir J 2000;16:253–62.

62 Ernst P, Suissa S. N-acetylcysteine is unlikely to reduce 
hospitalisation for chronic obstructive pulmonary disease.
Eur Respir J 2003;22:865.

63 Decramer M, Dekhuijzen PN, Troosters T et al. The Bronchitis
Randomized On NAC Cost-Utility Study (BRONCUS):
hypothesis and design. BRONCUS Trial Committee. Eur
Respir J 2001;17:329–36.

64 Martin RM, Shakir S. Age- and gender-specific asthma death
rates in patients taking long-acting β2-agonists: prescription
event monitoring pharmacosurveillance studies. Drug Saf 2001;
24:475–81. 

65 Castle W, Fuller R, Hall J, Palmer J. Serevent Nationwide
Surveillance Study: comparison of salmeterol with salbuta-
mol in asthmatic patients who require regular bronchodilator
treatment. BMJ 1993;306:1034–7.

66 Mann RD, Kubota K, Pearce G, Wilton L. Salmeterol: a study
by prescription-event monitoring in a UK cohort of 15,407
patients. J Clin Epidemiol 1996;49:247–50.

67 Meier CR, Jick H. Drug use and pulmonary death rates in
increasingly symptomatic asthma patients in the UK. Thorax
1997;52:612–7.

68 Williams C, Crossland L, Finnerty J et al. Case–control study
of salmeterol and near-fatal attacks of asthma. Thorax
1998;53:7–13.

69 Ferguson GT, Funck-Brentano C, Fischer T, Darken P,
Reisner C. Cardiovascular safety of salmeterol in COPD. Chest
2003;123:1817–24.

70 Gerber RB, Kavuru M. Does salmeterol increase mortality in
patients with COPD? Cleve Clin J Med 2001;68:600–1.

71 Sin DD, McAlister FA, Man SF, Anthonisen NR. Contem-
porary management of chronic obstructive pulmonary dis-
ease: scientific review. JAMA 2003;290:2301–12.

72 Van der Molen T, Pieters W, Bellamy D, Taylor R. Measuring
the success of treatment for chronic obstructive pulmonary
disease: patient, physician and healthcare payer perspectives.
Respir Med 2002;96(Suppl C):S17–21.

73 Alsaeedi A, Sin DD, McAlister FA. The effects of inhaled cor-
ticosteroids in chronic obstructive pulmonary disease: a 
systematic review of randomized placebo-controlled trials.
Am J Med 2002;113:59–65. 

74 Soriano JB, Kiri V, Pride NB, Vestbo J. Inhaled corticosteroids
with/without long-acting beta agonists reduce the risk of re-
hospitalisation and death in COPD patients. Am J Respir Med
2003;2:67–74.

75 Soriano JB, Vestbo J, Pride NB et al. Survival in COPD
patients after regular use of fluticasone propionate and 
salmeterol in general practice. Eur Respir J 2002;20:819–25. 

76 Sin DD, Man SFP. Inhaled corticosteroids and survival in

COPD: does the dose of therapy matter? Eur Respir J 2003;
21:260–7.

77 Bourbeau J, Ernst P, Cockcoft D, Suissa S. Inhaled corticos-
teroids and hospitalisation due to exacerbation of COPD. Eur
Respir J 2003;22:286–9.

78 Suissa S. Inhaled steroids and mortality in COPD: bias from
unaccounted immortal time. Eur Respir J 2004;23:391–5.

79 Fan VS, Bryson CL, Curtis JR et al. Inhaled corticosteroids in
chronic obstructive pulmonary disease and risk of death and
hospitalization: time-dependent analysis. Am J Respir Crit Care
Med 2003;168:1488–94.

80 Bonay M, Bancal C, Crestani B. Benefits and risks of inhaled
corticosteroids in chronic obstructive pulmonary disease.
Drug Saf 2002;25:57–71.

81 Burge PS, Calverley PM, Jones PW et al. Randomised, double
blind, placebo controlled study of fluticasone propionate in
patients with moderate to severe chronic obstructive pul-
monary disease: the ISOLDE trial. BMJ 2000;320:1297–303.

82 Waterhouse JC, Fishwick D, Burge PS, Calverley PMA,
Anderson JA, on behalf of the ISOLDE Trial group: what
caused death in the ISOLDE study? Eur Respir J 1999;14
(Suppl 30):387S.

83 Blettner M, Sauerbrei W, Schlehofer B, Scheuchenpflug T,
Friedenreich C. Traditional reviews, meta-analyses and
pooled analyses in epidemiology. Int J Epidemiol 1999;28:1–9.

84 Sin DD, Wu L, Anderson JA et al. Inhaled corticosteroids and
mortality in chronic obstructive pulmonary disease. Thorax
2005;60:992–7.

85 Vestbo J, TORCH Study Group. The TORCH (towards a revo-
lution in COPD health) survival study protocol. Eur Respir J
2004;24:206–10.

86 Decramer M, Celli B, Tashkin DP et al. Clinical trial design
considerations in assessing long-term functional impacts of
tiotropium in COPD: the Uplift Trial. J COPD 2004;1:303–12.

87 Ware JH. Interpreting incomplete data in studies of diet and
weight loss. N Engl J Med 2003;348:2136–7.

88 Pauwels RA, Buist AS, Calverley PM, Jenkins CR, Hurd SS,
and the GOLD Scientific Committee. Global strategy for the
diagnosis, management, and prevention of chronic obstruct-
ive pulmonary disease. NHLBI/WHO Global Initiative for
Chronic Obstructive Lung Disease (GOLD) workshop sum-
mary. Am J Respir Crit Care Med 2001;163:1256–76.

89 Motheral B, Brooks J, Clark MA et al. A checklist for retro-
spective database studies: report of the ISPOR Task Force on
Retrospective Databases. Value Health 2003;6:90–7. 

90 Greenland S. Confounding and exposure trends in case-
crossover and case-time-control designs. Epidemiology 1996;
7:231–9.

91 Robins JM, Blevins D, Ritter G, Wulfsohn M. G-estimation 
of the effect of prophylaxis therapy for Pneumocystis carinii
pneumonia on the survival of AIDS patients. Epidemiology
1992;3:319–36.

92 Hernán MA, Brumback B, Robins JM. Marginal structural
models to estimate the causal effect of zidovudine on the sur-
vival of HIV-positive men. Epidemiology 2000;11:561–70.

93 Johnston SC. Combining ecological and individual variables
to reduce confounding by indication: case study – subarachnoid
hemorrhage treatment. J Clin Epidemiol 2000;53:1236–41.

PHARMACOEPIDEMIOLOGY OF COPD 803



94 Wang J, Donnan PT, Steinke D, MacDonald TM. The multiple
propensity score for analysis of dose–response relationships
in drug safety studies. Pharmacoepidemiol Drug Saf 2001;
10:105–11.

95 Kiri VA, Pride NB, Soriano JB, Vestbo J. Inhaled corticos-
teroids in chronic obstructive pulmonary disease: results
from two observational designs free of immortal time bias.
Am J Respir Crit Care Med 2005;172:460–4.

96 Samet JM. Inhaled corticosteroids and chronic obstructive
pulmonary disease: new and improved evidence? Am J Respir
Crit Care Med 2005;172:407–8.

97 Ioannidis JP, Lau J. Heterogeneity of the baseline risk within
patient populations of clinical trials: a proposed evaluation
algorithm. Am J Epidemiol 1998;148:1117–26.

98 Jones JK. Pharmacogenetics and pharmacoepidemiology.
Pharmacoepidemiol Drug Saf 2001;10:457–61.

804 CHAPTER 65



CHAPTER 66

Social and behavioural impact of COPD –
research opportunities

Suzanne S. Hurd and Claude Lenfant

Health-care professionals, patients, families, community lead-
ers and policy makers struggle to understand interactions
between health and behaviour and to use that knowledge
to improve the health status of individuals and populations.

For patients with COPD, as with other chronic illnesses,
health and behaviour are related in numerous ways, yet
those interactions are neither simple nor straightforward.
Psychosocial variables (e.g. depression, anxiety, self-esteem,
optimism and social support), demographics (including 
age and socioeconomic status) and disease variables (such
as dysponea, disease severity and functional status) all
impact on quality of life for COPD patients.

Except for smoking cessation, factors in the development
and manifestation of COPD have not received the attention
of behavioural scientists or experts in health education that is
warranted by the public health importance of this chronic
lung disease. COPD management programmes are being im-
plemented in several countries based on the Global Initiative
for Chronic Obstructive Lung Disease (GOLD) [1] initiative,
and much will be learned about how COPD patients can learn
to cope with their disease in a variety of health-care settings. 

This chapter describes some of the social and behavioural
aspects of care that impact on COPD patients and areas
where behavioural research is beginning to make a contribu-
tion, or where further research is warranted. For many years,
health-care workers have had a rather nihilistic approach
to care of COPD patients and to make a positive impact will
require a modification of this negative approach. Effective
management of COPD is no longer the responsibility of the
pulmonary disease specialist alone, but requires a team
approach that includes a variety of disciplines [2].

It is well documented that COPD patients experience gross
difficulties in their emotional functioning, sleep and rest,

Behavioural impact of COPD

physical mobility, social interaction, activities of daily 
living, recreation, work and finance. They frequently ex-
perience depression and anxiety and have a reduced quality
of life [3]. In the early 1960s, it was reported that impair-
ment of the psychosocial functioning and quality of life 
of the patient with COPD could exacerbate existing symp-
toms and decrease compliance with treatment [4]. In the
1980s, the Nocturnal Oxygen Therapy Trial (NOTT) [5]
compared COPD patients with a group of healthy controls
on four dimensions of life quality: emotional function, social
role function, daily living activities and ability to engage in
enjoyable hobbies and recreational pastimes. COPD patients
were impaired in almost all respects: they were dissatisfied
with life, tense, depressed, confused and socially with-
drawn; quality of life was significantly related to severity 
of the disease. Study patients performed significantly worse
on virtually all neuropsychological tests [5].

In 1983, another multicentre clinical trial, the Intermit-
tent Positive Pressure Breathing Study (IPPB) [6], included
patients with less severe COPD. Patients were between ages
30 and 74 years with prebronchodilator forced expiratory
volume in 1 second (FEV1) less than 60% predicted, and the
patient group had a PaO2 of 66 mmHg. Even though this
group of patients was less physically limited than the
patients in the NOTT study, they showed approximately
equal impairment in psychosocial functioning, indicating
that the degree of psychosocial limitation is not determined
directly by the degree of pulmonary disease once COPD is
present [6].

Since the publication of the NOTT and IPPB clinical trials,
considerable research has been undertaken in the area of
health and behaviour and the interplay between biological,
behavioural and societal influences, although very little of
this research is conducted specifically on COPD patients.
Much of the current literature on chronic disease relates 
to cardiovascular diseases, cancer and musculoskeletal dis-
eases (osteoarthritis), and it is expected that future research
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on COPD will benefit from the methodology developed
from these investigations [7].

Studies on COPD patients have demonstrated that a com-
prehensive assessment of the effects of COPD requires a
battery of instruments that not only tap the disease-specific
effects, but also the overall burden of the disease on every-
day functioning and emotional well-being [8]. However,
many of these instruments have been developed to assess
the severely impaired COPD patient.

In the GOLD guidelines [1], a classification of severity
includes individuals “at risk” (Stage 0) for COPD as well as
categories of mild (Stage 1), moderate (Stage 2), severe
(Stage 3) and very severe disease (Stage 4). Including an “at
risk” stage in this classification scheme was proposed to
provide guidance for detection of early disease. However, to
evaluate the impact of interventions, particularly at the
early stages, it may be necessary to develop new outcome
measures for use by health-care professionals, patients and
health-care payers [9]. 

For example, it has been shown that quality of life is not
significantly affected in patients with mild to moderate loss
of pulmonary function, possibly because of coping and/or
pulmonary reserve capacity [10]. This suggests that generic
self-assessment questionnaires are of limited value, and
that new measures need to be developed and evaluated to
detect the early consequences of COPD. In later stages of
the disease, however, current measures appear to be sensit-
ive enough to discriminate between patients with different
levels of pulmonary dysfunction [11], and it has been sug-
gested that quality of life should be measured in these
patients to evaluate the impact of therapeutic procedures
on well-being from the patient’s perspective [12]. 

Patients with endstage COPD have significantly impaired
quality of life and emotional well-being [13]. COPD patients
with recurrent exacerbations requiring emergency treatment
show a significant association between treatment failure
and anxiety and/or depression [14]. Poor emotional func-
tioning of female patients with severe COPD at the time 
of prescription of long-term oxygen therapy (LTOT) was
shown to be associated with increased mortality [15]. In
one study, it was noted that emotional well-being of COPD
patients may not be as well met in terms of medical and
social care compared with those of patients with lung can-
cer [13]. In this study, both COPD and lung cancer patients
reported a lack of information from professionals regarding
diagnosis, prognosis and social support, although patients’
information needs were disparate and often conflicting. 

Coping efforts are important in the process of adaptation to
illness. Studies on the role of coping strategies, levels of self-
efficacy (extent of the belief that one is, or is not capable of

Coping and COPD

performing a particular behaviour, or set of behaviours) and
social support (involving both benefits and costs) in predict-
ing adjustment for COPD patients warrants further invest-
igation [3]. This concept may be particularly important to
study in COPD given the nihilistic approach to management
of this illness that has permeated the health-care system.

Results from prospective longitudinal studies of breast can-
cer patients from diagnosis through treatment and recovery
[16,17] have shown that successful coping is facilitated by
optimism – the tendency to anticipate positive outcomes
[7]. Through the use of strategies including acceptance,
positive thinking and problem solving, optimism is associ-
ated with lower psychological distress (reduced symptoms
of anxiety and depression). Conversely, pessimistic thinking
is associated with avoidance and social withdrawal which
are related to higher symptoms of anxiety and depression
[16,17]. Patients who are more prone to poor coping have
histories of social isolation, recent losses or multiple obliga-
tions [18]. 

Breast cancer patients who learn to use more direct and
confrontational coping strategies are less distressed than
those who use avoidance and denial [19]. Furthermore, 
a “fighting spirit” about the illness leads to a probability 
of longer survival [20,21]. Research suggests that belief 
one has control over the cause of the disease leads to poor
outcome, whereas belief in control over the course of the
disease leads to better outcome [21].

An interesting study comparing illness perceptions and
coping strategies in patients with three different chronic
diseases (rheumatoid arthritis, COPD and psoriasis) indic-
ated a strong illness identity, passive coping, belief in a long
illness duration, belief in more severe consequences and an
unfavourable score on medical variables were associated
with worse outcome on disease-specific measures of func-
tioning and on general role and social functioning. Coping
by seeking social support and a belief in being able to con-
trol or cure the disease were significantly related to better
functioning [22]. The authors concluded that coping with
illness by being active, expressive and thinking positively
results in significantly higher levels of functioning, as well
as more positive scores on clinical measures of disease.

Evaluation of COPD programmes in several countries will
provide a spectrum of how various populations cope with
COPD [12,23]. However, based on a growing literature
from a number of chronic illnesses, it appears certain that 
a more optimistic approach to COPD outcomes by health
professionals will lead to a better psychosocial adjustment.

Dysponea, a major symptom of COPD, is an important
cause of suffering and disability in patients with advanced
disease, and there are several methods to measure the

Dysponea
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impact of dysponea on daily living [24]. Although emo-
tional factors are believed to influence the experience 
of dysponea, their role is unclear, as is the relationship
between respiratory sensation and behavioural control 
of breathing. Very little is known about the effects of psy-
chosocial stress on the immune system in COPD patients,
exacerbations of the disease and the patient’s perception 
of dysponea. Psychophysiologic studies of the relationship
between respiratory sensation and the behavioural control
of breathing may be useful in developing approaches to the
management of dysponea. 

An objective of current COPD management strategy 
is to identify individuals early in the course of disease. 
Individuals who experience dysponea may find themselves
with a symptom of disease, but without a significant reduc-
tion in pulmonary function. Unfortunately, physicians may
be inclined to inform the individual that there is simply 
no reason for the dysponea, and thus appropriate educa-
tional efforts for general practitioners are required. All
patients with dysponea should remain physically active in
the absence of a medical problem that prohibits it [25].

The causal link between the chronic inhalation of tobacco
smoke and COPD is beyond doubt, and smoking cessation
remains the most important goal for patients. It has been
well documented that the rate of decline in pulmonary
function with increasing age is greater for smokers than 
for non-smokers. After cessation of smoking, the rate of
decline gradually reverts to a more normal rate, although
the function that has already been lost is not generally
regained [26]. 

In 1994, the US Agency for Health Care Policy and
Research provided clinical guidelines for effective smoking-
cessation strategies that summarized the findings of 300
studies [27]. Some of the recommendations included the
following:
• Effective smoking cessation treatments are available, 
and every patient who smokes should be offered one or
more of these treatments. A combination of psychosocial
counselling and nicotine replacement therapy appears to 
be the most effective strategy.
• Longer counselling sessions (more than 10 minutes) 
are more effective than shorter ones (less than 3 minutes).
More sessions (more than eight) produce better results 
than do fewer (under four), but even fewer or shorter 
sessions still have a more substantial influence on smoking
behaviour than do no sessions at all.
• Effective reduction of tobacco use requires that health-
care systems make institutional changes that result in sys-
tematic identification of, and intervention with, all tobacco
users at every visit.

Prevention and risk factor reduction

It has been clearly demonstrated that smoking-cessation
programmes are a cost-effective way to improve health [28],
leading to the recommendation that physicians intervene
by discussing smoking and potential treatment with every
patient who smokes [29]. However, the trend in smoking-
related research has been away from brief interventions
studied sequentially to programmes that target smoking at
the social, physiological and psychological levels [30]. Smok-
ing cessation interventions targeted to specific needs, barriers
and smoking patterns appear to be more effective in promot-
ing higher cessation rates than standard (e.g. NCI Cancer
Information Service quit smoking guide)  interventions [31].

There are many barriers to effective prevention of COPD:
• Cost of implementation of smoking cessation programmes
• Difficulty in achieving smoking cessation
• Limited awareness of awareness of early signs and 
symptoms
• Lack of awareness of benefits of early treatment and risk
factor modification
• Limited use of immunization for influenza
• Lack of patient knowledge, skills or motivation to follow
management regimen
• Lack of knowledge by health-care providers

Although prevention of chronic diseases may be prefer-
able from a public health point of view, current prospects for
total elimination of chronic diseases are mostly unrealistic.
For this reason, it is important to look at opportunities 
for preventing loss of physical functioning that often
accompanies chronic diseases by identifying determinants
of physical disabilities among chronically ill persons and by
acting on those determinants [32,33]. For patients with
COPD, this will depend not only on medical interventions,
but will also require social and psychological interventions. 

Rehabilitation forms an important component of the man-
agement of COPD. A Cochrane review concluded that 
rehabilitation relieves dysponea and fatigue and enhances
patients’ sense of control over their condition. Improve-
ments in most studies were shown to be moderately large
and clinically significant, although average improvements
in exercise capacity are modest [34].

The optimal duration of pulmonary rehabilitation pro-
grammes remains the topic of many investigations. A 7-week
course of pulmonary rehabilitation was shown to provide
greater benefits to patients than a 4-week course in terms of
improvements in health status [35]. A 6-week outpatient-
based pulmonary rehabilitation programme appears to
benefit quality of life in patients with moderate to severe
COPD and benefit was still evident after 24 weeks [36].
Among patients who completed a 6-month programme,

Rehabilitation programmes and 
health education
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outpatient training resulted in significant and clinically 
relevant changes in 6-minute walking distance, maximal
exercise performance, peripheral and respiratory muscle
strength, and quality of life. Most of these effects persisted
18 months after initiation of the programme [37]. In
another study, a simple home-based programme of exercise
training achieved improvement in exercise tolerance, post-
effort dysponea, basal dysponea and quality of life in COPD
patients [38]. It will probably be necessary to examine the
most effective – and cost effective – length and duration 
of outpatient rehabilitation programmes in relation to the
appropriate health-care system.

An inpatient pulmonary rehabilitation programme led to
improved endurance and functional ambulation, decreased
supplemental oxygen use and fewer hospitalizations 1 year
after discharge for patients with COPD [39]. However,
long-term cost effectiveness and effects on mortality have
yet to be elucidated [40].

Self-management education programmes for asthma
have been proven to improve a wide range of measures 
of outcome [41] and are recommended for incorporation
into routine asthma care [42]. However, a Cochrane ana-
lysis [43] concluded that data available are insufficient for 
forming recommendations regarding utilization of self-
management for COPD and suggested that further research
on the effectiveness of self-management programmes should
be focused on behavioural change evaluated in well-
designed randomized controlled trials with standardized
outcomes designed for use in COPD patients, and with long
follow-up time so that definite conclusions can be made [43].

Chronic diseases of adulthood have received the least
systematic attention with respect to family-focused inter-
ventions. There have been many clinical reports and des-
criptive studies of interventions to assist families struggling
with chronic disease. Most studies have been unsystematic
and uncontrolled, but they indicate a growing recognition
by the clinical community of the need to address family
issues and of the utility of basing intervention in a family
context [7]. 

Because current treatments for COPD provide only modest
benefit to the patient, substantial progress in COPD treat-
ment may require the development of entirely new ther-
apeutic approaches. Given the many important deficits 
of knowledge regarding the understanding of the disease 
process, and innovative approaches to modification of this
process, an increase in basic and clinical research activities
on COPD is sorely needed [44]. 

Research on molecular biology has received considerable
attention in the scientific and lay communities as discover-

Research opportunities

ies are made on genetic contributions to disease. Some are
concerned that attention to molecular biology and genetics
will lead to a growing chasm between social, behavioural
and biomedical research [45]. However, health problems
related to COPD – as in all complex chronic diseases – are
brought about by an interaction of sociobehavioural and
biological processes. Thus, research is required to under-
stand the interactions in COPD patients between genetics
and physiological processes with individual personalities,
psychological characteristics, social status and relationships
that affect health status. 

Clinical trials are required to evaluate the value of 
behavioural and psychosocial interventions for COPD 
and the impact of these interventions on health, quality of
life and longevity. Research has shown that behaviour can be
changed, and that behavioural interventions can success-
fully teach new behaviours, and attenuate risky behaviours.
However, maintaining behaviour change over time – essential
for a disease like COPD – is a greater challenge. 

Awareness of the signs and symptoms of COPD among
the public and the health care community is a major goal of
the GOLD programme. While spirometry is recommended
to assess and monitor COPD, other measures need to be
developed and evaluated in clinical practice. 

Individual behaviour, family interactions, community and
workplace relationships and resources, and public policy 
all contribute to health and influence behaviour change.
Forming coalition groups at the local level to work with
asthma patients has demonstrated that intervention at
multiple levels (individual, family, community, society) are
most likely to sustain behavioural change. Similar studies
are required for patients with COPD. Such efforts should
address the psychosocial factors associated with health 
status (including access to safe places to exercise, access to
healthy foods) as well as individual behaviour (maintaining
smoking cessation). Interventions aimed at increasing
beliefs in personal control and changing beliefs about the
course of illness could be associated with improvements in
physical well-being and social functioning of patients with
COPD [46]. 
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CHAPTER 67

Guidelines

Peter M.A. Calverley

Chronic obstructive pulmonary disease is a complex dis-
order with many different aspects, as illustrated by the
other chapters in this volume. As the management options
for COPD have increased so has the perceived need for
standardized care and this has led to the development of 
a series of COPD Guidelines. These documents have the
difficult task of addressing the very different needs of those
who wish to use them. For the research scientist, they
should give a clear conceptual structure to the field of
COPD. For the practising clinician, they should offer advice
about diagnosis and the best way to manage patients, while
for the health-care administrator they should give some
indication of the likely costs of COPD care, either explicitly
or, more commonly, implicitly by detailing what types of
therapy are going to be available for what kinds of patients.
COPD Guidelines should be regularly updated, otherwise
they fossilize therapy instead of advancing it. As a result,
this chapter is likely to be outdated in some specific areas by
the time this book is published, let alone by the point at
which you purchase your copy. None the less, there is some
virtue in considering some of the general features that have
affected the structure of these documents and which are
likely to impact on future versions. Understanding some of
these constraints may help the clinician reading this book to
interpret the information with which they are provided.

Traditionally, most clinicians developed views about how
to manage patients with COPD from discussion with senior
colleagues and by reading textbooks and the medical liter-
ature. This undoubtedly led to a very fragmented approach
to management of this disease, made worse by the his-
torical distinctions of chronic bronchitis and emphysema
which were thought of as separate illnesses requiring dif-
ferent treatment approaches. The recognition that these

COPD Guidelines – a brief history

differing pathologies could produce very similar clinical
states occurred during the 1980s when interest moved from
the management of very advanced disease with treatment
such as domiciliary oxygen [1] to establishing a more rational
basis for commonly used therapies such as bronchodilator
drugs [2]. The perceived success of the introduction of sys-
tematized guidance for the management of asthma [3] 
led many people to consider undertaking this for patients
with COPD. This was initially carried out on a national
level, with Canada and Australia leading the way [4,5].
These documents were developed by expert consensus and
focused on stating agreed care patterns for patients with
COPD. As a result, they looked little different from informa-
tion obtained in standard medical textbooks or review 
articles but they had the advantage of being approved by
the national pulmonary societies and became a benchmark
against which individual institutions could audit their care.
This early function of guidelines remains one of the most
important reasons for developing these documents.

Subsequently, larger international societies, particularly
the American Thoracic Society (ATS), which had already
considered in general standards of care for COPD [6,7], and
then the European Respiratory Society (ERS) developed
specific documents [8]. These differed in scope, content and
constituency. The ERS Guidelines tried to encompass all
physicians from those working in non-pulmonary specialist
practice through to physicians working in large tertiary care
institutions. A working definition of COPD was developed
and more background to the impact and physiology of the
degree of the disease was included. A novel feature of this
document was the attempt to produce a series of flow
charts, which might help in making specific management
decisions. This, unfortunately, did not prove to be the case,
largely because of the complexity of the algorithm but also
because the charts themselves were never tested in practice
before being included in the Guidelines. Thus, decision
making at specific arbitrary cut points might appear to have
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been sensible in theory, but most clinicians found it hard to
apply in those specific areas of practice.

The ATS Standards of Care document took a different
approach, focusing much more on hospital-based practice
and offering a detailed narrative review which provided ample
information about certain areas of specialist care and was
more comprehensive than its European counterpart. How-
ever, the resulting document was relatively long and difficult
to access to discover the answers to specific questions with-
out reading it in its entirety. Moreover, its limited scope
restricted its usefulness to the non-pulmonary specialist.
Throughout the late 1990s other national society documents
were produced which drew similar conclusions to each of
these preceding consensus statements but had the advant-
age of raising awareness of COPD in the individual country.
One of the most important of these was the British Thoracic
Society (BTS) Guidelines published in 1997 [9]. These were
the first guidelines to draw in a wider constituency of inter-
ested people, including physicians in internal medicine,
emergency medicine, family practice and those with nursing
experience. The document was more didactic than others
but had the advantage of being easier to read and clearer 
in its management recommendations. This was the first
document to be developed with a specific programme for
implementation, an area that remains difficult (see below).

The global scope of COPD and the progressively rising
mortality and morbidity with which it is associated [10] led
the National Institutes of Health (NIH) and World Health
Organization (WHO) to convene a specific workshop group
to develop global guidelines for COPD management. This
resulted in the Global initiative for chronic Obstructive
Lung Disease (GOLD), which produced its background 
documents and an executive summary in 2001 [11]. The
principal aims of GOLD are summarized in Table 67.1 and
progress to date suggests that at least some of these are now
being met. Like its predecessors, GOLD was based around
an expert group of pulmonary physicians and given the
diversity of health-care systems it was attempting to ad-
dress it was probably reasonable not to include individuals
representing specific paramedical or patient groups. The
intention was initially to establish a knowledge base, which
could then be adapted locally for implementation, at which
stage aspects specific to these other interested groups would
be included. GOLD was the first guidelines to try and offer

some grading of the strength of the evidence behind its 
recommendations and the grading system used is included
in Tables 67.2 and 67.3. Although statements on evidence
were based on only partial literature searching initially,
subsequent review by other bodies suggest that no main
clinical studies available at that time were omitted from the
first GOLD review. None the less, the evidence gathering
process was not as rigorous as has been undertaken sub-
sequently by other organizations and by GOLD itself.

Two further features of the GOLD process are worth
specific comment as neither has been fully addressed previ-
ously. From the outset, GOLD considered its role to be 
not just the formulation of an up-to-date evidence-based
management plan, but also the dissemination of this 
information to as many countries as possible. By working
with national opinion leaders and seeking approval for the
programme from other interested parties, GOLD has devel-
oped rather specific coalitions that suit the general aim of 
standardizing COPD care but in very different health-care
environments. The process of dissemination and imple-
mentation of the GOLD guidelines continues and is now
moving towards building links with family medicine organ-
izations and patient interest groups. If this can be achieved
then an important and broadly based coalition for improv-
ing COPD care will have been developed. What is also clear
is that specific countries, some of which have already devel-
oped perfectly serviceable and locally applicable guidelines,
need to have a different approach in their relationships of
GOLD from those where there has been no previous history
of systematic COPD care. An equally important point is that
there should be general agreement between the different
guidelines about what COPD comprises. Needless revision
of the content of guidelines, or rather futile arguments
about the precise definition, are as likely to be counter-
productive, especially for those doctors whose primary
interest is not COPD. The second important contribution 
of GOLD has been to develop a mechanism for keeping
itself up-to-date and this is discussed in detail below.

The beginning of the new century shows no sign of any
reduction in the number of guidelines being produced and
the ATS and ERS have now produced a joint guideline
which is consensus-based but addresses some of the issues
that require more detailed coverage than is possible in a
document like that produced by the GOLD group [12]. The
other novel aspect of this initative is its availability as a
downloadable Web-based document, which can be used on
a personal organizer or similar personal computer. This
should help increase accessibility of the information pro-
vided and overcome the problem of excessive detail which
dogged the original ATS Statement. In the UK the previous
BTS guidance has been replaced by national guidelines
developed in conjunction with the Government organisa-
tion the National Institute of Clinical Excellence (NICE) [13].
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Table 67.1 Global initiative for chronic Obstructive Lung
Disease (GOLD): objectives.

Increase awareness of COPD among health professionals, 
health authorities and the general public

Improve diagnosis, management and prevention
Stimulate research



These were the first guidelines based on systematic reviews
of the evidence base with an external classification of the
strength of the evidence, at least as judged by the quality of
the studies (see Tables 67.2 and 67.3). They are  a valuable
resource for those surveying the COPD literature, saving
much unnecessary labour as well as allowing easier updates
in the future. Unfortunately what they have gained in com-

prehensive coverage and evidence review has been lost 
in readability. In the end these guidelines have proven
more important as a stimulus to political change in COPD
care than as a practical management tool. Finally the GOLD
guidance has come full circle and 2006 sees the launch 
of the second edition of the key resource document 
from which other guidance was abstracted in the original
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Table 67.2 National Institiutes of Health (NIH)/Global initiative for chronic Obstructive Lung Disease (GOLD) evidence-based
assessments.

Description of levels of evidence

Evidence category Sources of evidence Definition

A RCTs Evidence is from endpoints of well-designed RCTs that provide a consistent
Rich body of data patternof findings in the population for which the recommendation is made.

Category A requires substantial numbers of studies involving substantial 
numbers of participants

B RCTs Evidence is from endpoints of intervention studies that include only a limited 
Limited body of data number of patients, post hoc or subgroup analysis of RCTs, or meta-analysis of RCTs.

In general, Category B pertains when few randomized trials exist, they are small in
size, they were undertaken in a population that differs from the target population
of the recommendation, or the results are somewhat inconsistent

C Non-randomized trials Evidence is from outcomes of uncontrolled or non-randomized trials or from 
Observational studies observational studies

D Panel Consensus This category is used only in cases where the provision of some guidance was 
Judgement deemed valuable but the clinical literature addressing the subject was deemed

insufficient to justify placement in one of the other categories. The Panel
Consensus is based on clinical experience or knowledge that does not meet the
above-listed criteria

RCT, randomized controlled trial.

Table 67.3 UK evidence-based assessment.

Hierarchy of evidence Grading of recommendations

Ia Evidence from meta analysis of randomized controlled trials A Based on category I evidence

Ib Evidence from at least one randomized controlled trial

IIa Evidence from at least one controlled study without randomization B Based on category II evidence or extrapolated 
from category I

IIb Evidence from at least one other type of quasi experimental study

III Evidence from non-experimental descriptive studies, such as C Based on category III evidence or extrapolated 
comparative studies, correlation studies and case–control studies from category I or II

IV Evidence from expert committee reports or opinions and/or clinical D Directly based on category IV evidence or 
experience of respected authorities extrapolated from category I, II or III

RCT, randomized controlled trial.



executive summary. This provides a chance to review all
aspects of our current knowledge about COPD and not just
the impact of new therapies.

Several definitions of COPD have been proposed by the 
various guidelines and several of these are shown in 
Table 67.4. No specific ATS definition is given here as until
recently this was based on the non-proportional Venn 
diagram developed by Snider to cope with the differential
contributions of the underlying pathology to the individual
COPD patient. The most important addition suggested in
the recent ATS/ERS guidance is the inclusion of the state-
ment that COPD is a preventable and treatable disorder
before the definitions listed in Table 67.4. This is strictly
speaking not a defining characteristic but is intended to re-
dress the negative perception of COPD among clinicians
and has now been adopted by the GOLD initiative as part of
its revised definition. The problems of defining COPD are
well known but one further aspect should be stressed here.
The definition selected by all guidelines leans towards terms
that can be applied practically. Hence, the emphasis is
placed on airflow obstruction (reduced forced expiratory

Defining COPD

volume in 1 s to forced vital capacity ratio [FEV1/FVC] or, 
in the ERS version, slow forced emptying of the lungs) and
lack of spontaneous variability (largely fixed in the BTS
definition, not fully reversible in GOLD). Most definitions
stress the progressive nature of the symptoms and phy-
siological change, and GOLD emphasizes the key role of
inhaled insults as a pathogenic mechanism. Based on these
approaches, clinicians should be able to identify a patient
with COPD and apply an appropriate management strat-
egy. However, these definitions focus on the clinicophysio-
logical outcomes of the processes that are occurring within
the lower respiratory tract of the COPD patient. They are
not the ideal way of identifying patients when a specific
mechanism is to be studied (e.g. regulation of VGEF in the
pulmonary endothelium as a mechanism promoting apop-
tosis in emphysema) [14]. They also do not account for the
heterogeneity of the disease. Clearly, not all patients who
meet the clinical definitions have a significant degree of
emphysema. Thus, studies of this mechanism or indeed 
of agents to promote alveolar regeneration would not 
necessarily be appropriate in a clinically defined COPD 
population. We are still ignorant of the role of individual
pathological phenotypes in the natural history of COPD,
but the development of these mechanistic studies, together
with the availability of quantitative computed tomography
(CT) scanning may provide the necessary stimulus to initi-
ate these longer-term investigations. Until such data are
available, the definition of COPD will remain a compromise
equivalent to that of ‘cardiac failure’ but without the
specificity that allows us to subclassify cardiac dysfunction
into systolic and diastolic or determine even more basic
causes of the problem such as valvular abnormalities.
Clearly, there is much work to be done in this area of COPD
research.

Clinicians look to guidelines to offer a practical approach to
grade the severity of disease and relate this to management
decisions. In asthma, this has been indirectly related to the
patient’s symptoms and is usually based on the amount of
rescue medication they use and the type of treatment
employed to control symptoms. Although, there is an
approximate relationship of this empirical scheme to the
diurnal variation to peak flow and/or histamine respons-
iveness, these measures have never been incorporated as
primary outcomes in the staging of asthma severity [3]. 

A completely different approach has been used in COPD,
which may not have always served patients well. Until
recently, most guidelines based their staging on the FEV1,
making the generally reasonable assumption that the lower
the FEV1 as a percentage of predicted, then the greater the

Classifying disease severity
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Table 67.4 Definitions of chronic obstructive pulmonary
disease (COPD).

European Respiratory Society 1995
COPD is a disorder characterized by reduced maximum
expiratory flow and slow forced emptying of the lungs;
features that do not change markedly over several months.
Most of the airflow limitation is caused by varying
combinations of airway disease and emphysema; the relative
contribution of the two processes is difficult to define in vivo

British Thoracic Society 1997
COPD is a chronic, slowly progressive disorder characterized
by airflow obstruction (reduced FEV1 and FEV1/FVC ratio)
that does not change markedly over several months. Most 
of the lung function impairment is fixed, although some
reversibility can be produced by bronchodilator (or other)
therapy

GOLD 2001
COPD is a disease state characterized by airflow limitation
that is not fully reversible. The airflow limitation is usually
both progressive and associated with an abnormal
inflammatory response of the lungs to noxious particles 
or gases

FEV1, forced expiratory volume in 1 s; FVC, forced vital
capacity.



pathological and symptomatic severity. Some of the previ-
ous proposals about staging are shown in Table 67.5 and
the most up-to-date version proposed by GOLD is included
in Figure 67.1.

At least three problems limit this approach. The first 
is practical, as until recently spirometry has not been 
widely available, and this remains a problem especially in
less developed countries and in primary care medicine.
Improvements in spirometer design and software are mak-
ing this measurement much easier to perform. More import-
ant is the arbitrary nature of the boundaries selected for the
severity classification (see Table 67.5). Disease severity
described spirometrically is a continuously distributed vari-

able in any COPD population and FEV1 itself will show
modest day-to-day variability. Patients who lie close to the
selected boundary may therefore be reclassified as more or
less severe if seen on a different day. 

Most important of all is the relatively poor relationship
between health status and spirometry, which means that
an individual patient with an FEV1 of 60% of predicted 
can be more symptomatic than one whose FEV1 is 45% of
predicted, despite the fact that both are given the same
treatment. Because the benefits of bronchodilator therapy
and rehabilitation are based on symptomatic improvement
rather than altered lung mechanics, it is irrational to base
management too precisely on a specified level of the FEV1.
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Characteristics

Avoidance of risk factor(s); influenza vaccination

Add short-acting bronchodilator when needed

Add regular treatment with one or more
 long-acting bronchodilators
Add rehabilitation

Add inhaled glucocorticosteroids
 if repeated exacerbations

Add long-term
 oxygen if chronic
 respiratory failure
Consider surgical
 treatments

Old

New 0: At risk I: Mild II: Moderate III: Severe IV: Very severe

0: At risk I: Mild II: Moderate III: Severe

IIA IIB

• Chronic symptoms
• Exposure to risk
factors
• Normal spirometry

• FEV1/FVC < 70%
• FEV1 ≥ 80%
• With or without
symptoms

• FEV1/FVC < 70%
• 50% > FEV1 < 80%
• With or without
symptoms

• FEV1/FVC < 70%
• 30% > FEV1 < 50%
• With or without
symptoms

• FEV1/FVC < 70%
• FEV1 < 30% or presence of
chronic respiratory failure or
right heart failure

Figure 67.1 The updated Global initiative for chronic Obstructive Lung Disease (GOLD) schema for COPD management. Note the
inclusion of the former categorization and its revision. Therapy is cumulative although not all will be needed in any given patient
even if they have a specified level of lung function impairment.

FEV1 (% predicted)

Mild/stage I Moderate/stage II Severe/stage III

European Thoracic Society > 70 50–69 < 50

American Thoracic Society > 50 35–49 < 35

British Thoracic Society 60–79 40–59 < 40

GOLD > 80 50–79 (A) < 30
30–49 (B)

FEV1, forced expiratory volume in 1 s; GOLD, Global initiative for chronic Obstructive Lung
Disease.

Table 67.5 Spirometric
classification of COPD severity.



The authors of the GOLD Guidelines were aware of this
dilemma when they produced their severity scheme. They
allowed a wide range of spirometric abnormality to encom-
pass symptomatic disease, now graded as moderate severity
in the FEV1 80–50% of predicted range. In addition they
tried, less successfully than they originally anticipated, to
stress that symptoms are the management driver in assess-
ing which treatment should be selected. The practical value
of identifying patients because they have symptoms is clear
but the extension of this to include this ‘stage’ as an
inevitable precursor of disease progression has not proven
well founded [15]. As a result GOLD stage 0 is set to be
downgraded to an at risk with symptoms category in the
next version of the GOLD document. It will be interesting
to see if the same happens to stage 1 where airflow obstruc-
tion is present down to 80% predicted. The NICE guidance
opted not to use this stage as there is uncertainty about how
closely symptoms relate to obstruction in this group and in
how many cases disease progresses. More importantly there
is a real problem in the elderly about applying a fixed FEV1/
FVC ratio to define obstruction [16]. Whether this matters
clinically is less clear but the risk of over-diagnosis in the
elderly can be minimised if only patients in stages II and
above are accepted as having clinically important disease
[17]. The most severe subgroup of COPD (less than 30% of
predicted in GOLD and the forthcoming ATS/ERS scheme)
are chosen to highlight a population where persistent day-
time hypoxaemia is more likely to be found and hence where
continuous domiciliary oxygen treatment is indicated. This
clinical problem indicates the weakness of a purely symptom-
based method of classifying COPD, as hypoxaemic patients
are not necessarily more or less symptomatic than those
without this important clinical complication. 

Thus, classifying COPD for clinical rather than epi-
demiological purposes requires a hybrid approach. Several 
investigators are trying to develop scoring systems based on
spirometry, assessment of dyspnoea (such as the Medical
Research Council [MRC] dyspnoea scale), arterial oxygen
tension, body mass index (an important prognostic sign in
more severe disease), with or without some measurement
of exercise capacity [18,19]. This approach provides better
separation into groups with different prognoses but it is not
clear yet whether changes in these indices give us a reliable
surrogate endpoint for change in mortality, as blood pressure
does in deaths from cerebrovascular disease.

Most guidelines clearly distinguish different phases of
COPD care and the pattern used by GOLD now seems to 
be being adopted by other organizations. Thus, there is
clear emphasis on issues related to diagnosis, prevention

Guidelines and management

(which normally means reduction of risk factor exposure),
management of stable disease and care of patients with ex-
acerbations. Detailed consideration is given to each of these
areas elsewhere in this book, but some general features
about the rationale of guidelines is worth considering. 

Despite the development of clear definitions (see above),
there is still a legacy of confusion about what COPD really 
is and how it is best diagnosed. The simply message emphas-
ized in GOLD that a diagnosis will normally involve a
patient who presents with symptoms (cough, sputum pro-
duction and/or breathlessness) who also has an appropriate
risk factor (e.g. tobacco exposure). Such a patient should
undergo spirometry to confirm the diagnosis. Difficulties
about access to spirometry make this last step harder than 
it should be but it is really not acceptable to omit this step 
in developed countries where this relatively simple test 
can be easily undertaken. Difficulties, as usual, are made by
specialists whose own clinical practice includes the most
complex cases and where unrealistic concerns about ‘miss-
ing asthma’ have led to a very distorted picture of how
patients should be diagnosed. Initial enthusiasm, exem-
plified in the original BTS Guidelines, for the diagnostic
specificity and sensitivity of bronchodilator and corticos-
teroid treatment trials has now been tempered by experi-
ence [20,21] and modified in the subsequent NICE and
GOLD recommendations. What these studies have shown
is that a clinical diagnosis of COPD is a very good way 
of defining a population of people whose lung function
declines more rapidly than expected over time and whose
natural history is punctuated by exacerbations of disease
and impaired health status. Reassuring doctors that they
can make diagnosis of COPD easily is a major task for future
generations of guideline writers.

The importance of smoking cessation is axiomatic in the
management of COPD as is the prevention of smoking 
in the first place. In the Western world in particular, this 
is the dominant factor driving the incidence of new cases.
However, even in these communities, it is not the only 
contributory factor and other well-established risk factors,
including exposure to organic and inorganic dust and specific
genetic predispositions, should also be considered. Sadly,
removal of these factors will not cure COPD but serves 
to reduce the deterioration in lung function over time.
Recognition that patients whose lungs have been damaged
by these environmental and personal exposures will still
need care is also an important feature for anyone writing
guidelines, particularly thinking of their impact on the
health-care provider audience. To date, this aspect has not
been stressed sufficiently.

The management of stable disease can be usefully sum-
marized in Figure 67.1, which is taken from the first update
of the GOLD recommendations in July 2003. This scheme
stresses that treatment is cumulative and can be broadly
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related to both the severity of spirometric impairment 
and the nature and impact of the disease’s symptoms.
Unsurprisingly, risk avoidance is a feature at all stages of
disease severity as is the need to reduce the risk of having
attacks of influenza. Although many organizations now
advocate that pneumococcal vaccines should be routinely
prescribed for COPD patients, this remains a contentious
area because most of the data have been derived in younger
adults and the efficacy of all the existing vaccines, both 
7 and 23 valent forms, is much less documented in this
specific group. There is reasonable evidence that the 
incidence of bacteraemia is reduced, although whether
pneumococcal pneumonia, let alone COPD exacerbations,
is less common is disputed [22], recent evidence suggesting
benefit in those with most severe disease [23]. Given the
ambivalent evidence, organizations such as GOLD have not 
chosen to recommend pneumococcal vaccination routinely
but clearly local practice may vary depending upon the
immunogeneity of the local strains of organism and there 
is evidence that community acquired pneumonia is pre-
vented in those with more severe disease.

Within the GOLD classification there is now good evid-
ence that a move to a long-acting inhaled bronchodilator 
is desirable for any patient with persistent symptoms. Those
who have minor symptoms that are readily controlled by
short-acting treatment do not need to take this step but this
is not the case for most people with clinically important
COPD. The more favourable risk–benefit profiles seen with
these drugs compared with older therapy such as theophyl-
lines have conditioned these recommendations. Likewise,
the understanding that sustained bronchodilatation can itself
reduce the number of exacerbations and improve health
status over time has given much more confidence to this
approach rather than short-acting therapy [24,25]. One
further incidental conclusion is that studies in COPD of any
medical treatment really need to extend to 1 year, if not
longer, before the true impact of therapy can be evaluated.
The role of inhaled corticosteroids is now much clearer 
and the current judgement is that it is only when patients
are having frequent exacerbations that the addition of an
inhaled corticosteroid to a long-acting bronchodilator can
be justified [25,26]. This is quite a different view from the
role of inhaled corticosteroids in bronchial asthma and
emphasizes the need to actually make a diagnosis and not
duck the issue. Although this particular recommendation 
is clearly linked to a specific level of lung functioning
impairment, in practice patients with frequent exacerba-
tions that require medical therapy will be those in whom
this treatment is likely to be most effective [27].

Physical therapy is emphasized throughout COPD care
and it is to be hoped that facilities for pulmonary rehabilita-
tion will become more widespread and accessible as this
undoubtedly produces a significant improvement that lasts

between 12 and 18 months in most people. Maintaining
this improvement for longer periods is still an unresolved
problem. Likewise, other physical treatments such as oxygen
are really confined to the most severely affected patients
where they can be very valuable and prolong life. The
grounds for surgical therapy with lung volume reduc-
tion surgery are now much clearer following the National
Emphysema Treatment Trial (NETT) study [28] and this too
has been incorporated within the most recent guidelines.

Managing exacerbations has undergone less change than
other areas of treatment. An extensive systematic review
has been conducted which identified a number of points 
in exacerbation care [29], all of which were highlighted 
in previous consensus-based guidelines. The place where 
care is delivered is clearly system specific and should be
addressed in local modifications of these international docu-
ments. The initial care normally involves intensification of
existing treatment and the addition of oral corticosteroids
for which there is good evidence [30,31]. In hospitalized
patients, the inability of the patient to cope in the com-
munity and their requirement for oxygen treatment often
determines whether they are admitted to hospital, although
newer approaches to care in the community for those who
have been assessed in an emergency room are now avail-
able and appear to be acceptable to patients and doctor alike
[32,33]. The availability of non-invasive ventilation, which
can be conducted even on a general ward with appropriately
trained staff [34], has helped to widen treatment oppor-
tunities in many communities for COPD patients. Issues
about the patient’s own wishes for continued intensive care,
especially if that were to involve intubation, should be
taken into account. This remains a cultural issue that can be
best addressed in local variants of international guidelines.
However, it is important that this is not omitted as it 
has major implications for the care of the individual who
develops a COPD exacerbation. In all of these guidelines,
details of ventilator care with a non-invasive or invasive are 
usually omitted as it is assumed that this will be undertaken
in conjunction with individuals familiar with ICU manage-
ment, an assumption that seems to be very reasonable. 

One challenging area that has recently come to the fore is
that of COPD comorbidity. Clinicians have become more
aware of the impact of therapy on other systems (e.g. bruis-
ing with corticosteroids; tachycardia with β-agonists) but
most now accept that loss of muscle bulk, especially in 
the legs, is a common disease-related feature in COPD.
Impaired nutrition and reduced fat-free mass are also 
frequent once you start to look for them. It is now clear that
the risk of cardial disease including myocardial infarction,
osteoporosis and lung cancer are increased in patients 
with COPD to levels above those seen in patients with 
comparable smoking histories. Finally the patient who has
an unrelated illness which amplifies the effect of COPD on
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daily life (e.g. osteoarthritis, impaired vision or diabetes)
has much more problems in coping with the difficulties
COPD imposes. Thus far our evidence-based guidelines
have addressed each condition in the same way so that a
patient with four problems is manged by four different and
occasionally conflicting sets of rules. The move to some
form of more holistic guidance remains a challenge for all
who believe in evidence-based care in the future.

Several practical points are worth considering which apply
to all management guidelines written to date. Each of these
recommends management for the average patient who pre-
sents with the average symptoms and an average lung func-
tion abnormality. In practice, patients are individuals and
doctors should still feel free to adapt the guidelines recom-
mendations to individual care. A real danger in all of these
documents is that they are seen as invariable patterns of
practice, even if they are not always relevant to the specific
patient. Clearly, most patients will benefit from following
the steps laid out in roughly the order provided. One 
problem of the stepwise approach illustrated in Figure 67.1
is that it does rather imply that every patient requires every
step. Fortunately, newer algorithms identifying specific
aspects of patient care and promoting a specific evidence-
based response have been developed and their use in the
UK NICE Guidelines has been a promising start in this area.

The rise of evidence-based medicine has led to a number
of misconceptions about guidelines in general. There seems
to be a belief, largely amongst those unfamiliar with the
data, that the answer to all questions can be obtained by
objectively surveying the literature. This was never the
intention of the pioneers of this field nor was the assump-
tion that grade A evidence is necessarily more important
than that based on a consensus [35]. It may be that it is not
possible to do a randomized controlled trial and certainly
none exists for the role of oxygen therapy in the manage-
ment of severely hypoxaemic patients who exacerbate. None
the less, few clinicians would decide not to give oxygen 
in these circumstances! Moreover, the interpretation of 
evidence, particularly in COPD, is as important as its 
collection and analysis. It is easy to look at the outcomes 
of treatment and say that one treatment is equivalent to
another because it changes a commonly measured outcome
(e.g. FEV1). However, it may be that information from
longer and larger studies, looking at other outcomes, clearly
demonstrates superiority (e.g. the use of long-acting inhaled
bronchodilators compared with short-acting ones). Merely
aggregating the data without thinking carefully about what
it means is unhelpful. This can have more subtle and potent-
ially more important manifestations. 

Guidelines – practical issues

Patients who enter into randomized controlled trials, 
certainly those with COPD, are often a rather select group
of people. Many COPD patients have significant comorbidit-
ies, which would lead to their exclusion from studies. 
Those entering a study that is planned to last for a year are
often inadvertently selected by the investigators because
the patient’s prognosis is believed to be at least 12 months.
As a result, the outcomes for patients who are recruited to
studies of this kind are much better than those identified
using pharmacoepidemiological techniques [36]. This issue
is not often identified by those who conduct systematic
reviews of literature, which should be sufficiently structured
to pick up concerns of this sort. The controversy about 
simply pooling data in a meta-analysis continues, with the
NIH and GOLD sceptical about the role of this form of 
analysis while Europeans and Canadians are much more
enthusiastic. This too has implications in COPD as most of
the data favouring the use of drugs, which are described as
mucolytics, are based on meta-analysis of data in patients
with chronic bronchitis. Those studies looking at COPD
patients suggest some benefit but again their methodology
is insufficiently strong to lead to a firm recommendation
about use. The value of a large prospective trial where all
patients belong to the same population at randomisation is
clearly shown by the results of the BRONCUS study, which
found an effect of the antioxidant/mucolytic drug N-acetyl
cysteine on exacerbation frequency only in patients not
receiving inhaled corticosteroids [37]. It will be interesting
to see if other prospective trials, such as the soon to be pub-
lished TORCH study, can do the same for the confusing 
data about the impact of inhaled corticosteroids on mortality
in COPD.

A major concern in all COPD guidelines is how to keep
the content up-to-date. Enormous efforts are required to
survey the literature and particularly to meet the exacting
standards of evidence-based review. This may explain 
why there are so few COPD-related studies available even
on major government web sites (see www.ahrq.gov). The
work of drafting these documents falls on a relatively few
individuals and the composition of all of these committees
is important as it can influence the shape of the resulting
guideline. Having finally got the document to publication
stage, it is understandable that most people are not enthusi-
astic about beginning to revise it again and yet the pace of
medical advance is sufficiently fast to make this necessary.
The best approach to doing this to date has been that
adopted by the GOLD Science Committee which has been
clearly detailed in an editorial [38]. Searching for specific
terms that are COPD-related may mean that some studies
are missed but it is hoped that the knowledge of an expert
committee will be wide enough for important observations
to be identified, even if conventional indexing misses them.
Review by two independent individuals and discussion by 
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a group of experts about the likely significance of any new
data for the previous recommendations provides an import-
ant check on the relevance of the guidelines document. 
Use of the Internet to post the results of this in a planned
fashion should allow wide access for all interested parties.
The GOLD group are reviewing the whole document on 
a 5-yearly cycle but annual updates should permit the 
most up-to-date knowledge to be transmitted to interested
parties.

COPD Guidelines continue to be developed, although it is
hoped that some maturity in this field has now been
reached. The level of evidence available to judge the claims
of competing therapies is improving and there is now more
openness about how that evidence has been collected and
reviewed. The availability of new electronic means of com-
munication has greatly improved accessibility of all guide-
lines and the concept that these could be downloaded to a
pocket computer looks to be practical. Despite their limita-
tions, guidelines provide a standard of care that can be
assessed and reviewed. They present a view about COPD
that can be tested and modified. As such, they are likely to
continue to be an important part of our clinical manage-
ment of these patients for the foreseeable future. More than
this they provide the necessary tools to drive the imple-
mentation of COPD care. How best to do this is still debated
and no single approach will work in all health care systems.
However the group developing COPD guidance, specifically
the ATS, ERS and GOLD, are now partners in the new
Global Alliance against Respiratory Disease supported by
the WHO and tasked with improving global respiratory care.
Equally the existence of the NICE guidelines was a crucial
step in persuading the UK government to develop a quality
standards framework for COPD care, the first time a major
developed country has identified the need to address the
problems of COPD. Given these specific and political impacts
we must be committed to make our guidance up to date,
accurate and available to all; no small task for the years ahead.
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SECTION 7

Pharmacotherapy:
developing therapies



CHAPTER 68

Protease inhibitors

Philip Davies, Malcolm MacCoss and Richard Mumford

Chronic obstructive pulmonary disease (COPD) results
from the detrimental effects of inhaled toxic environmental
stimuli on processes that maintain the normal function of
the lung. The capacity of the host defence system, most
obviously its innate component, to protect against toxic
insults is remarkable. The development of COPD is insidi-
ously slow and is manifested in only a minority of the popu-
lation that exposes itself to stimuli such as cigarette smoke
[1,2]. Effective host defence in the lung entails the recogni-
tion and removal of toxic stimuli by mechanisms that do
not impact negatively on the physiological functions of 
the organ. Another essential aspect of host defence is the
removal of damaged cells and extracellular matrices with
initiation of repair mechanisms. Failure to fulfil these func-
tions leads to persistent acute and chronic inflammation
that can eventually lead to overt disease.

Appropriate expression and regulation of extracellular
protease activity is essential for processes that maintain
lung health. These functions include the extracellular
breakdown and remodelling of damaged matrices as well 
as formation and inactivation of biologically active peptide
and protein mediators. The activity of proteases is regulated
by their maintenance as latent precursors, sequestration in
intracellular compartments and inhibition by a wide variety
of intra- and extracellular inhibitors. Genetically based
defects in these regulatory mechanisms or inappropriate
expression of protease activity can lead to pathological
changes and overt disease. The observations by Laurell and
Eriksson that a defect in α1-antitrypsin, later shown to be a
potent inhibitor of neutrophil elastase, is associated with
the increased incidence of COPD led to the formulation of
the protease–antiprotease hypothesis [3,4]. In a historical
perspective published in 1991, Eriksson [3] concluded that
‘Elastase may well be the causal agent in all cases of emphy-
sema’. This conclusion was made with specific reference to
neutrophil elastase. This hypothesis has been modified to
include a number of other proteases with elastolytic activ-

ity. Moreover, it is likely that the inflammatory processes
that lead to elastolysis associated with loss of lung function
depend on cleavage of many substrates by both elastolytic
and non-elastolytic enzymes. The activities of proteases in
inflammation leading to COPD occur in the context of the
interactions of recruited cells of the immune system with
the local cells and the interstitial tissues of the lung. A total
of 553 genes encoding proteases and their catalytically 
inactive homologues have been annotated in the human
genome and many of these are expressed in the lung [5].
This number is significantly increased in COPD as cells of
the immune system are recruited and local cells are activated
in coordinated responses to inflammatory stimuli. These
proteases fall into four distinct classes: the serine/threonine,
metallo-, cysteine and aspartyl proteases. The classes that
are of most obvious relevance to the pathology of COPD are
also the most heavily populated; there are 186 metallopro-
teases, 176 serine proteases and 143 cysteine proteases. 

Detailed knowledge of the three-dimensional structure
and catalytic mechanism of these classes of proteases has
allowed the development of prototypic inhibitors of great
potency and often specificity to match. The challenge for
medicinal chemists has been to identify compound classes
with mechanistic, pharmacokinetic, pharmacodynamic
and toxicological properties that are commensurate with
safe long-term use in humans. These efforts have been
extensively documented and reviewed [6–15]. Some of
these inhibitors have advanced into clinical evaluation
[13,16,17] yet there is no clear indication of disease-
modifying efficacy for any of them. This is not surprising
given the difficulty of establishing such parameters; the
experience with evaluating the efficacy of replacement
therapy with α1-antitrypsin is salutary in this respect as 
disease progression is measured over a period of years and
modification is correspondingly difficult to establish. 

Strategies for the development of effective and safe pro-
tease inhibitors should benefit from an understanding of
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the physiological functions and role in host defence of their
target enzyme(s) together with a definition of the shortfall
of endogenous regulatory mechanisms that underlie their
inappropriate activity in COPD. This knowledge will help
define their pharmacological profile and their therapeutic
index in the context of any mechanism-based toxicity that
could occur during their extended use. Present concepts of
inflammatory processes in COPD are discussed as they relate
to proteases with a view to identifying how the spatial and
temporal regulation of enzyme activity may be disrupted in
the microenvironment of the lung during inflammatory
responses to inhaled toxins (i.e. which activities of pro-
teases are essential to lung health and which are in inappro-
priate locations at the wrong time thus leading to disease).

Because pharmacological inhibition of proteases will
occur in the presence of endogenous inhibitors, measure-
ments and correlation of the pharmacokinetic and phar-
macodynamic properties of protease inhibitors are critical to
ensure appropriate inhibition of the target enzyme(s). With
this information in hand it will be more realistic to commit
the resources required to determine whether pharmacolog-
ical efficacy has clinical benefit based on the modification 
of chronic pathological changes. The elucidation of the 
precise role of individual proteases in COPD is exceedingly
difficult, arguably best achieved by specific pharmacological
approaches. The surprising robustness and relatively nor-
mal phenotype of mice in which a number of individual
proteases have been genetically deleted [18,19] suggests
that complete pharmacological inhibition of a protease-
mediating pathology will not be accompanied by unaccept-
able mechanism-based toxicity. 

The irreversible consequences of the degradation of elastic
tissue have provided a focus for research on proteases with
elastinolytic activity. A number of these exist beyond the
serine proteases, elastase, cathepsin G and protease 3 (PR3),
which are present in large quantities in neutrophils. These
include the cysteine cathepsins K, L and S [20,21], the
matrix metalloproteases (MMP) MMP-2, MMP-7 [22–25],
MMP-9 and MMP-12 [26–30]. These proteases are present
in a variety of cells, most notably neutrophils and macro-
phages. Studies in gene-deleted and transgenic mice have
provided a clear indication for the involvement of enzymes
such as neutrophil elastase [31], MMP-12 [32,33] and
MMP-9 [34] as well as cathepsins L and S [20] in certain
aspects of the pathology of COPD.

Based on the complexity of the pathology of COPD, many
elastolytic proteases are potential contributors to the disease.
These activities are therefore key targets, especially for pre-
servation of elastic recoil function. This is critical because
elastic tissue constitutes only a small percentage of tissue
mass and has very limited capacity for replacement based
on calculations of the half-life of lung elastin [35]. Other
non-elastolytic proteases acting on a variety of substrates
have diverse and essential roles in mediating events leading
to terminal elastolysis [28,29]. Many examples are emerg-
ing of how they can indirectly facilitate elastolytic activity,
some of which are listed in Table 68.1.

Proteases with potential for involvement
in inflammation and tissue damage
leading to functional pathology in COPD
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Table 68.1 Elastolytic proteases and non-elastolysins that possess other activities which promote inflammation and tissue
damage.

Enzyme Elastolysin Indirect effect Ref.

Neutrophil elastase Yes Degradation of MMP inhibitors [36]
Stimulation of mucus secretion [37]
Cleavage of C3bi and CR1 [38]
Transcriptional activation [39]

MMP-2 Yes Facilitation of aneurysm formation [40,41]
MMP-7 Yes Inactivation of α1PI [42]

Release of active TNF from macrophages [43]
MMP-9 No Inactivation of α1PI [44]
MMP-12 Yes Inactivation of α1PI [29]

Chemotactic fragments from elastin [32]
DPP1 No Activation of neutrophil elastase, cathepsin G and PR3 [45]
Plasmin No Activation of pro-MMP-7 [24,46]
Cathepsin S Yes Antigen processing [47]
Cathepsin L Yes

DPP1, dipeptidyl peptidase 1; MMP, matrix metalloprotease; PR3, protease 3; TNF, tumour necrosis factor.



This is not necessarily unidirectional because proteases
sometimes have a negative modulatory effect on processes
permissive to elastolysis. This can occur by degradation of
peptide-based pro-inflammatory mediators or generation
of anti-inflammatory peptides from endogenous substrates.
The activity of these proteases is governed by a complex
series of spatial and temporal considerations involving the
release, activation of proenzymes, catalytic association with
substrates and subsequent inactivation by natural inhibitors
in the lung microenvironment. Some of the same principles
apply to proteases derived from precursors involved in the
activation of humoral pathways including the alternative–
classical complement cascade, blood coagulation and pro-
cessing of precursors of vasoactive peptides such as kinins,
angiotensins and neurokinins. These will not be discussed
further here although they are significant contributors to
inflammation in the lung.

COPD results from sustained self-perpetuating inflamma-
tion leading to tissue damage and structural changes in the
lung. The disease is caused by a number of environmental
stimuli of which cigarette smoke is the most common [1].
Many components of the humoral, innate and adaptive
immune systems are activated in COPD and have been
implicated in various aspects of its pathogenesis. This is to
be expected given the complexity of cigarette smoke with
its content of toxic substances and particles [48]. Tobacco
contains more than 4500 compounds in its particulate and
vapour phases. Many of these are biologically active, epito-
mized by nicotine [48]. Other components of cigarette
smoke are pro-inflammatory and carcinogenic [48], which
result in inflammation that persists for a long time after 
cessation of smoking [49,50]. 

Innate immunity is responsible for host responses against
infectious and other exogenous agents together with the
clearance of endogenous apoptotic cells and damaged tissue
[51–54]. Its activation is dependent on genes coded by
germline DNA in contrast to the gene rearrangements
essential for adaptive immune responses. The convergence
and synergies between innate and adaptive immunity has
been recognized for over a century by the discoveries of the
cellular basis of innate immunity and the role of antibodies
as humoral effectors of adaptive immunity [53]. The func-
tion of the innate immune response is divided into afferent
and efferent or sensing and effector arms, which in turn
comprise cellular and humoral components. The cellular
sensing functions are mediated through a series of specific
receptors, notably the Toll-like receptors (TLR), of which at
least 10 have now been identified [53]. They are derived

Innate immune responses, inflammation
and tissue damage in COPD

from ancient precursors associated with host defence
responses common to plants and animals and function
either individually or in combination to recognize and
respond to diverse stimuli. For example, TLR4 acts inde-
pendently to recognize lipopolysaccharide (LPS), which 
is probably its only ligand. Other TLRs such as TLR1 and
TLR6 can form complexes with TLR2 to broaden the func-
tion of TLR2 significantly [53–55]. Beyond the TLRs there
exist structurally diverse receptors, loosely described as
‘scavenger receptors’, which recognize a wide variety of
exogenous and endogenous ligands [56,57]. Examples with
well-characterized endogenous ligands include Class A SR
(modified low density lipoprotein), CD36 (modified lipids
present on damaged cells), CD14 (LPS binding protein) and
mannose receptor (lysosomal hydrolases, myeloperoxid-
ase and other mannosyl/fucosyl glyconconjugates). The
humoral arm of the innate immune system includes the
well-characterized complement, vasoactive precursor and
coagulation systems as well as the soluble products of acute
phase responses. 

Detailed information is not available on how these 
cellular receptors and humoral precursors recognize and
respond to the components of cigarette smoke. However,
the lack of major involvement of adaptive immunity in
COPD is consistent with its pathogenesis being driven by
aberrant function of the innate immune system. The activa-
tion of the humoral systems often requires regulated pro-
tease activity while activation of cellular receptors leads to
signal transduction through a number of pathways includ-
ing the MAP kinases, nuclear factor κB (NF-κB) and others
that have been delineated in recent years [58] and shown
to be important in host defence as well as homoeostasis.
These signal transduction responses can facilitate the direct
mobilization of intracellular stores of proteases by exocyto-
sis, initiate the activation of latent precursors or the activa-
tion of gene programmes for the synthesis and release 
of new enzymes. It is not surprising that the pathology of
COPD is complex because the multiple components of
cigarette smoke probably activate several of these cellular
receptors, triggering complex downstream responses and
the generation of many mediators of inflammation and 
tissue injury.

While cells of the adaptive immune response have been
implicated in various aspects of COPD [59–61], this discus-
sion will pay particular attention to proteases of cells of the
innate immune system, notably macrophages [28] and
neutrophils [62]. The complex interactions between these
two cell types that have evolved to protect the host against
infectious agents are evident in COPD. It is ironic that our
species has unknowingly or knowingly been unfortunate
enough to expose itself to a wide range of non-infectious
environmental stimuli that induce the spectrum of dis-
eases that are recognized as the pneumoconioses and 
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occupational lung diseases [63]. The lumen and interstitial
tissues of the lung contain resident populations of macro-
phages. A primary function of these alveolar macrophages
is to sequester and remove these stimuli without triggering 
tissue injurious inflammation. Lung washouts of smokers
contain increased numbers of alveolar macrophages sug-
gesting altered kinetics and transit into the lung of blood
monocytes in response to cigarette smoke [19]. This new
population of macrophages could include a subset of mono-
cytes that home only to inflamed tissues. This possibility 
is illustrated by the preferential recruitment of a short-
lived CX3CR1loCCR2+Gr1+ subset of adoptively transferred
monocytes into the inflamed peritoneal cavity of congenic
mice [64]. It is unknown whether these recruited cells
include those described as being enriched in serine pro-
teases normally associated with neutrophils [25,65–67].
Alveolar macrophages from smokers appear morphologi-
cally activated and are laden with residues from cigarette
smoke which they have endocytosed during their residence
in the lung.

The understanding of the roles of macrophages in innate
immune responses has led to a far better understanding 
of how neutrophils are recruited to the lungs of cigarette
smokers. Neutrophils are rarely present in healthy extra-
vascular tissues; the host probably has multiple mechanisms
for ensuring that they are recruited from the circulation
only when required. Innate immune responses have evolved
in large part to protect against infectious agents and it 
is not surprising that macrophages normally resident 
in extravascular tissues have a considerable capacity to 
recruit and activate neutrophils when their receptors of
innate immunity are triggered [68]. While the original 
protease–antiprotease hypothesis emphasized the role of
neutrophil serine proteases in lung destruction, current
thinking is much more focused on the role of the macro-
phage in recruiting neutrophils to the inflamed lung. This 
is most obviously facilitated by chemokines such as 
interleukin 8 (IL-8), leukotriene B4 (LTB4) and cytokines
produced by macrophages in response to inflammatory
stimuli. Tumour necrosis factor α (TNF-α) triggers the 
neutrophil to generate and release its mediators [69]. 
The severity of elastase-induced emphysema is reduced in 
double TNF-α receptor knockout mice [70], suggesting 
that this cytokine may have a key role. Furthermore, γ-
interferon (IFN-γ) expressed as a transgene induces severe
lung inflammation and destruction associated with the
induction of a number of proteases [71], while over-
expression of TNF-α leads to increases in lung volumes 
and pulmonary hypertension [72], confirming the role of
inflammation.

The integrated cellular function of neutrophils is essential
for protection against a wide range of infectious agents.
Their bacteriostatic and bactericidal function is mediated by

a powerful armamentarium of cidal molecules including
hydroxyl radicals, singlet oxygen, oxygen halides, hydro-
gen peroxide [73] and nitrating agents together with
antimicrobial peptides and, to some extent, proteases [74].
While these molecules are critical for protecting against
infectious agents [75], they also have considerable poten-
tial for damaging the host. The capacity of neutrophil pro-
teases, stored within azurophil granules in large amounts at
millimolar concentrations [76], to cause acute lung damage
is exemplified by diseases where they are released extracel-
lularly in amounts in excess of available natural inhibitors.
The presence of high concentrations of active neutrophil
elastase in the sputum of cystic fibrosis patients can account
in a number of ways for the extensive lung damage in this
disease [38,77]. In acute exacerbations of Goodpasture 
syndrome [78], haemorrhagic immune complex-induced
vasculitis results from gross destruction of alveolar base-
ment membranes. This damage is probably mediated by the
directed local activity of neutrophil serine proteases such 
as elastase, cathepsin G and PR3 following stimulation by
engagement of Fc receptors by immune complexes formed
in basement membranes [79,80]. This is consistent with
inhibition of haemorrhage associated with immune com-
plex formation in the lung by selective neutrophil elastase
inhibitors [81]. This indicates how the persistence or
release of proteases in inappropriate microenvironments 
in interstitial tissue, which excludes inhibitors, can rapidly
lead to major tissue damage. It is noteworthy that patients
with glomerulonephritis associated with Goodpasture syn-
drome are more likely to experience pulmonary haemor-
rhage if they smoke [82].

The potential of neutrophil serine proteases to cause
catastrophic tissue damage is great. It is therefore all the
more remarkable that the critical structures of the lung and
other tissues are protected so well against these enzymes.
Approximately 1010 neutrophils are released into the circu-
lation every day and these cells spend half of their time in
the pulmonary circulation with an even slower transit time
during cigarette smoking [83]. These cells are efficiently
cleared from the body with few emerging into extravascu-
lar tissues. In blood, α2-macroglobulin and α1-antitrypsin
provide an excess of inhibitory capacity for any enzyme
that may be released. This is indicated by the presence 
of α1-antitrysin elastase complexes as well as specific 
cleavage products of plasma proteins as exemplified by the
Aα(Val360) neoepitope exposed on a 42-kd fragment of
fibrinogen [84], even in plasma of healthy individuals.
These markers are elevated in a variety of inflammatory
diseases [84,85]. Interstitial tissues have their own comple-
ment of inhibitors for any released neutrophil proteases
[62]. Also, there are very effective mechanisms in place 
for removal of neutrophils by macrophages that are speci-
fically programmed to recognize and remove apoptotic cells
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[86] to prevent further enzyme release if the cells were to
disintegrate.

The alveolar macrophage removes ageing and damaged
cells by various scavenger receptors such as CD36 and the
phosphatidylserine receptor [86,87], which remove neutro-
phils before their proteases are released. This is important
because neutrophil elastase cleaves the phosphatidylserine
receptor [87] and inhibits the phagocytosis of apoptotic
cells by alveolar macrophages. If, as suggested here, the role
of the neutrophil to remove toxic constituents of cigarette
smoke is not essential then containment and timely removal
of its protease content is critical. The more efficiently that
this end is achieved the less likely it is that the products 
of activated macrophages and neutrophils become misdir-
ected against the host. It is significant that some of the same
cytokines, such as TNF-α, IL-1β, IFN-γ and granulocyte–
macrophage colony-stimulating factor (GM-CSF), that
macrophages use to enhance the bactericidal activity of
neutrophils are also strong inhibitors of apoptosis. These
effects are mediated through a factor originally described 
as a growth factor for early stage B lymphocytes [88].
Decreased neutrophil apoptosis is seen in septic patients
and a similar trend has been claimed in patients hospital-
ized with acute exacerbations of COPD [89] as well as in
patients expressing the antiapoptotic molecule survivin 
in their neutrophils [90]. In view of this, mechanisms by
which macrophages limit the recruitment of neutrophils 
to sites of inflammation and facilitate their removal may 
be important in limiting tissue damage. For example, the
induction of CD36 function in alveolar macrophages 
by peroxisome proliferator activated receptor γ (PPARγ)
agonism [91,92] could be a significant pharmacological 
target for enhancing clearance of apoptotic neutrophils.

Robust surrogate markers of relevant activities of individual
proteases in COPD are not available. While there have been
many documented examples of elevated protease activity
in the lung of COPD patients [93–97], these have not been
definitively linked to degradation of critical substrates that
lead to disease. The definition of the role of individual pro-
teases in COPD would be greatly aided by the availability of
proximal markers of their activity. Ideally, these would be
unique soluble fragments (generated by the endogenous
activity of a specific protease) that are readily measured 
in blood or urine. An alternative would be non-specific
markers of the degradation of relevant substrates as exemp-
lified by desmosine as a marker of elastic tissue damage.
Failure to consistently detect specific breakdown products
of elastin is not surprising given the relative paucity of this

Elucidation of the role of proteases 
in COPD

substrate together with its longevity in the lung [35]. This 
is reminiscent of the difficulty in developing markers of 
cartilage breakdown in osteoarthritis [98]. This disease is
characterized by the breakdown of type II collagen which,
like elastin in the lung, is laid down only once and cannot
be replaced in a fully functional form if damaged. Systemic
measures of enzyme activation are seen with neutrophil
elastase in a variety of diseases including cystic fibrosis and
Acute Respiratory Distress Syndrome (ARDS) [85] but not
reproducibly seen in COPD although this does not negate
the role of the enzyme in the lung. Systemic measures of
the consequence of ongoing local inflammation such as
acute phase proteins have been used extensively in other
diseases including atherosclerosis [99]. In COPD, robust
increases of C-reactive protein levels are associated with
exacerbations of diseases associated with infection [100]
but are lower and highly variable in stable disease [101]. 
A possibility that remains to be fully explored is the gen-
eration of long-lived soluble neoepitopes measurable in
plasma as exemplified by cleavage products of fibrinogen by
neutrophil elastase [84] (see below).

Utility of animal models to study the role of
proteases in COPD

The original protease–antiprotease concept led to wide-
spread use and investigation of animal models of COPD
based upon intratracheal administration of tissue-degrading
enzymes [102], particularly elastases. In these models,
immediate damage occurs, including the destruction of 
vascular basement membranes with consequent haemor-
rhage. A non-specific inflammatory response ensues, lead-
ing to damage resembling some aspects of emphysema. The
initial effects of proteases lead to secondary changes which
contribute to indices of subsequent alveolar destruction
[70]. These models have utility for defining the pharmaco-
dynamic properties of protease inhibitors [103]. However,
they do not reflect the intricacies of damage caused by
ongoing activity of multiple proteases in the microenviron-
ments of the lung inflamed by cigarette smoke and have not
been useful in delineating the role of individual proteases 
in COPD.

The development of technology to allow sustained ex-
posure to and inhalation of cigarette smoke by mice [32]
and other species [104,105] has allowed a more detailed
evaluation of events leading to chronic pathological
changes. Exposure of several animal species to cigarette
smoke induces changes resembling emphysema-like loss 
of alveolar structural integrity and functional elasticity
[104]. These studies have provided a much clearer under-
standing of how the innate immune response and its 
constituent proteases can mediate the irreversible changes
brought about by loss of elastic tissue. A picture has
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emerged indicating a number of interdependent functions
of macrophages and neutrophils involving their respective
proteases in the inflammation and tissue destruction seen
in this model. 

The observation that deletion of the gene for MMP-12 in
mice greatly reduces their susceptibility to cigarette smoke
[32] led to a fundamental change in thinking about the 
protease–antiprotease hypothesis. This change continues 
as new observations are made in mice with specific genetic
modifications related to protease function [19,28,29, 106–
108]. Not only is the development of emphysema abolished
in the smoke-exposed MMP-12 null mouse, but the recruit-
ment of macrophages and neutrophils to the lung is also
inhibited [32].

The decrease in experimental emphysema also observed
in mice lacking neutrophil elastase has been attributed 
to multiple consequences of the absence of the enzyme
[31,109]. These include inhibition of neutrophil recruit-
ment, together with reductions in the inactivation of tissue
inhibitor of metalloprotease 1 (TIMP1) and activation of 
the 55-kd latent precursor of MMP-12. In addition, higher
levels of α1-antitrypsin are present in lung tissue extracts
from MMP-12 null mice exposed to cigarette smoke. This 
is attributed to lack of MMP-12 mediated degradation of 
the serine protease inhibitor. Alternatively, this could result
from diminished consumption as a result of decreased
release of elastase from activated neutrophils despite 
their recruitment in similar numbers as seen in MMP-12
sufficient mice. The failure of MMP-12 null macrophages 
to generate TNF-α, which in turn activates neutrophils to
release elastase, would be consistent with this [110]. As
commented on elsewhere [111,112], a series of studies by
Churg et al. on the sequential events in the lungs of mice
exposed to cigarette smoke have provided considerable
insights into the phenotypes of the MMP-12 and neutrophil
elastase null mice. Acute inhalation of cigarette smoke
results in the recruitment of neutrophils [113], which 
is dependent both on MMP-12 [113,114] and TNF-α
[110,114]. It is to be noted that the C57BL/6 mice used 
in these studies produce more TNF-α than the 129 strain
used by Hautamaki et al. [32]. The acute damage is 
inhibited by α1-antitrypsin [115,116], and in a similar
model in guinea pigs, synthetic inhibitors of neutrophil
elastase protect partially against emphysema development 
[105].

The relevance of these findings in humans remains to be
clarified. The different activities of macrophage metalloe-
lastases in the two species [24] raises significant questions
regarding the role of MMP-12 compared with MMP-7 and
MMP-9 in humans. Neutrophil elastase remains a target,
with the potential role of PR3 [117] less clearly defined.
Concerns remain, however, regarding the role of neutro-
phil serine proteases in host defence based on findings in

gene-deleted mice for elastase [118], dipeptidyl peptidase 
1 (DPP1) [119] and the phenotype of Papillon–Lefèvre pati-
ents defective in DPP1 function [120]. All these studies sug-
gest that strategies to regulate neutrophil elastase activity
completely could be counterproductive.

Further insights into the potential function of individual
proteases have been obtained when the genes for these
molecules are conditionally up-regulated by cytokines and
other endogenous molecules. In these instances, changes
resembling COPD occur in the absence of an inducing 
stimulus in transgenic mice where molecules regulating
protease activity are deleted or overexpressed. For example,
the transgenic overexpression of IL-13 [121,122] results 
in aberrant expression of metalloproteases such as MMP-9
and MMP-12 and the cysteine proteases cathepsins K, L
and S. Removal of the critical regulatory function of the
integrin αv-β6 [33] results in specific aberrant expression 
of MMP-12. Endogenously generated lung destruction can
be induced by host defence mediators including cytokines
such as IL-13, TNF-α and IFN-γ. Chemokines are also active
in this respect as is illustrated by the significant protection
of the IL-13 transgene-induced lung damage when present
in mice lacking the chemokine receptor CCR2 [123] 
and CCR1 [124]. The phenotypes of these mice provide
independent indications of the potential importance of
alveolar macrophages to mediate lung destruction. Thus,
intervention in pathology with protease inhibitors should
not be targeted at endstage destructive processes alone.
Consideration should also be given to the ability of pro-
teases to generate biologically active molecules, or to
degrade regulatory molecules, that contribute to inflam-
mation and hence pathology. A summary of this work is
provided in Table 68.2.

However, these findings cannot be directly extrapolated
to humans. Overexpression of inducers of inflammatory
cascades as exemplified by IL-13 will distort the natural
inflammatory process by exaggerating the pattern of expres-
sion of pro-inflammatory proteases and anti-inflammatory
protease inhibitors. This, together with differences in gene
expression in humans compared with animal species,
means that the molecular details of the pathogenic mech-
anisms of COPD in humans will be quite different from
those being elucidated in mice and other species. This is the
case for cystic fibrosis where deletion of the cystic fibrosis
transmembrane conductance regulator (CFTR) channel is
not sufficient for the development of lung disease in mice
[143]. Comparative gene profiling should provide useful
information and the basis for this is underway with the
comparison of the human and murine degradomes [5].
Profiling of various sites of the inflamed lung at successive
stages of disease progression in smokers, be they mice or
men, will provide much information regarding the poten-
tial use of protease inhibitors. 
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Table 68.2 Genetic manipulation of protease genes and functions. Potential implications for pathogenesis of COPD.

Gene target Phenotype Challenge phenotype Ref.

Serine proteases
PMN elastase Normal Impaired cigarette smoke induced lung inflammation [31]

– deletion and emphysema
Decrease in neutrophil recruitment, inactivation of  [109]

TIMP, activation of MMP-12 precursor
Decreased susceptibility to LPS [125]
Impaired host defence [118]

Cathepsin G Normal [126]
– deletion Decreased susceptibility to LPS [125]

PMN elastase/cathepsin G Normal Decreased susceptibility to LPS [125]
– deletion Diminished bacterial clearance [119]

SLPI Normal Increased susceptibility to LPS and sepsis – enhanced [127]
– deletion innate immune responses

Metalloproteases
MMP-1 Enlarged airspace – not clear [128]
Overexpression under  whether developmental [129]

haptoglobin promoter
MMP-2 Normal Impaired allergic inflammation but increased [130]

susceptibility to asphyxiation
Impaired tumour angiogenesis and growth [131]

MMP-7 Impaired wound healing and host defence [132]
Impaired chemokine mobilization and neutrophil [133]

migration
MMP-9 No change in disease induction after cigarette  [34]

smoke inhalation
Decreased airspace enlargement in IL-13 [121]

transgenic mice
Impaired cellular infiltration and hyperresponsiveness [134]

after allergen
Diminished aortic aneurysm [41]
Decreased dendritic cell recruitment [135]

MMP-12 Normal Abolition of cigarette smoke induced emphysema [32]
Macrophages fail to penetrate basement membranes [136]

MT1-MMP Defect in skeletal development, [137,138]
dwarfism, osteopenia

TIMP 3 Spontaneous airway enlargement [139]
ανβ6 Increased airspace enlargement. Specific increase in [33]

MMP-12 expression
Surfactant D Increased MMP activation and [140]

emphysema

Cysteine proteases
Cathepsin S Decreased airspace enlargement in IL-13  [121]

transgenic mice
Diminished vascular wall inflammation when crossed [141]

with LDL receptor null mice
DPP1 Normal [45]

Decrease in experimental arthritis [142]
Decreased susceptibility to caecal ligation induced [119]

sepsis
Increased bacterial load [119]

DPP1, dipeptidyl peptidase 1; IL, interleukin; LDL, low-density lipoprotein; LPS, lipopolysaccharide; MMP, matrix metalloprotease;
PMN, polymorphonuclear neutrophil; SLPI, secretory leucoprotease inhibitor; TIMP, tissue inhibitor of metalloprotease.



Endogenous regulation of protease activity

While the profusion of information emerging from the
studies described above gives an indication of the potential
of these individual enzymes to cause tissue damage, it does
not provide a clear picture of their role in human disease.
This potential is governed by complex regulatory processes
that limit protease activity. Prominent among these are the
diverse families of natural protease inhibitors which regu-
late the function of proteases in various body compart-
ments such as blood and in the microenvironments of cells
and their pericellular environment in interstitial tissue 
and other extravascular sites. These inhibitors are diverse 
in their structure, specificity and mechanism. Each of the
major families of the degradome have well-characterized
inhibitors of varying specificity as exemplified by the 
serpins [144], cystatins [145] and TIMPs [6]. In addition,
α2-macroglobulin has a more global function as a panin-
hibitor of most proteases from every class [6]. Often, these
inhibitors do not completely inactivate their target enzymes
as is the case with α2-macroglobulin and enzyme–inhibitor
complexes may have distinct biological activities not seen
with either free enzyme or inhibitor. This is exemplified 
by the chemotactic activity of α1-protease inhibitor (α1PI)
which has been inactivated by mouse macrophage elastase
[146]. The deficiency of α1PI provides the most widely
studied example of how the lack of a single inhibitor 
with considerable specificity has a clear association with
increased susceptibility to COPD. The extensive experience
with replacement therapy with this inhibitor is discussed 
in Vogelmeier et al. [147]. More limited experiences with
replacement therapy with other serine protease inhibitors
[147] will not be discussed further here. The clinical
efficacy and usefulness of replacement therapy remains to
be fully established [148].

Defects in metalloprotease inhibitors have not been
widely described in humans. Genetic ablation of TIMP3 in
mice leads to spontaneous airspace enlargement early in
life with shortened life span [139]. Inflammation is not
prominent in the lungs of these animals but they contain
increased MMP activity as detected by zymography. It is
therefore reasonable to consider the development and evalu-
ation of protease inhibitors that not only replace deficient
function of natural inhibitors but which will give qualit-
atively different profiles of activity. Such properties have the
potential to be double-edged swords; on the one hand they
can have beneficial effects on protease activity which drives
pathology but on the other may interfere with essential 
biological functions of the protease themselves or their
complexes with their natural inhibitors.

The complexities of the function of natural inhibitors and
the consequences of their modification in the lung are illus-
trated by studies of natural inhibitor function in murine

strains with defined differences in α1PI function [149,150].
In the pa+/pa+ pallid mouse a nonsense mutation in the
gene for a pallidin results in a 50% decrease in syntaxin13,
a molecule with which it interacts to mediate vesicle 
docking and fusion to early recycling endosomes. This is
associated with an inability to export α1PI into the circula-
tion and a decreased elastase inhibitory capacity. Significant 
differences in both the rate of onset and nature of smoking-
induced emphysema are seen in these mice when compared
with congenic C57 mice. In the pallid mouse, emphysema 
is panlobular but in congenic mice it is centrilobular in 
location, emphasizing the different function of the nat-
ural inhibitor in different regions of the lung. The onset of
changes in pallid mice is more rapid and while increases in
mean linear intercept are eventually seen in congenic mice,
they are not accompanied by the changes in lung compli-
ance seen in the pallid mice. This suggests that pathogenic
mechanisms may differ in various parts of the lung, as may
be the case with COPD patients with deficient and normal
α1PI phenotypes, a consideration to be borne in mind when
studying novel therapeutics with specific mechanisms of
action.

These multiple regulatory controls ensure that the activit-
ies of these proteases have stringent temporal and spatial
restrictions for their activity. It is when these finely tuned
regulatory mechanisms are disrupted that it becomes more
likely that protease activity with potential for inducing
pathology occurs. Examples where this is acute and poten-
tially catastrophic in nature is exemplified by exacerbations
of Goodpasture syndrome [78] where formation or deposi-
tion of immune complexes in basement membranes lead 
to the activation of complement, the recruitment of neutro-
phils and the release of their potent tissue destructive serine
proteases.

Cell biological approaches to the definition of
the role of proteases in COPD

The extracellular environment into which cellular pro-
teases are released and activated differs greatly from the
intravascular compartment to extravascular domains and,
relevant to COPD, the lumen of the lung. It is only from 
the latter space that free active enzyme can be recovered 
in purulent sputum and fluids of cystic fibrosis [77] and
acutely infected patients with bronchitis and pneumonia.
However, in most instances, aberrant protease activity 
will be transient and spatially constrained as extracellular
inhibitors gain access to the enzyme, making it difficult to
quantify the extent and duration of enzyme activity.

The capacity of neutrophils to cause tissue damage is well
established [79,151,152] based on the exocytosis of the
proteases stored in active form at high concentrations in
their granules. Cell biological systems have been developed
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that allow the demonstration and measurement of these
activities. Campbell et al. [153] have used morphological
approaches at the single-cell level to demonstrate the 
proteolysis associated with degranulation of neutrophils
onto appropriately labelled substrates. They generated
micrographical images of this phenomenon at the level of
single cells. The quantal nature of the release of enzyme
concentrated in the azurophil granules of the neutrophil
[76,154–156] results in a concentration and time-defined
transient proteolysis as the released enzyme is diluted and
fluid phase inhibitors gain access to the cloistered pericellu-
lar environment. Subsequently, quantitative analyses of
these striking images were made at the level of individual
azurophil granules [76]. These established the dynamics of
this rapidly changing environment to the point of equilib-
rium with extracellular inhibitors as exemplified by α1-
antitrypsin, α2-macroglobulin, secretory leucocyte protease
inhibitor and the small molecule elastase inhibitor ICI
200,335. In the presence of a physiological concentration 
of protease inhibitor, degradation of fluorescent labelled
fibronectin occurred over an area approximately eight-
fold that of the individual neutrophils under observation.
Appropriate specificity controls with inhibitors and antioxi-
dants as well as cells from chronic patients with granuloma-
tous disease indicated that this process was specific for
elastase and not dependent upon oxidative inactivation 
of inhibitors. This approach has allowed calculation of the
extent and duration of enzyme activity [76,157] with the
demonstration of increased activity when extracellular
inhibitor activity is compromised as exemplified by PiZZ
plasma [153].

The serine proteases of neutrophils constitute by far the
highest level of circulating cellular proteases. For example,
elastase is estimated to achieve millimolar concentrations
in the azurophil granule [157] which is a hundred-fold that
of its plasma inhibitors. When neutrophils are degranulated
in human blood their serine proteases are complexed by 
α1-antitrypsin and α2-macroglobulin, which are present 
in approximately a thousand-fold excess (the volume of
azurophil granules, the repository of the serine proteases, 
is tiny compared with that of plasma in blood). How-
ever, transient activity of these proteases, before they are
sequestered by inhibitors, is demonstrable based on the
cleavage of plasma substrates and generation of specific
neoepitopes. The use of neoepitope specific antibodies 
has provided a novel way of measuring the transient cata-
lytic activity of a protease before its inhibition by natural
inhibitors. Nossel et al. [158] pioneered this approach with
the development of an antibody specific for the C-terminus
of fibrinopeptide A, a 16-residue fragment of the Aα chain
of fibrinogen generated by thrombin. Weitz et al. [159] 
used this antibody for an indirect assay of the Aα(1-21)
fragment of fibrinogen generated by neutrophil elastase.

This provided an opportunity to seek robust and specific
direct assays for various degradation products of elastase.
Mumford et al. [84,160] developed an antibody specific 
for the C-terminus of the Aα(1-21) peptide and used it 
to demonstrate the activity of elastase released from 
neutrophils degranulated in blood [161]. Stimulation with
granule-releasing agents resulted in peptide formation in
the face of the high amounts of natural inhibitors. As would
be expected, this signal is considerably amplified in blood
from PiZZ patients and is normalized by reconstitution of
the patients with α1-antitrypsin [162]. 

The claim that Aα(1-21) is elevated in plasma from PiZZ
patients [163] has not been confirmed by others. Based on
the rapid clearance of Aα(1-21) in vivo it is unlikely that
these elevations are represented by this neoepitope. How-
ever, this approach has great potential to seek markers of 
in vivo activity when applied to neoepitopes with long 
in vivo half-lives. A systematic evaluation of fibrinogen in
this respect yielded a number of cleavage sites to include
one at the Val360-Ser361 of the Aα chain of fibrinogen [84].
This releases a 250 residue C-terminal peptide leaving a 
42-kd molecule with the Aα(Val360) associated with the β
and γ chain of fibrinogen. A specific antibody to this new C-
terminus long-lived molecule of high molecular weight
showed it to be present in the plasma of healthy individuals
at approximately 4 nmol/L concentration and elevated in
the plasma of cystic fibrosis patients up to 1000 nmol/L as
well as in rheumatoid synovial fluid [84]. Thus, healthy
individuals express neutrophil elastase activity sufficient to
maintain circulating levels of this cleavage product. The
significance of these products in health is unknown but
their elevation in disease provides a sensitive and specific
method for exploring the systemic activity of proteases such
as neutrophil elastase. Evaluation of the levels of these
long-lived neoepitopes in PiZZ and COPD patients will be
informative. This approach also provides a sensitive and
specific pharmacodynamic method for monitoring the
activity of elastase inhibitors in various environments, both
in vitro and in vivo.

These cell biological findings highlight the consideration
of whether the design of a pharmacological inhibitor should
allow the introduction of properties that inhibit enzymes
under circumstances where endogenous inhibitors fail to
do so. Pharmacological inhibitors have the potential to be
effective in the presence of endogenous inhibitors which
are often present in gross molar excess over their target
enzymes. Assays that measure enzyme activity over brief
periods of time in restricted spatial environments provide
optimal demonstration of these activities. Such agents
would supplement natural inhibitors that are either in
deficit or inactivated (e.g. by oxidants or overwhelmed by
abnormal release and activation of proteases). 

Individual proteases implicated in COPD are in some
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instances derived from more than one cell type, as exem-
plified by the presence of serine proteinases associated 
primarily with neutrophils in monocytes with a pro-
inflammatory phenotype [66,67]. The complexities of
establishing the role of individual proteases in COPD is
exemplified by studies on the role of MMP-9, also known 
as gelatinase B, in lung remodelling [34]. This enzyme is
present not only in macrophages (secreted as an inactive
precursor), but also in a number of lung cells including
epithelium, Clara cells, alveolar type II cells, fibroblasts and
smooth muscle as well as neutrophil from which it is
released as an active complex with lipocalin [34]. It has a
wide range of natural substrates, including elastin, relevant
to the inflammation and tissue damage of COPD. How-
ever, its genetic ablation does not change the susceptibility
of mice to cigarette smoke [34], although the airspace
enlargement seen in IL-13 transgenic mice is decreased 
in its absence. Its activation by MMP-3 and its ability to
inactivate serine protease inhibitors [44] suggests that 
its contribution to tissue damage will be greatly influenced
by multiple factors in its environment and that these are
probably as important as its intrinsic activity in determin-
ing its contributions to pathology. This is illustrated by its
interaction with MMP-2 in the development of aortic
aneurysms [164].

As the role of individual enzymes in cell-based elastolysis
is elucidated by various approaches in animal species, it 
is clear that these mechanisms are not necessarily of the
same qualitative or quantitative relevance in humans. 
A premium is placed on the study of human cells by 
these species differences in the degradome [5,165] and
phenotypic differences in integrated expression of mul-
tiple protease activity. For example, a defect in MMP-2 in
humans causes severe osteolysis and arthritis [166] not
seen in null mice [36,130]. 

The macrophage expresses an extensive repertoire of
extracellular protease during tissue remodelling, cellular
clearance after apoptosis and the débridement of injured
tissue. Major species differences exist in the effector
molecules for these functions. The up-regulation of pro-
teases exemplified by MMP-12 in the mouse results in
direct elastolysis as well as the generation of chemotactic
stimuli and cytokines leading to pathology. As is discussed
here and elsewhere, MMP-12 has been shown to have
prominent activity, not only as an elastase, but in other
aspects of the inflammatory process in the smoking mouse.
These include the induction of TNF-α synthesis in the
macrophage and subsequent activation and involvement of
the neutrophil in the smoking mouse model of emphysema
[110,114]. However, the demonstration of the elastolytic
activity of this enzyme by human monocytes has been
problematical despite clear evidence of its presence and
activity [167–169]. Early studies showed that human 

alveolar macrophages have considerable elastolytic activity
when cultured in the presence of human serum [170,171],
which was ascribed predominantly to cysteine proteases.
Human blood monocytes can be cultured under conditions
where they display elastolytic activity orders of magnitude
greater than initially described [24]. Key to this finding is
the mediation of elastolysis by plasmin-dependent activa-
tion of matrilysin (MMP-7), which does not occur in mouse
macrophages. Human monocytes cultured in autologous
serum show a 10-fold enhancement of elastin degrada-
tion in the presence of urinary plasminogen activator. This
activity is mediated by a metalloprotease based on its 
sensitivity to inhibition by the non-specific MMP inhibitor
BB94. Plasmin-dependent enhancement of elastolysis is
not apparent when the cells are cultured on an extracellu-
lar matrix derived from MDCK cells, emphasizing how the
matrix in which cells find themselves influence their secre-
tion of proteases. Enzyme activity can also be up-regulated
as illustrated by the induction of gelatinase B by substrate
[172]. Under these conditions, the synthesis of matrilysin
(MMP-7) is also suppressed but the elastolytic activity 
of the culture medium of these cells is reconstituted by
addition of exogenous active enzyme without further
enhancement by either MMP-9 or MMP-12. The activity 
of MMP-7 under these conditions is further enhanced by
cysteine proteases such as cathepsins L and S [173], but
probably not K [174], as indicated by studies with cells 
in which this gene has been inactivated. The activity of 
the cysteine proteases is probably restricted to the cell–
substrate interface within an acidified vacuole dependent
on H+-ATPase activity. These findings suggest that human
monocytes are dependent on members of several classes 
of proteases for their optimal elastinolytic activity – the 
serine protease plasmin, the MMP matrilysin and a subset
of lysosomal cysteine proteases – leading to the conclusion
that ‘therapeutics aimed at select members of both (cys-
teine/MMP) gene families might be necessary to ameliorate
elastolytic effects in vivo’ [24]. The same conclusion is 
probably applicable to the role of proteases and other pro-
cesses that sustain the inflammation in COPD. Matrilysin
has a number of other significant properties which imply
that it could contribute to the chronic inflammation in
COPD. It is a product of healthy epithelium and in mice 
its deficiency results in significant defects in wound heal-
ing [40]. Moreover, it has a significant role in facilitating
neutrophil egress during acute lung injury through cleav-
age of the heparin sulphate proteoglycan syndecan1, which
forms chemotactic gradients by binding the chemokine 
KC [133].

Cell biological studies will therefore continue to provide
insights on the complexities of protease function in health
and disease and should provide a critical bridge in establish-
ing the efficacy of protease inhibitors [175].
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An expert panel convened by the National Institutes of
Health (NIH) in 2002 to consider the needs and opportun-
ities for clinical research in COPD [176] suggested six 
potential new therapeutic approaches. The first advocates
direct inhibition of protease activity. Several of the other
approaches could have an impact on disease progression
involving aberrant protease activity. These include the 
following:
• The inhibition of recruitment of inflammatory cells.
• Enhancement of the antioxidant capacity of the lung to
prevent loss of activity of molecules that down-regulate
protease activity in various ways [177] including the reduc-
tion of the inhibitory capacity of α1-antitrypsin [178].
• Inhibition of apoptosis of pulmonary cells associated 
with the development of emphysema [97]. This process is
critically dependent on the activity of the caspase family of
cysteine protease [179].
• Inhibition of mucus secretion by goblet and glandular
mucosal cells because neutrophil serine proteases are potent
mucus secretagogues [37].

There are important examples of the successful use of
protease inhibitors in the treatment of human disease.
Angiotensin-converting enzyme (ACE) inhibitors have
been used extensively to treat cardiovascular disease, while
the introduction of inhibitors of the aspartyl protease of 
HIV has made major contributions to the treatment of AIDS
[180]. Attempts to discover and develop protease inhibitors
for the therapy of COPD have been guided by insights into
the role of proteases in the pathogenesis of the disease. The
original protease–antiprotease hypothesis led to extensive
efforts on neutrophil elastase as a target [13]. Matrix metal-
loprotease inhibitors active against the endoproteolytic activ-
ity of a number of enzymes have been extensively evaluated
for the treatment of a range of chronic diseases including
cancer [181] and arthritis [6]. As it has become clear that
some of the same enzymes may be significant mediators of
the pathology of COPD, efforts have been initiated in this
direction [7,10,29]. There have been no compelling thera-
peutic breakthroughs in the therapy of cancer and arthritis,
suggesting that the understanding of the role of metallo-
proteases in these diseases remains to be elucidated. 

Criteria for the design of low molecular weight
protease inhibitors

While the search for protease inhibitors has yielded agents
of great intrinsic potency and specificity, much less atten-
tion has been given to the requirements for these agents to

The development of protease inhibitors
as drugs for chronic inflammatory
diseases

be effective in the complex environment in which proteases
function in health and disease. The intrinsic activities of
proteases are extensively regulated in a variety of ways.
These include sequestration in intracellular compartments,
often as inactive precursors. Once synthesized and processed
to an active form, functional latency can be maintained
through storage in granules as exemplified by the high con-
centrations of serine proteases present in the specialized
azurophilic lysosomes of myeloid leukocytes. When released
from cells, these proteases face an environment containing
specific and extremely potent natural inhibitors. This is
exemplified in blood, which contains molar excesses of
both α2-macroglobulin and other more specific inhibitors
for their target enzymes. The extracellular catalytic activity
of the major classes of proteases have different functional
requirements. Metalloproteases exist as pro-enzymes with
specific activators. These activators are still not well defined
and may be induced in pathological situations. Cysteine
proteases act most effectively in an acidic environment 
created by exocytosis of lysosomes and lose activity with
adjustment of pH towards physiological levels. Neutrophil
serine proteinases are active within azurophilic granules. In
blood, their extracellular environment contains very large
molar excesses of inhibitors such as α1-antitrypsin and α2-
macroglobulin, albeit at lower concentrations than that of
the enzyme in granules, hence the brief activity seen in
blood when cells are degranulated. It is possible that this
activity can be further modulated by cytokines to increase the
activity of neutrophil membrane associated enzyme [182,
183]. The synthesis and activity of natural inhibitors may
be down-regulated during pathology. Indications of this are
exemplified by the decrease in α1-antitrypsin gene expres-
sion in IL-13 transgenic mice [123] and its inactivation by
oxidative stress [177]. It is therefore critical that these
requirements for activity be considered for inhibitor design. 

Development of mechanism-based neutrophil
elastase inhibitors exemplifies the demonstration
of the biological activity of synthetic inhibitors 
in the presence of excess of natural inhibitors
The search for and development of protease inhibitors has
been very much influenced by progress in the understand-
ing of the biology of their target enzymes. This is illustrated
by the series of lactam-based inhibitors of neutrophil elas-
tase (Fig. 68.1) [85,103,184,185] culminating in the intro-
duction into humans of a cell penetrant inhibitor L694458
(DMP 777) which provides long-lasting inhibition of the
body load of the enzyme [16]. At the outset, such a 
compound was viewed as unlikely to be safe for introduc-
tion into humans because the physiological functions of
neutrophil elastase were largely unknown. Subsequent
biology has provided some insights in this respect, based
both on gene knockouts in mice [45,118,125,126] and the 
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discovery of a genetic defect in humans of DPP1 [120], 
an enzyme that activates precursors of myeloid cell serine
proteases [186] as they are packaged into storage granules
in neutrophils, mast cells monocytes and natural killer
(NK) cells. The development of the lactam-based inhibitors
of neutrophil elastase shown in Figure 68.1 was initiated by
a serendipitous observation with an inhibitor of a bacterial
enzyme. Clavulanic acid is an acylating inhibitor of bacter-
ial serine proteases but does not affect mammalian serine
proteases. Doherty et al. [184] showed that the benzyl ester
of clavulanic acid, while inactive against the bacterial
enzyme, inhibits neutrophil elastase and other mammalian
serine proteases. This provided a starting point for the
development of a series of increasingly specific and potent
lactam-based inhibitors [85,103].

The cephalosporin L658758, which by present-day stand-
ards is a modestly potent inhibitor of human neutrophil
elastase, inhibits human neutrophil elastase-induced lung
haemorrhage after intratracheal instillation to hamsters.
The compound is not orally active because of metabolic
instability. At the time of its development, it was already
established that immune complexes cause degranulation of
neutrophils [79] and it was thought that proteases such as
elastase contributed to the damage seen in immune com-
plex diseases. L658758 inhibited the haemorrhage associ-
ated with a reverse passive Arthus reaction in the rat lung.
It prevented destruction of blood vessels associated with 
the basement membranes where immune complexes are
deposited without significant effects on neutrophil recruit-
ment [81]. Thus, the low molecular weight inhibitor was
supplementing the activity of natural inhibitors of the 
target neutrophil serine proteases. 

The studies of Owen et al. [156,182] lent a clear rationale
for developing compounds that would be effective against

the local and transient activity of enzyme present at 
high concentration in exocytosed azurophil granules. Sub-
sequent efforts sought orally active compounds and led to
the development of more potent monolactam-based inhib-
itors of elastase as exemplified by L680833 (see Fig. 68.1)
[103], which inhibited tissue damage by both exogen-
ous and endogenous elastase. The availability of sensitive
and specific neoepitope assays allowed the potency and
activity of this family of compounds to be assayed in biolog-
ical systems and it became clear that these agents inhibited
the activity of elastase that escaped natural inhibitors
[103,161]. The great intrinsic potency of L680833 against
elastase [103] is considerably attenuated in the presence of
physiological concentrations of natural inhibitors in blood.
Approximately 10 μmol/L L680833 is required to inhibit 
by 50% the fibrinopeptide formation occurring when 
neutrophils are degranulated in the presence of 100 μmol/L
or more of α1PI and α2-macroglobulin in blood [103].

Further enhancement of this potency was achieved by
changing the physical properties of the inhibitors to allow
them to penetrate into azurophil granules and inactivate
the enzyme intracellularly. This is illustrated by the propert-
ies of L694458, which under the code name DMP 777 has
been advanced to Phase II clinical studies in cystic fibrosis
[16]. This compound inhibits the cellular pool of neutrophil
elastase with an inhibitory concentration 50% (IC50) close
to the overall blood concentration of 100–200 nmol/L of
the enzyme, indicating a very high efficiency of inhibition
approaching unit stoichiometry. The detailed mechanism
of action of this class of agents has been delineated with 
the identification of the precise nature of the complex 
and products of inactivated enzyme with parent inhibitor
[187–190]. Using a combination of electrospray ionization
mass spectrometry and two-dimensional nuclear magnetic
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resonance (NMR) techniques, the precise molecular
weights of enzyme–inhibitor complexes were determined
with subsequent specific identification of reaction inter-
mediates. With this information in hand, it was possible to
develop a specific antibody to a substituted urea reactiva-
tion product (bottom right-hand side of monocyclic mole-
cules in Fig. 68.1) that is uniquely derived from the stable
enzyme–inhibitor complex [191]. Because the antibody 
has minimal cross-reactivity with parent inhibitor or
enzyme, it is possible to measure formation of enzyme–
inhibitor complexes in biological fluids containing excesses
of either active enzyme or inhibitor. Figure 68.2 illustrates
some of the general principles underlying this technology
[191–197] using L694458 as an example. The compound is
a very fast and efficient inhibitor of elastase, requiring only
1.13 mol to inhibit each mole of enzyme forming a complex
of 25 560 Da with release of a 361-Da C2 leaving group
(phenoxy group at top right part of the molecule, Fig. 68.1).
This occurs extremely rapidly with a second-order rate con-
stant, kinact/Ki of 3 800 000 mol/s. The complex is stable
with a t1/2

of 15 h, which is well in excess of the half-life of
circulating neutrophils. Slow reactivation of this complex,
which can be accelerated to more rapid completion at elev-
ated temperature, yields the substituted urea, which is not
generated from the parent inhibitor [191].

Several complementary assays can be used to assay the
potency of this type of inhibitor in neutrophils in blood or
isolated from blood. These assays are useful for in vitro stud-
ies or for in vivo evaluation of compounds. They include:

• Hydrolysis of conventional synthetic substrates by 
neutrophils lysed after isolation from blood and washed to
remove plasma inhibitors.
• LC-MS/MS quantitation of parent compound and C2
leaving group in blood and plasma to concentrations below
1 nmol/L. 
• Immunoassay of specific fibrinogen cleavage products
such as Aα(1-21) and Aα(Val360) formed in the presence of
endogenous inhibitors after degranulation of neutrophils in
blood.
• Immunoassay of α1-antitrypsin–elastase complexes formed
during the activation of neutrophils in blood. In the pres-
ence of inhibitor, lesser amounts of this natural complex
are made.
• Immunoassay of the substituted urea leaving group
derived from enzyme–inhibitor complex.

The diagram in Figure 68.3 illustrates how these assays
can be used in one sample of human blood to characterize
enzyme inhibition. In intact blood with no perturbation of
neutrophils, the addition of inhibitor results in concentration-
dependent release of equimolar amounts of the C2 leaving
group and formation of complexes yielding the substituted
urea. Close to maximum yield (in the range of several 
hundred nanomolar) of these require only approximately
fivefold excess of parent compound, which is not detect-
able by LC-MS (less than 1 nmol/L) until this maximum 
is achieved, suggesting complete sequestration by intracel-
lular enzyme. Neutrophils separated and lysed show the
expected loss of activity against synthetic elastase substrate.
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Inhibitor is totally consumed up to concentrations required
to inhibit enzyme fully; the IC50 being approximately 
100 nmol/L. Degranulation of neutrophils in blood allows
access of elastase to substrates such as fibrinogen and 
high levels of 30–50 μmol of α1PI. Catalytic activity against
fibrinogen is evident by the formation of Aα(Val360) [84] as
is the formation of α1PI–elastase complexes as the inhib-
itor gains access to the released enzyme. In the presence 
of L694458, formation of both fibrinopeptide and α1PI–
elastase complexes is inhibited with equal potency with
IC50 of several hundred nanomolar [84]. This activity
reflects the intracellular inhibition of enzyme.

Preclinical in vivo studies with L694458 are complicated
by the fall in potency against elastase across species with
second-order rate constants dropping from 2.4 to 1.6, and
0.059 × 106 mol/s from the chimpanzee, to the rhesus to the
rat respectively. This necessitated the use of chimpanzees to
model the in vivo pharmacodynamic properties of this com-
pound. The potency of the compound predicted from in
vitro studies is apparent in vivo (Fig. 68.4). A slow infusion of
0.5 mg/kg of L694458 over a period of approximately 20 min
resulted in rapid inhibition of elastase in blood taken at 
various times after initiation of drug delivery. Within 10 min,
with a total of 0.25 mg/kg of drug administered, complete
inhibition was seen. Total inhibition of intracellular
enzyme is achieved with plasma concentration of drug of
10 nmol/L as the drug rapidly penetrates cells and asso-
ciates with intracellular enzyme. Based on the calculation
of the amount of enzyme present in the body, only a 10- to
20-fold molar excess of drug is required to achieve this level
of inhibition. Because the enzyme is sequestered in azurophil

granules, which form only a tiny fraction of blood/whole
body volume, the extreme tropism of L694458 for its target
is again apparent.

These potent pharmacodynamic properties, combined
with its good pharmacokinetic properties and safety profile,
have provided the opportunity to evaluate the properties of
L694458 (DMP 777) in humans [16]. Initial studies showed
that these pharmacodynamic properties are observed in
short-term studies in cystic fibrosis patients and controls.
Close to full inhibition of elastase in lysates of neutrophils
from patients receiving drug at single and multiple doses
with inhibition of enzyme correlating with pharmacoki-
netic parameters including Cmax and area under the curve
(AUC). It is therefore clear that the combination of the
extraordinary potency, amounting to almost stoichiometric
inhibition of the enzyme, the ability to access intracellular
enzyme and excellent pharmacokinetic properties allows
this agent to inactivate the body load of elastase in humans.

The ability of the compound to prevent pathology in 
animal models has been demonstrated in the reverse 
passive Arthus in the rat, despite its far poorer potency 
(kinact/Ki = 59 000 mol/s) against elastase in this species. The
compound has not been evaluated in the smoking mouse
model. This should be possible based on the safety and
efficacy in shorter term models in the mouse, despite relat-
ively poor activity against the elastase of this species. The
profile of the compound as compared with the elastase null
mouse is not predictable. Confounding variables include
possible effects on PR3 [185,192] which causes lung dam-
age characteristic of other elastolysins [193] and functions
that may not require catalytically active enzyme [74].

Another neutrophil elastase inhibitor, ZD 0892, an orally
active trifluoromethyl ketone inhibitor, reduces cigarette
smoke-induced emphysema in guinea pigs [105]. This
agent inhibits both acute inflammation and chronic lung
destruction. It effectively abolished increases in the
chemokines MCP1 and MIP2 as well as reducing elevated
plasma levels of TNF-α seen after 2 h exposure to cigarette
smoke. On a longer term basis, decreases in desmosine,
hydroxyproline and neutrophils in lung lavage fluid are
observed while also reducing airspace enlargement by
45%. These findings were not complemented by measure-
ment of surrogate markers of neutrophil elastase activity
nor was there any information on the pharmacokinetics of
the compound. However, if the effects were mechanism
based then they give a clear indication that the neutrophil
as well as TNF-α have significant roles in the inflammation
and tissue damage seen in this model. Similar findings have
been made with human α1-antitrypsin administered to
mice tolerized to this molecule by low level expression of a
transgene for the human molecule [116].

What are the concerns regarding inhibition of elastase
and other neutrophil serine proteases? The sophisticated
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biological mechanisms that regulate the extracellular activ-
ity of proteases in vivo place strict temporal and spatial
restrictions on their activity. Yet it is clear that they allow
these enzymes to be active against a wide range of endo-
genous substrates, including those that are targeted in
destructive inflammatory diseases such as COPD. These
activities are likely to mediate physiological tissue turnover
and repair in many instances, particularly in the case of
macrophages and connective tissue cells, probably less so in
the case of the neutrophil. The boundary between these
beneficial activities and aberrant activities that lead to
pathology remain to be clearly defined and make it difficult
to predict possible side-effects of inhibitors. This is particu-
larly true if these agents also affect intracellular protease
activity. The phenotype of mice in which individual serine
proteases such as elastase and cathepsin G have been
ablated give indications of specific defects in defences
against some, but not all microorganisms [118,125,126].
Neutrophil elastase knockout mice have mild defects in
host defence against specific infectious agents but animals
appear phenotypically normal in the sheltered environ-
ment of protected animal housing. The realization that
DPP1 (or cathepsin C) processes the precursors of serine
proteases found in a number of myeloid cells including NK
cells, mast cells and neutrophils and its deletion in mice
[45] provided a broader perspective on the consequences of
genetic ablation of not only neutrophil elastase but a num-
ber of other serine proteases. These findings have now been
complemented by the discovery that the genetic defect
underlying the juvenile periodontitis and plantar hyper-
keratinization in Papillon–Lefèvre and Haim–Munk syn-
dromes is caused by a loss of function of DPP1 [120]. The
details of this genetic defect remain to be fully elucidated
but the rare cases that have been described are character-
ized by early-onset periodontal disease, a phenomenon
associated with other types of neutrophil dysfunction, but
individuals with this defect survive into adulthood. Mice in
which this gene is ablated appear to be normal in their pro-
tected environment and recent studies in a model of cecal
ligation show that there is some protection to be derived
from ablation of this gene [119]. This was associated with
the loss of tryptase as a regulator of IL-6 and, while lethality
was reduced, the clearance of the systemic bacterial load in
these mice may have been hindered based on the increased
bacterial count [119], which is consistent with the defects
in certain aspects of host defence against specific organisms
in neutrophil elastase knockout mice. These observations
give an indication of the concerns about host defence that
need to be registered about pharmacological inhibitors of
this family of enzymes, particularly agents that give exten-
sive coverage and are active against intracellular pools of
these enzymes. 

Other concerns regarding inhibition of extracellular 

neutrophil elastase have been expressed [194,195] based
on the exacerbation of lung damage seen in some phar-
macodynamic models of elastase-induced lung haemorrhage
used to evaluate competitive inhibitors that form reversible
complexes with neutrophil elastase [196]. It was suggested
that these reversible complexes are transported to sites
where reactivated enzyme is not readily accessible to nat-
ural inhibitors [194,195]. 

A lack of neutrophil function has long been associated
with marked defects in host defence function. Genetic
defects in adhesion molecules such as CD18 and in the
NADPH oxidase system have life-shortening consequences
[73]. On the other hand, defects in the serine proteases
have not been apparent until recently. Disordered intra-
cellular trafficking of elastase has been associated with
severe congenital neutropenia [197] while the cleavage by
elastase of the fusion protein PML-RARα formed as a 
result of a chromosomal translocation in acute promyelo-
cytic leukaemia has been associated with increased 
incidence of leukaemia [39]. In this instance, an elastase
inhibitor has a beneficial effect on a transgenic mouse with
a functional PML-RARα fusion protein [39]. Possible con-
sequences of the pharmacological loss of function for 
neutrophil elastase on myelopoiesis in humans have not
been determined. 

Ohbayashi [13] has extensively reviewed neutrophil
elastase inhibitors that are in development and the current
status of a number of compounds brought forward into the
clinic. At this time there is no documentation of the activity
and clinical utility of these inhibitors. In many instances
there is no demonstration that these inhibitors inactivate
elastase that escapes inhibition by endogenous inhibitors. 
It is clear that while elastase on its own is not going to 
be solely responsible for the complex protease-mediated
pathology in COPD, its interactions with other proteases,
most notably cysteine and metalloproteases, will make the
evaluation of its inhibition useful to determine whether it
has a non-redundant role in the ongoing pathogenesis of
COPD.

Matrix metalloproteases

The challenges for the development of MMP inhibitors for
the therapy of chronic disease are reflected by the experi-
ences in the cancer and arthritis fields [7,9,198]. Based on
their up-regulation at affected sites, there is circumstantial
evidence for a role of MMPs in tumour metastasis and in
cartilage destruction in the arthritides. Clinical investiga-
tion of MMP inhibitors over the last 15 years has not
yielded any conclusive evidence of clinical benefit. A 
number of issues stand in the way of gaining clear-cut
knowledge and understanding of the potential of these
agents. The complexity of the MMP family adds to the
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difficulty of designing specific, pharmaceutically and clinic-
ally acceptable compounds. Musculoskeletal side-effects,
which are speculated to be mechanism based [198], have
been observed with a number of non-specific inhibitors,
such as the Roche MMP inhibitors [198] which have been
taken forward to Phase II–III evaluation in arthritis. It is not
clear whether any of these effects reflect the severe osteo-
lysis and arthritis associated with MMP-2 deficiency in
humans [166]. Development of more specific inhibitors
such as prinomastat and tanomastat has not resolved these
problems. Moreover, the complexity of the metalloprotease
families with the emergence of the ADAM and ADAM-
TS families makes it very difficult to evaluate broad-based
specificity of inhibitors. Preclinical studies of MMP inhibitors
have shown that the non-specific compound CP-471,474
attenuates the acute inflammation and emphysematous
changes seen in guinea pigs exposed to cigarette smoke
[199]. It is not clear which enzyme(s) is the target of the
inhibitor.

The difficulty in developing MMP inhibitors is com-
pounded by the lack of reliable biomarkers for MMP activ-
ity in disease. This has been a long-standing problem for
COPD where reliable assays even for specific degradation
products of elastic tissue are not available to allow devel-
opment of markers of either individual proteases or as a 
collective indicator of accelerated elastic tissue turnover
and degradation. 

MMPs are maintained in a latent form until activated 
by physiological triggers or inappropriate signals at sites of
pathology. Their activity is restricted to the pericellular
environment by the activity of natural inhibitors. While
increased levels of individual enzymes have been detected
in lung fluids, good markers for their catalytic activity are
not available. Unlike the serine proteases from neutrophils,
which have well-validated markers such as specific cleav-
age products and their complexes with α1PI, the metallo-
proteases are only available in small amounts which often
serve physiological functions in the target tissue. Accord-
ingly, direct catalytic activity is extremely difficult to measure.
Local sampling for specific degradation products is also
difficult and their release into the circulation results in their
catabolism and/or dilution to undetectable levels so that
they cannot be assayed in blood and urine. 

Cysteine proteases

Cysteine proteases such as cathepsins L, S and K have been
implicated in tissue injury and remodelling [20]. While
cathepsin K is not obviously implicated in COPD, its genetic
defect in humans [200] has provided a stimulus for seeking
inhibitors that have beneficial effects on bone diseases.
Cathepsin L and S both have significant elastolytic potency
and there are indications that they may contribute to COPD

[20]. Design of inhibitors for cysteine proteases has pro-
ceeded the furthest with ICE, the IL-1 precursor processing
enzyme [201]. Inhibitors for this enzyme have been taken
forward to Phase II–III clinical studies in arthritis [202].
Other members of the ICE family, the caspases, have essen-
tial roles in apoptosis [179] and the progress in biology of
this area may reveal rational targets in the context of cell
death and removal that is such a critical part of lung host
defence. Considerable interest in cathepsin S as a target has
emerged, based on both its involvement in the immune
response [47] as well as in vascular wall inflammation in
genetically modified mice [141].

The clinical evaluation and development of protease
inhibitors in COPD has only begun. The details of the 
proteome are now in hand [5] and intrinsically potent
inhibitors of some of the individual enzymes are available.
A handful of these have properties that have allowed their
introduction into humans [13,16,17]. The rapidly evolving
understanding of the biology of proteases in the healthy
lung and in COPD will provide the basis for much further
work in this area. This knowledge, together with the ap-
plication of sensitive and specific tools for measuring the
efficacy of candidate drugs against the irreversible damage
to the lung, will provide the basis for determining whether
they will be clinically useful. 
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CHAPTER 69

Retinoids

Stephen R. Tudhope

Emphysema is caused by the destruction of alveolar walls
leading to a loss of elastic recoil and small airway closure in
addition to loss of alveolar surface area for gas exchange [1].
Emphysema, which is a component of chronic obstructive
pulmonary disease (COPD), is thought to result from the
action of proteases [2], reactive oxygen species and cytotoxic
T lymphocytes [3]. While the majority of pharmaceutical
research effort is currently focused on inhibiting the inflam-
matory response in COPD or targeting proteases involved 
in lung destruction, the ‘holy grail’ of therapeutics for the
treatment of emphysema is undoubtedly an agent that will
regenerate damaged lung tissue. Retinoids hold that promise.

The term retinoids refers to the natural and synthetic
derivatives of vitamin A (retinol). While retinol is required
for reproduction and its metabolite retinaldehyhde for
vision, it is another metabolite, all-trans-retinoic acid (ATRA)
that is the focus of this chapter. The discovery that ATRA 
is a powerful and important morphogen involved in cell 
differentiation and branching pattern formation during
embryonic development triggered the so-called ‘retinoid
revolution’ of the 1980s [4]. ATRA was also found to be
critical for the development of pulmonary alveoli and the
discovery in 1997 that it could induce alveolar repair in an
animal model of emphysema [5] appears to have triggered
a new retinoid revolution.

This chapter reviews the role of retinoids in alveolar 
formation and models of emphysema as well as briefly 
considering some potentially related repair models. It also
considers gene products that may be involved in retinoid-
induced repair and assesses the clinical promise of retinoids
for the treatment of emphysema.

Retinoids exert their biological effects by directly regulating
gene expression, their receptors belonging to the super-

Retinoid receptors

family of nuclear hormone receptors. These include steroid,
thyroid and vitamin D3 receptors [6]. There are two major
classes of retinoid receptors, retinoic acid receptors (RARs)
and retinoid X receptors (RXRs), each with three subtypes
(α, β and γ) and various isoforms arising from differential
gene splicing. RARs and RXRs bind to specific DNA se-
quences known as response elements (RAREs and RXREs,
respectively) (Fig. 69.1). These receptors typically suppress
gene transcription in the absence of retinoids and induce it
in the presence of retinoid agonists [7]. Although RARs and
RXRs can homodimerize, heterodimerization increases the
efficiency of binding to the response elements and gener-
ates combinatorial diversity [8].

The response elements usually consist of direct repeats of
the sequence AGGTCA separated by a defined number of
nucleotides, although palindromes and complex elements
with little consensus structure have also been shown to bind.
RARs usually associate with direct repeats separated by a
spacer of five nucleotides, whereas RXRs generally bind to
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Figure 69.1 All-trans-retinoic acid (ATRA) signal
transduction: The retinoic acid receptor (RAR) dimerizes 
with the retinoid X receptor (RXR) and associates with the
retinoid response elements (RARE and RXRE) on DNA. 
ATRA activation of RAR induces gene transcription.



different to RARs and appear to act as a master partner for
nuclear receptor signalling, albeit usually a silent one.

There is a remarkably high degree of conservation between
mouse and human RAR subtypes, suggesting that each 
subtype may have important and distinct physiological roles
[13]. In addition, the spatiotemporal expression pattern 
of the RAR subtypes in mouse and human is also highly
conserved. In adult mice and humans, RARα is ubiquitous,
RARβ is highly expressed in the heart, lung and spleen,
while RARγ is confined to lung and skin [14–16]. This 
suggests that selective RAR agonists may provide a way to
target specific tissues and minimize the side-effects associ-
ated with non-selective retinoids.

Through decades of retinoid research, mainly pioneered
by companies interested in their dermatological and oncolo-
gical effects, there are now many synthetic retinoids reported
with varying degrees of selectivity for retinoid receptor 
subtypes. TTNPB, for example, is a synthetic retinoid activ-
ating all three RAR subtypes but not RXRs [17]. AM580 is
selective for the RARα receptor subtype [18], CD2019 pre-
ferentially binds to the RARβ receptor [19] and CD666 is
RARγ selective (Fig. 69.2) [20]. Antagonists have also been
reported, such as AGN 193109, a pan-RAR antagonist [21]
and the RARα selective retinoid antagonist AGN 194301
(Fig. 69.3) [22]. Using such pharmacological tools, RAR
subtype-specific effects are being identified.

Studies utilizing vitamin A deficiency, RAR mutations and
lung explants have demonstrated that ATRA is essential for
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direct repeats with a spacer of one nucleotide [9]. There is,
however, a degree of promiscuity between the response
elements such that a particular response element may be
activated by more than one member of the nuclear receptor
superfamily. In addition, there is some tolerance for nu-
cleotide substitution in the consensus sequence, leading to
a range of binding affinities and therefore potentially differ-
ent levels of retinoid responsiveness for different genes [9].

ATRA is the physiological hormone for RARs, binding
with approximately equal affinity to the three subtypes, but
has low affinity for RXRs. An isomer of ATRA, 9-cis-retinoic
acid, which binds equally to RARs and RXRs, has been pro-
posed as the physiological hormone for RXR activation,
although this is still a matter of debate [10]. In the context
of RAR/RXR heterodimers, activation is achieved by RAR
agonists, although RXR agonists have been shown to enhance
their effects in cellular assays [11,12]. RXRs also serve as
heterodimeric partners to other nuclear receptors including
the vitamin D, thyroid hormone and peroxisome proliferator-
activated receptors (PPARs). Thus, RXRs are functionally
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Figure 69.2 Structures and selectivity profiles of retinoid
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lung development [23]. During the pseudoglandular stage
of lung development, retinoid signalling promotes forma-
tion of conducting airways and later promotes formation of
the primary lung buds [24]. Retinoids also have a critical
role in the development of alveoli by a process known as
septation, where lung saccules constituting the gas exchange
region of the immature lung subdivide to increase the avail-
able surface area for gas exchange. Septation mostly occurs
postnatally in mammalian species beginning around the
fourth postnatal day in rats and mice and completed by 
the fourteenth. In humans, the process begins during the
last month of gestation and continues at least through the
first few postnatal years.

There is a critical window for septation in rats and mice,
which if inhibited – for example, by the administration of
the synthetic glucocorticosteroid dexamethasone – prevents
normal alveolar formation and the lung takes on a perm-
anent emphysematous-like appearance [25]. The septation
period in rats is associated with low serum levels of nat-
ural glucocorticosteroid hormones [26,27], an abundance
of pulmonary lipofibroblasts (LIFs) [28] and high lung 
levels of a retinoid binding protein CRBP1 [29].

The LIFs appear to act as retinoid storage cells, containing
abundant stores of retinol and ATRA prior to septation that
are depleted post-septation. LIFs also secrete tropoelastin,
the precursor to cross-linked elastin that provides the sup-
port and elasticity essential for lung function. Studies with
rat fetal lung explants showed that inhibiting the meta-
bolism of retinyl esters reduced elastin gene expression in
culture, whereas supplementation with ATRA increased
elastin gene expression [30]. Expression of RARβ and RARγ
was shown to increase in LIFs at birth, at the same time that
these cells contain their maximal amount of ATRA. The
RARγ expression level declines again after the second post-
natal day, as ATRA levels also decrease. These associations
strongly implicate retinoids with the processes of septation
and elastin synthesis.

Investigating the role of ATRA in septation, Massaro 
and Massaro [31] demonstrated that treatment of normal
neonatal rat pups with ATRA induced the formation of
additional septa compared with untreated animals. An
increased rate of septation was also observed in RARβ
knockout mice [32], suggesting that signalling through
RARβ inhibited septation. This was confirmed by the use of
an RARβ selective agonist [32]. McGowan et al. [33] dis-
covered a decrease in the numbers of alveoli and alveolar
surface area in RARγ knockout mice, suggesting that RARγ
signalling is the trigger for septation. This proposal is sup-
ported by the finding that only RARγ agonists stimulated
elastin synthesis in pulmonary fibroblasts [34].

Although septation is the primary means to generate
alveoli in the developing lung, there appears to be another,
less understood process by which alveoli are formed during

post-neonatal lung growth. This process does not occur 
by subdivision of saccules [35] and appears to be regulated
by RARα signalling [36]. Taken together, these studies
demonstrate a crucial role for retinoids in mediating alveo-
lar formation, implicating RARγ as the trigger for septation
with RARβ acting as a brake to prevent excessive sub-
division and RARα mediating slower alveolar formation 
to synchronize with lung growth.

Dexamethasone model

Treatment of neonatal rodents with dexamethasone during
the critical period of septation results in an emphysematous-
like lesion. However, as the alveoli have not yet formed and
emphysema is defined as alveolar destruction, it is more
correct to call this a model of impaired septation rather than
emphysema. Nevertheless, the lungs do not spontaneously
regenerate and adult animals have larger and fewer alveoli
than untreated littermates (Fig. 69.4) [37,38]. Concomitant
treatment with ATRA during the dexamethasone treat-
ment period was found to reverse or block the inhibition 
of septation [31]. This effect could, however, be caused by
inhibition of the steroid at a molecular level rather than
overcoming its effect.

In adult rats with dexamethasone-impaired septation,
ATRA induced the formation of smaller and more numer-
ous alveoli [39], presumably by initiating septation,
although the repair was only partial compared with control
animals. This remarkable result has been confirmed in mice
[40], demonstrating that ATRA can induce alveolar forma-
tion in adult animals at a time when alveoli do not normally
form.

Elastase model

Many different proteases have been shown to induce an
emphysematous condition when instilled into the lungs of
animals. These include papain [41,42], neutrophil elastase
[43] and trypsin [44], although the most frequently employed
agent is porcine pancreatic elastase (subsequently referred
to as elastase). A single administration of elastase has been
shown to induce a condition that is functionally and mor-
phologically similar to human panacinar emphysema [45].

Following their studies implicating ATRA in develop-
mental alveolar formation, Massaro and Massaro [5] dis-
covered that following elastase-induction of emphysema in
rats, daily intraperitoneal injections of ATRA over 12 days
resulted in a marked improvement in lung morphometry.
This is consistent with formation of new alveoli by septa-
tion and the authors suggested that ATRA may have
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‘turned back the clock’ to induce gene expression patterns
associated with early lung development and the formation
of alveoli in the immature lung. We have corroborated
these findings and representative lung images are presented
in Figure 69.5 [38].

A major question regarding this ATRA-induced alveolar
regeneration was whether the newly regenerated lung 
was ‘normal’ and contributed to gaseous exchange. Using
physiological measurements of lung function, Tepper et al.
[46] demonstrated that treatment with ATRA reversed the
elastase-induced increase in Pause (a measurement reflect-
ing airflow obstruction) and the lung volume parameters
TLC (total lung capacity) and RV (residual volume). This
suggested that the ATRA-induced regeneration of alveoli in

the elastase model of emphysema resulted in the formation
of normal functional alveoli.

These findings have been substantiated by Belloni et al.
[47] who reported that ATRA induced a 50% reversal of
elastase-induced lung damage in rats. Furthermore, in the
same model, the RARγ-selective agonist Ro444753 (see 
Fig. 69.2) induced lung repair by approximately 40% and
improved some lung function parameters [48].

However, not all workers have been able to reproduce
Massaro and Massaro’s findings. March et al. [49] found no
significant effect of ATRA on Lm (a measure of alveolar
size) in a rat model of elastase-induced emphysema and
Lucey et al. [50] found the same lack of statistical signi-
ficance in a mouse model. In both studies, however, ATRA
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(a) (b)

Figure 69.4 Representative images of dexamethasone-impaired septation in rats. (a) Daily treatments from age 4 to 13 days with
saline. (b) Daily treatments from age 4 to 13 days with 0.25 μg dexamethasone in saline. Lungs were harvested at age 60 days,
fixed at a transpulmonary pressure of 20 cm H2O, sectioned and stained with haematoxylin and eosin. Scale bars 200 μm.

(a) (b) (c)

Figure 69.5 Representative images of the effect of all-trans-retinoic acid (ATRA) on elastase-induced emphysema in rats. 
(a) Animals instilled with saline on day 0 and cottonseed oil daily from day 24. (b) Animals instilled with elastase (2 units/g)
on day 0 and cottonseed oil daily from day 24. (c) Animals instilled with elastase (2 units/g) on day 0 and ATRA (0.5 mg/kg) 
in cottonseed oil daily from day 24. Lungs were harvested on day 37, fixed at a transpulmonary pressure of 20 cm H2O,
sectioned and stained with haematoxylin and eosin. Scale bars 200 μm.



reduced the mean Lm by approximately 20%, which was
similar to our own finding, although the data we obtained
were statistically significant [38]. These contradicting results
may stem from different techniques used to assess lung
morphometry including their sensitivity to change [51] or
from using different strains, species or dosing regimen
[49,50].

Smoking model

It is well established that cigarette smoking can cause
emphysema in humans [52]. In laboratory animals, cigarette
smoke exposure has also been shown to induce emphy-
sema in mice [53], rats [54] and guinea pigs [55].

In a rat model of smoke-induced emphysema, ATRA and
Ro444753, administered daily for 1 month following the
induction of emphysema, decreased elastin breakdown
products and improved lung morphometry by 74% and
75%, respectively [56]. However, ATRA was found to be
ineffective in guinea pig [57] and mouse [49] smoking
models, although the guinea pig study was atypical as
ATRA was administered during the smoke-induction of
emphysema. The lack of effect of ATRA in mice, compared
with the similarly conducted rat study, may result from 
differences in species, dosing regimen or the severity of
emphysema [49].

Genetic models

Tight skinned (Tsk) mice [58], which contain a tandem
duplication within the fibrillin-1 gene [59], fail to septate,
resulting in an emphysematous-like condition [60,61].
Treatment of adult Tsk mice with daily injections of ATRA
over 12 days was found to induce septation, resulting in 
3.5 times more alveoli that on average were 2.7 times
smaller compared with control animals [39].

The blotchy mouse is another example of disrupted lung
matrix formation resulting in the development of an
emphysematous-like condition [62]. In this case, altered
copper transport effects lysyl oxidase activity [63] that is
essential for the synthesis of mature cross-linked elastin
[64]. The effect of retinoids in this model has yet to be
reported.

Knockout models

The genetic models previously described suggest that
defects in lung matrix deposition can lead to the inhibition
of septation and altered lung morphology [65]. Elastin is
possibly the most crucial of these proteins and its synthesis
has been suggested to be the driving force behind alveogen-
esis [66–68]. Knockout mice lacking elastin die shortly after
birth and display disruption of terminal airway branching

and fewer distal air sacs, indicating that elastin is essential
for terminal airway development [69].

Mice lacking the growth factor PDGF-α survive birth 
and have normal lungs until the onset of septation [70].
Thereafter they develop an emphysematous morphology
consistent with failed septation, undergo collapse of the
lung parenchyma within a few weeks and die [71]. In these
PDGF-α knockout mice, alveolar myofibroblasts fail to pro-
liferate and spread, resulting in reduced elastin synthesis 
in the lung parenchyma. ATRA has been shown, in vitro,
to stimulate postnatal rat lung fibroblast proliferation via a
PDGF-mediated autocrine mechanism [72], suggesting that
PDGF-α is a crucial downstream signalling molecule for
ATRA-induced septation. These results also reinforce the
central role of fibroblasts in lung septation.

A milder form of impaired septation is seen in a double
knockout mouse model lacking the fibroblast growth factor
receptors FGFR3 and FGFR4 [73]. However, in this knock-
out, elastin synthesis is apparently normal during the usual
septation period although septation does not occur. The
authors suggest that, besides elastin synthesis, a cellular dif-
ferentiation step, blocked by the deletion of these receptors,
is equally crucial for septation [73].

Angiogenesis models

Contrary to the widely held belief that the sole cause of
emphysema is proteolytic injury to the lung extracellular
matrix, Kasahara et al. [74] demonstrated that antagonism
of the VEGF receptor VEGFR-2 induced emphysema in
adult rats by an apoptosis-dependent mechanism with 
an absence of inflammatory cells. VEGF signalling through
VEGFR-2 is necessary for maintenance of endothelial 
cells and angiogenesis. An antibody to PECAM-1, another
effector of angiogenesis, was found to inhibit septation in
rat pups, suggesting that angiogenesis also has an essential
role in alveolar formation [75]. These novel findings revived
the largely forgotten hypothesis of Liebow [76], which, based
on histological examination of emphysematous lungs, pro-
posed that vascular atrophy may initiate the loss of alveolar
septa. Further support to this theory came from the obser-
vation that smokers with emphysema, but not healthy
smokers, have decreased levels of VEGF, VEGFR-2 and
increased lung endothelial and epithelial cell apoptosis
[77]. This exciting new model of emphysema raises many
questions, including whether or not the animals spontan-
eously repair following removal of the VEGFR-2 antagonist
and whether ATRA can induce alveolar repair.

Hyperoxic lung injury

Exposure of neonatal animals to hyperoxic conditions dur-
ing the period of septation inhibits the formation of alveoli
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[78]. This inhibition of septation is similar to that seen with
dexamethasone and is a feature of human bronchopul-
monary dysplasia (BPD) seen in low birthweight infants
supplemented with oxygen [79]. Although still a matter of
controversy, treatment of vitamin A deficient, low birth-
weight infants with retinol has been reported to reduce the
incidence of BPD [80], suggesting that retinol or a related
metabolite may protect against the inhibition of septation
caused by hyperoxia. Exposure of newborn rats to hyper-
oxic conditions and ATRA from age 3 to 14 days showed
that unlike dexamethasone-impaired septation, ATRA had
no effect on alveolar formation at this time [81]. However,
following weaning to room air, examination of the lungs 
at age 42 days revealed that ATRA-treated animals had
smaller alveoli and increased gas-exchange surface area 
relative to control hyperoxic lungs [82]. This suggests that
ATRA protected against the hyperoxic-induced lung injury
although the effect was only observed when a larger gas-
exchange area was required for breathing normal air.

Calorific restriction

A possibly related model is that of calorific restriction,
which supports a reversible link between lung architecture
and an animal’s oxygen demand [83]. In all mammals,
there is a direct linear relationship between alveolar surface
area and oxygen uptake [84]. During periods of starvation
an animal’s metabolic rate drops, lowering the oxygen
demand [85] and in an apparent attempt to redress the bal-
ance between oxygen demand and alveolar surface area,
calorific restriction results in an emphysematous morpho-
logy, which is returned to normal following refeeding [86].
This spontaneously regenerating model may throw new
light on the natural mechanisms of alveolar destruction and
regeneration, which could be involved in development of
emphysema.

The mechanism of retinoid-induced alveolar regeneration
may be related to the capacity of some species for com-
pensatory organ growth and limb regeneration.

Compensatory lung growth

Spontaneous lung growth following partial lung resection
has been documented in many species including dogs [87],
ferrets [88], mice [89] and rats [90]. It also occurs in
humans under the age of 4 years [91] and to a lesser extent
up to the age of 20 years [92]. The rat model of com-
pensatory lung growth post-pneumonectomy has been 

Associated models of regeneration

extensively studied, where, following pneumonectomy,
the remaining lung undergoes expansion and remodelling
to compensate for the loss of lung capacity. The ‘new’ lung 
has normal morphology, implying that alveolar forma-
tion occurs together with lung growth [93]. This post-
pneumonectomy lung growth is modulated by the hormonal
status of the animal, proceeding more rapidly in adrenalec-
tomized animals and can be inhibited by administration of
adrenal corticosteroid [94]. It is tempting to speculate that
dexamethasone may also inhibit post-pneumonectomy
alveolar formation akin to inhibition of septation during
development. In addition, ATRA has been reported to
enhance lung growth following pneumonectomy [95],
which further supports a link between neonatal alveolar
development and compensatory lung growth.

Limb regeneration

Amphibians of the order Urodela such as the Axolotl have
the remarkable ability to regenerate limbs and other large
sections of body following wounding or amputation. The
effect of retinoids is to enhance the process in a proximal
manner. That is, following amputation of an Axolotl fore-
arm and treatment with ATRA, a complete limb from the
shoulder level onwards can regenerate from the forearm
[96]. Frog tadpoles, which can regenerate tails following
amputation, may be induced to regenerate hindlimbs from
amputated tail stumps by treatment with ATRA [97]. This
‘proximalizing’ effect of ATRA has also been observed in
developing mammalian lungs in vitro [98,99], where ATRA
was found to suppress the development of distal epithelial
buds in favour of proximal airways.

MRL mouse model

The MRL/MpJ strain of mice, originally bred for their 
susceptibility to autoimmune disorders, have the remark-
able ability to heal ear hole punctures [100]. This repair of 
a through-and-through hole is more like tissue regenera-
tion than wound healing, as it is associated with complete
recovery of normal architecture and a lack of scarring. Their
regenerative capacity is not limited to the skin, however,
and has also been demonstrated in the hearts of adult 
MRL mice [101]. Scarless wound healing is a trait usually
associated with fetal rather than adult animals and has 
been linked to the lack of development of the immune 
system, particularly T lymphocytes. However, analysis of 
the genetic trait responsible for the regenerative capacity 
of MRL mice showed no overlap with the autoimmune
phenotype. Instead, the researchers found a number of
genetic loci that in combination led to the healing pheno-
type. Candidate genes associated with these loci include
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RARγ, PDGF, FGFR4, TGFβ-3 and hox8 amongst others [102].
This discovery demonstrates that far from being restricted to
amphibians, spontaneous tissue regeneration is also possible
in adult mammals and may require a multitude of factors.

Although there are obvious differences between limb
regeneration, scarless wound repair, compensatory lung
growth, alveolar development and alveolar regeneration,
there are also some striking similarities, especially in the 
context of pattern formation and signalling pathways [103].

Some retinoid-responsive genes are listed in Table 69.1.
Many of these are known to be involved in early lung branch-
ing morphogenesis, such as Shh, Hox, growth factors and
matrix proteins [153]. Some of these genes are also likely to
be required for alveolar formation. These include: matrix
proteins, particularly tropoelastin, essential for the forma-
tion of alveolar septa; growth factors and their receptors
such as EGF, PDGF and TGF-β, required for cell differenti-
ation and proliferation; and proteases and cell adhesion
proteins required for cell migration. ATRA also regulates
genes associated with retinoid activity, such as retinoid
receptors, binding proteins and catabolic enzymes that may
have a role in retinoid self-regulation.

Table 69.2 lists some further gene products associated
with developmental or regenerative models. Although these
genes are not known to be directly regulated by ATRA, by
association with these models they may be regulated by
downstream factors following retinoid activation. The list
again includes matrix proteins and growth factors, as well
as enzymes and hormones. It seems likely that a conserved
mechanism exists for the formation and regeneration of
pulmonary alveoli and therefore comparing gene expres-
sion in the different models may lead to a better under-
standing of this process [165].

Retinoids are currently used in the clinic for treatment 
of skin disorders and particular forms of cancer [166]; 
however, only limited studies have been undertaken in
emphysema. In 2002, a group from the UCLA reported the
results of a pilot study to assess the effects of ATRA in
human emphysema [167]. This small study of 20 patients
with severe emphysema showed no clinical benefits on 
pulmonary lung function or by computerized tomography
imaging following a 3-month cross-over treatment with
ATRA. A larger, five-centre study, sponsored by the National

Retinoids in clinical development 
for emphysema

Retinoid-responsive genes

Heart, Lung and Blood Institute (NHLBI) using a 6-month
treatment time followed by a 3-month crossover phase
commenced in 1999 [168,169] and the results are expected
in 2006.

Although ATRA was well tolerated in the UCLA study,
mild side-effects including skin changes, transient headache,
hyperlipidaemia and musculoskeletal pains were reported.
Such side-effects may prove to be dose limiting. An altern-
ative approach is to use selective retinoids targeting a 
single receptor subtype, which may have a more favourable 
therapeutic ratio. Roche [170,171] have released press
reports on a selective RARγ agonist (R667), which is cur-
rently in phase II clinical development for the treatment of
emphysema. The results of these clinical trials are expected
in 2006.

It has been demonstrated that retinoids not only promote
alveolar formation during the neonatal period, but can also
induce alveolar regeneration in adult emphysematous dis-
ease models. These include genetic dysfunction and protease
or cigarette smoke induced lung destruction, although results
in the latter models remain controversial and may be species
or strain dependent.

Retinoids induce gene expression by activation of RARs
and it is most likely that activation of specific RARs in 
particular cells underlie the effects discussed so far. Altern-
ative mechanisms are inhibition of gene transcription by
association with other transcription factors and indirect
antioxidant effects; neither of which would appear to lend
the required complexity to direct morphogenesis.

Although the exact mechanism of retinoid-induced 
alveolar formation remains a mystery, genetic models 
and knockouts have implicated a number of essential gene
products in the process. These include the matrix proteins
fibrillin-1 and tropoelastin; lysyl oxidase, to cross-link and
produce mature elastin fibres; growth factor PDGF-α and
fibroblast growth factors acting through FGFR3 and FGFR4.
In addition, angiogenic factors such as VEGF and PECAM-1
may also have a pivotal role. That ATRA can induce alveo-
lar formation and repair implicates it as a master mor-
phogen, being able to initiate a cascade of controlled gene
signalling resulting in coordinated lung growth.

Associated spontaneous repair models such as amphibian
limb regeneration, mammalian compensatory lung growth,
calorific restriction and scarless wound healing may also
share repair pathways with the retinoids. Elucidating the
mechanisms of these processes will enhance our under-
standing of natural tissue regeneration and may shed fur-
ther light on retinoid mechanisms.

Discussion
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Table 69.1 All-trans-retinoic acid (ATRA)-responsive genes. Table represents gene products induced (↑) or inhibited (↓) by
ATRA, grouped by function.

Gene family and product Regulated Mode* System† Refs

Matrix components
Tropoelastin ↑ Indirect D,C [30,93,104]
Type 1 procollagen ↑ Indirect D,C [81,93,105]
Laminin B1 ↑ Direct – [106]
MMP-1 ↓ Direct – [107]
MMP-3 ↓ – – [108]
MMP-7 ↓ – – [109]
MMP-9 ↓ Indirect – [110,111]
MMP-11 ↑↓ Direct – [112,113]
TIMP1 ↑ Indirect – [111,114]

Cell adhesion
Galectin-1 ↑ – – [115]
Galectin-3 ↓ – – [115]
LAMP ↑ – – [115]
Transglutaminase C ↑ – – [116,117]

Growth factors and receptors
IGF-2 ↑ Direct – [118]
IGFBP-3 ↑ Direct – [119]
IGFBP-6 ↑ Direct – [120,121]
IGF-1R ↑ – – [122]
EGFR ↑ Indirect D,C [95,123,124]
FGF-8 ↑ Direct – [125]
FGF-BP ↓ – – [126]
PDGF ↑ Indirect D,C [71,72,127]
PDGFRs ↑ – – [128]
TGF-β1 ↓ – – [129]
TGF-β2 ↑ – – [130]
TGF-β3 ↑ – – [130]
TGF-βRs ↑ – – [131]
NGF ↑ – – [132]
NGFR ↑ Direct – [133,134]
Midkine ↑ Direct D [135,136]

Enzymes
Cathepsin D ↑ – – [137]

Transcription factors
Ets-1 ↑ Direct – [138]
HNF-3α ↑ Direct – [139]

Receptors
RARβ ↑ Direct – [140]
β1-AR ↑ Direct – [141]

Pattern genes
Hoxa-1,2,7 ↑ Direct D [142–144]
Hoxb-1,5,6,8 ↑ Direct D [143,145,146]
Hoxd-4 ↑ Direct D [147]
Shh ↑ – D [143]

Other
SPB ↑ Direct – [148]
CRBPI ↑ Direct D [149,150]
CRBPII ↑ Direct – [151]
P450RAI ↑ Direct – [152]

* The mode of regulation is direct if the presence of a RARE or direct gene modulation has been demonstrated. Indirect means that
protein synthesis is required before modulation of gene transcription is observed. 
† D, developmentally regulated gene; C, regulated during compensatory lung growth; –, information not available.



Until recently, there has been little optimism for finding
therapeutic treatments to promote alveolar repair. How-
ever, the discoveries surrounding the effects of retinoids on
lung morphogenesis are now changing the dogma that the
adult mammalian lung is non-repairable. With clinical
studies ongoing to test the efficacy of ATRA and select-
ive retinoid agonists in human pulmonary emphysema, it 
will soon be known whether retinoids can deliver their
promise. In addition, further work to understand the mech-
anism of retinoid-induced alveolar repair in animal models

Conclusions

may provide insight into alternative therapeutic approaches
for the treatment of human emphysema.
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CHAPTER 70

Chemokines in COPD

Peter J. Barnes

Chemokines are small secreted proteins that have a key 
role in the trafficking and recruitment of inflammatory and
immune cells to sites of disease and have become important
new targets in the search for more specific anti-inflammatory
treatments. Over 50 different chemokines are now recog-
nized and they activate up to 20 different surface receptors
[1]. Chemokine receptors belong the seven transmembrane
receptor superfamily of G-protein-coupled receptors and
this makes it possible to find small molecule inhibitors,
which has not yet been possible for classic cytokine recep-
tors [2]. Some chemokines appear to be selective for single
chemokine receptors, whereas others are promiscuous and
mediate the effects of several related chemokines.

Four different families of chemokines are now differenti-
ated, based on differences in the position of critical cysteine
residues: CC, CXC, C and CX3C chemokines are recognized.
Each chemokine molecule binds to a single or several recep-
tors expressed on target inflammatory cells, resulting in the
activation of signal transduction pathways that then result
in chemotaxis or other cellular activities that include pro-
liferation, differentiation and survival. Chemokines appear 
to act in sequence in determining the final inflammatory
response and so inhibitors may be more or less effective
depending on the kinetics of the response [3].

Chemokines have a critical role in orchestrating inflam-
matory and immune responses by regulating the trafficking of
inflammatory and immune cells to target organs [4]. Several
chemokines are involved in the recruitment of inflammatory
cells in COPD [5]. There is considerable interest in identi-
fying the critical chemokines as small molecule chemokine
receptor inhibitors are now in development for COPD [6,7]. 

The inflammation in COPD is characterized by a marked
increase in numbers of macrophages, which are derived from
blood monocytes, neutrophils and T lymphocytes with a
predominance of cytotoxic (CD8+) cells over helper (CD4+)
cells [8,9]. All of these cells are derived from the circulation
and it is therefore likely that chemokines have an import-

ant role in the migration of these cells into small airways
and the lung parenchyma where the inflammation in COPD
predominates.

Interleukin 8

The CXC chemokine interleukin 8 (IL-8) (CXCL8) is a potent
chemoattractant of neutrophils and it is not surprising that
it has been implicated in COPD as there is a marked increase
in neutrophils in airway secretions. IL-8 levels are markedly
increased in induced sputum of patients with COPD and cor-
relate with the increased proportion of neutrophils [10,11].
The concentrations of IL-8 are even more elevated in patients
with emphysema resulting from α1-antitrypsin deficiency
[12] and during exacerbations [13]. Anti-IL-8 antibodies
have an inhibitory effect on the chemotactic response to
COPD sputum, indicating that IL-8 contributes to neutrophil
chemotaxis into the airways [14,15]. The concentrations 
of IL-8 in induced sputum are further increased during
acute exacerbations, which presumably contributes to the in-
creased numbers of neutrophils and the increased purulence
of the sputum [13,16,17]. There is a correlation between IL-8
concentrations and the bacterial colony count in sputum,
indicating that bacterial infection may induce neutrophilic
inflammation, at least in part, via induction of IL-8 release
in the airways [18,19]. IL-8 is also increased in bronchoalve-
olar lavage (BAL) fluid of patients with COPD and correlates
with numbers of neutrophils [20,21]. The concentrations of
IL-8 are significantly higher in smokers with emphysema
than in matched smokers without airflow limitation, whereas
the concentrations of other CXC chemokines in BAL do not
appear to discriminate between these groups [22].

The cellular source of IL-8 in COPD is not completely 
certain. Airway epithelial cells secrete IL-8 in response to
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several stimuli, including tumour necrosis factor-α (TNF-α)
and cigarette smoke extract [23–25]. IL-8 protein and 
mRNA are increased in bronchiolar epithelial cells of
patients with COPD [26] and there is increased basal release
of IL-8 from airway epithelial cells of patients with COPD
[27,28]. Alveolar macrophages also secrete IL-8 in response
to the same stimuli and cells derived from patients with
COPD secrete more IL-8 than those from normal smokers,
who in turn secrete more macrophages than normal non-
smokers [29]. Neutrophils also release IL-8 and attract
more neutrophils, so that a self-perpetuating inflammatory
state may be established [30]. The secretion of IL-8 is regu-
lated transcriptionally by several transcription factors,
amongst which nuclear factor-κB (NF-κB) is predominant.
NF-κB is activated in alveolar macrophages of patients 
with COPD and is further activated during exacerbations
[31,32].

Neutralization of IL-8 with a blocking antibody signific-
antly reduces the neutrophil chemotactic activity of sputum
from patients with COPD [15,17]. However, the reduc-
tion in neutrophil chemotactic activity is only of the order
of approximately 30%, indicating that other neutrophil
chemotactic factors are also involved and that blocking 
IL-8 alone may be insufficient as a therapeutic strategy to
reduce neutrophil inflammation in the respiratory tract.

IL-8 acts via two receptors: CXCR1, which is a low
affinity receptor that is specific for IL-8; and CXCR2, which
has high affinity and is shared by other CXC chemokines
(Fig. 70.1). It is likely that CXCR2 mediates the chemotactic
response of neutrophils and monocytes to IL-8, whereas
CXCR1 may mediate the effects of IL-8 on release of medi-
ators and proteases. There is a marked up-regulation of
CXCR2 in airway epithelial cells during acute exacerbations
of COPD and this is correlated with the increased numbers
of neutrophils in the airway [33].

Other CXC chemokines

GRO-α
Growth-related oncogene-α (GRO-α, CXCL1) is another CXC
chemokine that is likely to be involved in COPD. GRO-α
activates neutrophils, monocytes, basophils and T lympho-
cytes via CXCR2 [34]. The concentrations of GRO-α is
markedly elevated in induce sputum and BAL of patients
with COPD compared with normal smokers and non-
smokers (Fig. 70.2) [35]. GRO-α selectively activates

860 CHAPTER 70

(low affinity)
CXCR1

CXCR2
(high affinity)

Macrophage

Epithelial
cells

Fibroblast

Neutrophil

CXC chemokines

Neutrophil

MPO ElastaseO2
–

Chemotaxis

Adhesion

Activation

IL-8

GRO-α
GRO-β
GRO-γ
ENA 78
GCP2

Figure 70.1 CXC chemokine
receptors on neutrophils.
Interleukin 8 (IL-8) binds with
low affinity to CXCR1, resulting
in adhesion and activation and 
to CXCR2 with high affinity
resulting in chemotaxis. CXCR2
is also activated by other CXC
chemokines, including growth-
related oncogene α (GRO-α),
β and γ, epithelial cell-derived
neutrophil-activating peptide of
78 kD (ENA-78) and granulocyte
chemotactic protein-2 (GCP-2).
MPO, myeloperoxidase.

NF-κB

TNF-α

GRO-α gene

GRO-α

IL-8 gene

IL-8

Monocyte MacrophageNeutrophil

Bacteria

Viruses

C C
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factor-κB (NF-κB) after stimulating with tumour necrosis
factor α (TNF-α), bacteria and viruses. This results in
chemotaxis of neutrophils and monocytes that differentiate
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CXCR2 and is chemotactic for neutrophils and monocytes.
There is an increase in the monocytes’ chemotactic re-
sponse to GRO-α in COPD patients and this may be related
to increased turnover of CXCR2 on monocytes of COPD
patients [36]. It is possible that the increased chemotactic
response of monocytes to GRO-α is one of the mechanisms
leading to increased numbers of alveolar macrophages in
the lungs of patients with COPD (Fig. 70.3) [37] and could
be one of mechanisms of susceptibility to cigarette smoking.

ENA-78
Epithelial cell-derived neutrophil-activating peptide-78
(ENA-78, CXCL5) is derived predominantly from epithelial
cells and also activates CXCR2, although monocytes do not
appear to show an increased chemotactic response to this
chemokine as they do to GRO-α [36]. ENA-78 is increased
in BAL fluid of COPD patients compared with normal sub-
jects, but there is no difference between patients with
emphysema and normal smokers [22]. A marked increase
in expression of ENA-78 has been reported in epithelial
cells during exacerbations of COPD [33].

CXCR2 antagonists
The involvement of several CXC chemokines in COPD 
and the involvement of CXCR2 in chemotactic responses of
neutrophils and monocytes indicates that CXCR2 antagonists
may have therapeutic potential in inhibiting recruitment of
monocytes and neutrophils. Potent small molecule inhibitors
of CXCR2, such as SB 225002, have now been developed
that block the chemotactic response of neutrophils to IL-8 and
GRO-α [38,39]. This antagonist has a significant inhibitory
effect on the chemotactic response to COPD sputum. Con-
centrations of GRO-α are also elevated in induced sputum
of patients with COPD and this mediator has a chemotactic
effect on neutrophils and monocytes [35]. CXCR2 antagon-
ists may therefore also reduce monocyte chemotaxis and
the accumulation of macrophages in COPD patients.

CXCR3
The mechanisms by which CD8+, and to a lesser extent
CD4+ cells, accumulate in the airways and lungs of patients
with COPD is not yet understood. However, homing of 
T cells to the lung must depend upon some initial activation
then adhesion and selective chemotaxis. T cells in periph-
eral airways of COPD patients show increased expression 
of CXCR3, a receptor activated by γ-interferon inducible
protein of 10 kDa (IP-10, CXCL10), monokine induced by
γ-interferon (Mig, CXCL9) and interferon-inducible T cell-
α chemoattractant (I-TAC, CXCL11). All three chemokines
activate CXCR3, although I-TAC has the highest affinity
[40]. CXCR3 is expressed on T lymphocytes, particularly of
the CD8+ subtype. There is increased expression of IP-10 
by bronchiolar epithelial cells and this could therefore con-
tribute to the accumulation of CD8+ cells, which preferen-
tially express CXCR3 [41]. It is of interest that γ-interferon
(IFN-γ) stimulates dendritic cells to produce IP-10 and Mig
which then enhances their ability to attract CD8+ cells [42].
Alveolar macrophages also have the capacity to produce 
IP-10 and Mig and result in attraction of CD8+ T cells [43].
Because CD8+ Tc1 cells produce IFN-γ this provides a poten-
tial feed-forward amplification loop. The role of CD8+

T cells in COPD is not yet certain, but as they have the capa-
city to produce perforins and granzyme B they might induce
apoptosis in alveolar epithelial and endothelial cells, there-
by contributing to emphysema [44,45]. This suggests that
blocking CXCR3 might be beneficial in the treatment of
COPD (Fig. 70.4).

CCR2

Monocyte chemotactic protein-1 (MCP-1, CCL2) is a CC
chemokine that activates CCR2 on monocytes and T 

CC chemokines
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Figure 70.4 Chemotaxis of cytotoxic (CD8+) T lymphocytes
via activation of CXCR3 by the CXC chemokines γ-interferon
inducible protein of 10 kDa (IP-10), monokine induced 
by γ-interferon (Mig) and interferon-inducible T-cell-α
chemoattractant (I-TAC). CD8+ cells may release perforins 
and granzyme B which may induce apoptosis in alveolar cells
and release γ-interferon (IFN-γ), which in turn activates the
release of these chemokines.

lymphocytes. CCR2 may have a role in COPD, as MCP-1
levels are increased in sputum, BAL fluid and lungs of
patients with COPD (see Fig. 70.3) and MCP-1 is expressed
in alveolar macrophages and epithelial cells [26,35,46].
MCP-1 is a potent chemoattractant of monocytes and may
therefore be involved in the recruitment of macrophages in
COPD. Indeed, the chemoattractant effect of induced spu-
tum from patients with COPD is abrogated by an antibody
to CCR2. Because macrophages appear to have a critical role
in COPD as a source of elastases and neutrophil chemo-
attractants, blocking CCR2 may be a therapeutic strategy in
COPD and small molecule inhibitors are in development. 

CCR3

CCR3 are predominantly expressed on eosinophils and
therefore have an important role in asthma. In COPD there
is a small increase in eosinophils and eosinophil basic pro-
teins in induced sputum and BAL fluid and an increase in
eosinophils has been described in exacerbations of chronic
bronchitis [10,47,48]. This suggests that eosinophil chemo-
attractants may play some part. RANTES (released by 
activated normal T cells expressed and secreted, CCL5) 
activates CCR3 and is strongly expressed in airway epithe-
lial cells of patients with chronic bronchitis exacerbations
[49]. Eotaxin (CCL*) and CCR3 show increased expression

in the bronchi of patients with exacerbations of chronic
bronchitis and are correlated with increased numbers of
eosinophils [50].

Other CC chemokine receptors

CCR4 and CCR8 are selectively expressed on Th2 cells 
and are activated by the chemokines macrophage-derived
chemokine (MDC, CCL22) and thymus and activation
dependent chemokine (TARC, CCL17) [51]. However, Th2
cells are not prominent in COPD so it is unlikely that these
receptors are relevant.

CCR7 has a role in the migration of dendritic cells to
regional lymph nodes and therefore blocking this receptor
might suppress antigen presentation [52]. There is an in-
crease in the number of dendritic cells in rat lungs exposed
to cigarette smoke [53,54] and in the airways and alveolar
walls of smokers [55,56], but the chemotactic factors
involved have not yet been determined. MIP-3α (CCL20),
which acts on CCR6 that is expressed by immature 
dendritic cells, is potent chemoattractant of dendritic cells
and is expressed by airway epithelial cells in response to
IFN-γ [57].

The unique CX3C chemokine fractalkine, which is tethered
to cell surfaces, shows increased expression in human air-
way epithelial cells after stimulation with IFN-γ and may be
involved in recruitment and adhesion of monocytes, T lym-
phocytes and natural killer cells to epithelial surfaces [58].
Whether fractalkine or its receptor CX3CR1 are increased in
COPD is not yet known.

Chemokine receptor antagonists

Many new approaches to the treatment of inflammation
ion COPD are now under consideration [7]. Chemokine
receptor antagonists are an attractive approach to the ther-
apy of COPD because chemokines have a critical role in 
the recruitment of the key inflammatory cells, including
macrophages (and monocytes), neutrophils and T lympho-
cytes. However, there is considerable redundancy in the
system, so that blocking a specific chemokine receptor may
not inhibit the chemotactic response as other chemokine
receptors and other classes of chemotactic mediator also aid
in recruitment. However, in COPD, a critical feature of the
disease is an amplification of the inflammatory response
seen in normal smokers, so that the aim of therapy is not 

Therapeutic implications

CX3C chemokines
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to abolish the inflammatory cells but to reduce them to the
numbers seen in normal smokers. No chemokine receptor
antagonists have so far been studied in COPD patients and 
it is only when clinical trials are conducted that the size of
the clinical effect can be determined. Studies involving neu-
tralization of IL-8 in sputum indicate that this chemokine
accounts for only approximately 30% of the neutrophil
chemotactic activity of sputum in COPD patients [15], 
and that leukotriene B4 (LTB4) accounts for a similar pro-
portion, so that when these two chemotactic agents are
blocked there is still approximately 50% of the chemotactic
activity remaining. Whether this is sufficient to have an
impact on clinical parameters such as exacerbation fre-
quency or disease progression will only be determined 
by expensive clinical trials in relatively large numbers of
patients.

Chemokine receptors are an attractive therapeutic target
as small molecule inhibitors can be identified by screening
and in the future by molecular design as each G-protein
coupled receptor has a defined binding cleft for ligand inter-
action [2]. Several small molecule inhibitors have now
been developed but so far none has reached the clinic.
Another approach is the use of monoclonal antibodies
directed at either the chemokine receptor (preferably) or
the chemokine. An antibody to IL-8 has been developed
[59] and has recently been in clinical trials in COPD, but 
the results have not yet been reported.

Chemokine synthesis inhibitors

Another approach to reduce chemotaxis is to inhibit the
production of chemokines, although this approach is not
specific. Corticosteroids inhibit the transcription of many
chemokines through inhibiting the transcription factor NF-
κB. However, there appears to be a resistance to the anti-
inflammatory effects of corticosteroids in patients with
COPD, so that even high doses of inhaled or oral corticos-
teroids do not reduce the elevated concentrations of IL-8 
in sputum [60,61]. Alveolar macrophages from patients
with COPD are also steroid resistant and even high con-
centrations of corticosteroids do not inhibit the baseline or
cigarette smoke-stimulated release of IL-8 [29]. The mech-
anism for this molecular resistance to corticosteroids is 
not yet certain, but there is a decrease in the expression of
histone deacetylase-2, an enzyme that is critical for switch-
ing off inflammatory genes by corticosteroids [62–65]. 

Theophylline is a bronchodilator through inhibition of
phosphodiesterases (PDE) in airway smooth muscle, but at
lower concentrations acts as an anti-inflammatory agent
through a novel molecular mechanism that involves activa-
tion of histone deacetylases [66]. This results in reduced
expression of IL-8 in macrophages and epithelial cells. This
also leads to increased responsiveness to corticosteroids,

raising the possibility that theophylline may reduce the
apparent steroid resistance seen in COPD [67]. Theophyl-
line in low concentrations reduces both neutrophil num-
bers and IL-8 concentrations in patients with COPD [68],
indicating that unlike corticosteroids it has a useful anti-
inflammatory action.

Selective inhibitors of PDE4 are now in development as
anti-inflammatory therapy for COPD and are effective in
inhibiting the synthesis of chemokines such as IL-8 in air-
way cells. PDE4 inhibitors markedly suppress IL-8 release
from human neutrophils [69]. Unexpectedly, IL-8 release
from epithelial cells and sputum cells from patients with
COPD was not inhibited by a PDE4 inhibitor cilomilast that
was effective in reducing TNF-α release [28], indicating that
this therapy may not be effective in reducing chemokine
expression. Indeed, a recent clinical trial of cilomilast in
COPD showed no reduction in IL-8 expression in bronchial
epithelial cells [70].

The p38 MAP kinase pathway is involved in expression 
of many chemokines, including IL-8 [71,72]. Non-peptide
inhibitors of p38 MAP kinase, such as SB 203580, SB
239063 and RWJ 67657, have now been developed and
these drugs have a broad range of anti-inflammatory effects
[73], but they have not been tested in clinical trials in
COPD. P38 MAP kinase inhibitors reduce IL-8 expression
by epithelial cells by a post-transcriptional mechanism as
they do not reduce its gene expression [74].

NF-κB regulates the expression of IL-8 and other chemo-
kines. NF-κB is activated in macrophages and epithelial
cells of COPD patients, particularly during exacerbations
[31,32]. There are several possible approaches to inhibi-
tion of NF-κB, including gene transfer of the inhibitor of
NF-κB (IκB), a search for inhibitors of IκB kinases (IKK),
NF-κB-inducing kinase (NIK) and IκB ubiquitin ligase,
which regulate the activity of NF-κB, and the development
of drugs that inhibit the degradation of IκB [75]. The 
most promising approach may be the inhibition of IKK-2 
by small molecule inhibitors which are now in develop-
ment [76]. A small molecule IKK-2 inhibitor suppresses 
the release of IL-8 from alveolar macrophages [77] and
might be effective in COPD when alveolar macrophages
appear to be resistant to the anti-inflammatory actions of
corticosteroids [29]. 

Resveratrol is a phenolic component of red wine that 
has anti-inflammatory and antioxidant properties. It has 
a marked inhibitory effect on IL-8 release from alveolar
macrophages from COPD patients who show little or no
response to corticosteroids [78]. The molecular mechanism
for this action is currently unknown, but identification of
the cellular target for resveratrol may lead to the develop-
ment of a novel class of anti-inflammatory compounds.
Resveratrol itself has a very low oral bioavailability so
related drugs will need to be developed.
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Plate 6.1 Photomicrograph of lung tissue from a patient 
with endstage COPD/emphysema. This specimen shows the
destruction of the alveolar–capillary architecture, highly
muscularized arteries and fibrosis around the bronchovascular
bundle. The pleura is thickened and hypervascular. (H&E
staining, × 200). (Courtesy of Dr Carlyne Cool.)

(a) (b)

Plate 8.1 (a) Photomicrograph of a whole mount preparation of rat tracheal mucosa stained with an antibody against substance
P, showing the lattice-like structure of the mucosal C-fibre plexus. To visualize a similar pattern of nerves in human airway
mucosa, a non-specific neuronal marker such as PGP 9.5 is required, because only a fraction of the mucosal plexus in humans
contains substance P [91]. (From Baluk P, Nadel JA, McDonald DM. Substance P-immunoreactive sensory axons in the rat
respiratory tract: a quantitative study of their distribution and role in neurogenic inflammation. J Comp Neurol 1992;319:586–98
with permission.) (b) Photomicrograph of a mechanosensitive Aδ-fibre stained with the vital dye FM 2-10 in guinea pig trachea.
This structure is situated just beneath the basement membrane, and found throughout the trachea and main stem bronchus. 
The inset shows the rapidly adapting action potential discharge caused by application of a punctate mechanical stimulus (von 
Frey probe, horizontal bar) to the airway containing this nerve structure (conduction velocity ~4 m/s). Activation of this type 
of fibre in the guinea pig trachea consistently evokes cough (Courtesy of B. J. Canning.)
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Plate 9.1 Schematic diagram of the correlations between key pathological features of COPD (small airways obstructive,
pulmonary emphysema and vascular remodelling) and pulmonary gas exchange state (ventilation/perfusion imbalance) 
in stable advanced COPD.

COPD

(a) (b)

(c) (d)

Asthma

Plate 14.1 (a,b) Photomicrographs showing bronchial biopsy specimens immunostained with anti-EG-2 (eosinophil cationic
protein) from: (a) a patient with fixed airflow obstruction and a history of COPD; and (b) a patient with fixed airflow obstruction
and a history of asthma. The two patients had a similar degree of fixed airflow obstruction. In (b) there is prominent eosinophilia
beneath the destroyed epithelium that is not present in (a). (c,d) Photomicrographs showing bronchial biopsy specimens stained
with haematoxylin and eosin (H&E) from: (c) a patient with fixed airflow obstruction and a history of COPD; and (d) a patient
with fixed airflow obstruction and a history of asthma. The two patients had a similar degree of airflow obstruction. In (d) there is
a thicker reticular layer of the epithelial basement membrane compared with (c). (From Fabbri LM, Romagnoli M, Corbetta L et al.
Differences in airway inflammation in patients with fixed airflow obstruction due to asthma or chronic obstructive pulmonary
disease. Am J Respir Crit Care Med 2003;167:418–24 with permission.)



Plate 24.1 Peripheral airway of a smoking subject with 
COPD showing CD8+ T lymphocyte infiltration in the wall.
Immunostaining with anti-CD8 monoclonal antibody.
Original magnification: × 200.

Plate 24.2 Paratracheal lymph node from a smoking subject
with COPD. B lymphocytes are organized in lymphoid
follicles, surrounded by a paracortical region rich in CD4+

and CD8+ T lymphocytes. Immunostaining with anti-CD8
monoclonal antibody. Original magnification × 50.

Stage 1:
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adhesion and migration

Stage 2:
Cellular proliferation

and stratification

Stage 3:
Progressive

pseudostratification
and differentiation

Stage 4:
Well-differentiated and

pseudostratified epithelium

Plate 22.1 Sequence of events in the regeneration of airway epithelium. (From Dupuit F, Gaillard D, Hinnrasky J et al.
Differentiated and functional human airway epithelium regeneration in tracheal xenografts. Am J Physiol Lung Cell Mol Physiol
2000;278:L165–76 with permission.)



(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Plate 25.1 Histology of interleukin-13 (IL-13) and γ-interferon-induced emphysema. First column is normal mouse lung, second
column is IL-13 overexpressing mouse lung and third column is γ-interferon overexpressing mouse lung. (a–c) Low power,
hematoxylin and eosin. Note normal alveolar architecture in wild type mice while both IL-13 and interferon mice show marked
alveolar destruction. (d–f) High power hematoxylin and eosin. Note lack of significant infiltrate in normal lung, accumulation of
macrophages and eosinophils in IL-13 lung and mononuclear infiltrate in interstitium of interferon lung. (g–i). Periodic Schiff
stain. Note mucus accumulation in IL-13 mice (arrow) while no mucus accumulation in normal and interferon expressing mice.



E14.5 E16.5

E18.5 P1
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Plate 29.1 Histology of mouse lungs at various stages of
development. Embryonic mouse lung develops from early
pseudoglandular stage (E14.5), to canalicular stage (E16.5)
and further terminal sac stage (E18.5 and P1). Neonatal lungs
undergo further alveolarization, resulting in many septa
formation (P14). Finally, a mature honeycomb-like structure
with normal respiratory function is formed, as observed in
adults. Scale bar: 100 μm.

B

A

Plate 31.1 Section of normal human lung × 100, stained with
Elastic van Gieson, which highlights elastic fibres as black.
Collagen stains crimson red with this stain. Distinct elastin
laminae can be seen within the walls of a bronchiole (B) and
its accompanying nutrient artery (A). Collagen is best seen
surrounding blood vessels in this photomicrograph. Note the
predominance of elastin staining in alveolar tissue. Sections
kindly prepared by Dr Simon Trotter, Department of
Histopathology, Birmingham Heartlands Hospital, UK.

(a) (b) (c)

Control SU-5416 SU-5416 + Caspase inhibitor

Plate 27.1 Airspace enlargement with VEGF receptor blockade. Hematoxylin-and-eosin staining histology of rat lungs. 
(a) Section of lung from a control rat showing normal alveolar structure. (b) Section of lung from an SU5416-treated rat showing
airspace enlargement. (c) Section of lung from a rat treated with SU5416 plus a caspase inhibitor showing normal alveolar
structure. (From Kasahara Y, Tuder RM, Cool CD et al. Endothelial cell death and decreased expression of vascular endothelial
growth factor and vascular endothelial growth factor receptor 2 in emphysema. Am J Respir Crit Care Med 2001;163:737–44 with
permission.)



(a) (b)

(c) (d)

Plate 34.1 Membranous
bronchioles from a lung from
Vancouver (a,b) and Mexico 
City (c,d). Note the greatly
thickened airway wall and the
marked increase in fibrous tissue
and muscle in the Mexico City
lung. (a,c) × 50, (b,d) × 200.
(From Churg A, Brauer M, del
Carmen Avila-Casado M, Fortoul
TI, Wright JL. Chronic exposure
to high levels of particulate air
pollution and small airway
remodeling. Environ Health
Perspect 2003;111:714–8 with
permission.)



(a)

(d)

(e)

(b)

(c)

Plate 35.1 Electron microscope
images of respiratory viruses
common in COPD. (a) Influenza
virus. (b) Respiratory syncytial
virus (RSV). (c) Human
Picornavirus. (d) Severe acute
respiratory syndrome (SARS). 
(e) Adenovirus.



(a) (b)

Plate 62.1 Peptide mucolytic degradation of DNA. (a) YoYo-1 staining of CF sputum showing DNA polymers, and (b) the same
specimen after in vitro treatment with rhDNAse.
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in dyspnoea 23, 24

effects on gas exchange 108, 679–80

evaluation of effectiveness 55–6

in exacerbations 582

guideline recommendations 817

maximal therapy 591

in obliterative bronchiolitis 151, 152
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see also specific drugs

bronchoscopy

in exacerbations 422, 423, 734

studies of eosinophils 240

bronchotransferrin 245

bruising associated with corticosteroid

therapy 703

brush border cells 245

bullectomy 636–7

indications 644–5

long-term results 642–3

short-term results 637

bupropion

in smoking cessation 580, 596, 610,

615–16, 617, 618

and weight gain 617

Burkholderia cepacia infection in cystic

fibrosis 127, 128, 131

1,3-butadiene 389

C1 inhibitor 449

C-fibres 92

activation 93, 96–7

bronchial 93

and cough in COPD 97

neurotransmitter 95
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bromhexine 761–2

bronchi, pathophysiology 5–6

bronchial arteries 257

embolization 129–30
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CCR3 862
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mainstream 385

metals in 389
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corticosteroids (continued)
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E-cadherin 308

ECG see electrocardiography

echocardiography 174

pulmonary embolism 531

transoesophageal 174

economic burden of COPD 779–91

ECSOD 747

ectoderm 308

EELV see end-expiratory lung volume

EFL see expiratory flow limitation

INDEX 875



emphysema (continued)

induction by IL-13 and IFN-γ 278–80
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in asthma 154–5

calculation 10

in cystic fibrosis 128

forkhead box transcription factors 323,

324, 326

formoterol

anti-neutrophil effects 671

clinical efficacy 674, 675

in combination with anticholinergics

665, 679

in combination with corticosteroids

676–9, 698–701

in combination with theophylline 679

comparison with anticholinergics 661,

675

comparison with salmeterol 675

comparison with theophylline 676

cost effectiveness 786

costs 782

delivery, pressurized metered dose

inhalers 488

effect on exercise capacity 675

effect on monocytes–macrophages 671

effect on mucociliary clearance 672

mechanism of action 670

safety in COPD 679

in stable COPD 581

fractalkine 862

INDEX 877



GATA 319, 677

gelatinases 224, 225, 256, 349, 356,

358–9, 360

gelsolin 763

genes, candidate 438–42

genetic factors

in asthma 155–6

in COPD 376–7, 436–46, 780
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hepatocellular carcinoma in α1-antitrypsin

deficiency 451

hepatocyte nuclear factors (HNF) 319

HNF-3α 323

HNF-3β 319, 323

Hering–Breuer reflex 92

HES 234

hexokinase 29, 51

HFH4 323

HFH8 323

hiatal hernia 500, 504
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hospice services 775

hospital admission

avoidance 784

cost of 597

indications for 581

reductions in 597

Hox homoeodomain transcription factors

326

HPA axis, effects of systemic

corticosteroids 702

HR see heart rate

HRCT 151, 174

HRQoL 181–2, 184, 783

HRR 44

human metapneumovirus 409
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insulin-like growth factors 34, 52, 330

integrins 467

effect of MMP-12 on 225

role in neutrophil trafficking 257

role in repair and regeneration of

airway epithelium 250

intensive care units

sleep deprivation in 604

transfer of ventilator-dependent

patients from 602–3

intercellular adhesion molecule-1 

see ICAM-1

intercostal muscles

activity and recruitment 26

capillarity 29

fatigability 31

fibre types and size 28

metabolic enzymes 29

structural alterations 30
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IL-8 275, 859–60

in COPD 259–60, 276–7, 551

in cystic fibrosis 127

effect of cigarette smoke on 391

effect on muscle 33

effect on neutrophils 259–60, 

354, 413

effects of β2-agonists on 670–1

as marker of neutrophil activation

256

production by lung macrophages

227–8

and pulmonary vascular changes

112

receptors 860

response to bacterial

infection/colonization 426, 

427, 429

as therapeutic target 261, 378

IL-10 275, 277

IL-13 275, 278–80, 281, Plate 25.1

animal models of expression 342,

358–9

genetics 442

overexpression 225

polymorphism 277

internet and social support 596

interstitial macrophages 219, 221

intrapleural pressure in cough reflex 90

intrapulmonary shunt 102, 103, 105, 

107

intrinsic positive end-expiratory pressure

(PEEPi) 67, 68–9, 563

in COPD exacerbations 559–60

and ventilation/perfusion mismatch

108

investigations in COPD 169–76

iodides as expectorants 762

iodinated glycerol 762

IPF 311

ipratropium
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immune response to 425

effects of IL-13 on 278

elastolytic 824

genetics 440

knockout mice 279, 828

in lung development 331–2

MMP-1 359

MMP-2 224, 225, 359, 824

MMP-7 246, 249, 824, 832

MMP-9 224, 225, 357, 358–9, 360, 

824, 832

MMP-12 224, 356, 357, 358, 359, 

824, 832

inhibition/deficiency 280, 828

nomenclature 224

role in pathogenesis of emphysema

224–5, 255, 277–8, 356–7

role in repair and regeneration of

airway epithelium 249

role of T cells in release 271

maximal expiratory airflow

limitation 10–15

measurement 9–10

maximal expiratory static pressure 30

maximal inspiratory airflow 11

maximal inspiratory static pressure 30

maximal mid-expiratory flow, in cystic

fibrosis 128

maximal voluntary ventilation 44

MCP-1 see macrophage chemotactic

protein-1; monocyte

chemoattractant protein-1

measles 148

mechanical ventilation (MV) 560

aims 559

controlled 560–1

in COPD exacerbations 559–68, 783–4

and gas exchange 106–8

indications for 559

invasive 559, 560–2

location of care 602–3

long-term/chronic 601–7

in multidisciplinary units 602

outcome 601–2

and psychological dysfunction 604

special patient needs 603–6

non-invasive 559, 560, 562–4, 566

patient evaluation 604

positive end-expiratory pressure 561–2

pressure support ventilation 561

prolonged 769

proportional assist ventilation 56, 561

weaning 564–5

withdrawal 772–3

see also non-invasive positive pressure

ventilation

mechanoreceptors in dyspnoea 21

meconium ileus 132

mecysteine 581, 760
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lower respiratory tract colonization 551

molecular epidemiology 424

in sinusitis 522

strains 729

morbidity, predictors of 119

mortality

and air pollution 399

epidemiology 579, 595

in exacerbations 547

following lung transplantation 643

and inhaled corticosteroids 697–8

in long-term invasive mechanical

ventilation 601–2

predictors of 119, 120, 168, 569

mouth occlusion pressure 64

MRL mouse 850–1

MRP 287

MRSA 128

MSCs 309, 313

mucins 193–4, 245, 756

composition in mucus in COPD 757–8

in cystic fibrosis 126

genes 756, 757–8

as marker of goblet cell development

322

secretion 322

mucociliary clearance 191, 194, 195, 245,

756

in anticholinergic therapy 661

in asthma 207

and bacterial infection 195, 246, 428

in bronchiectasis 140

in chronic bronchitis 195

in COPD 195, 207

in cystic fibrosis 127

drug effects on 194–5, 672

dysfunction 194

effects of β2-agonists on 195, 672

and mucus characteristics 757

mucolytics 759–61, 763–4, Plate 62.1

definition 759

non-thiol 761

peptide 763

rationale for use 759

in stable COPD 581

mucoregulators 759

mucosal-associated lymphoid tissue 202

mucosal immunity 201–6

in obstructive airways disease 206–8

mucous cells see goblet cells

mucous gland enlargement 5, 6

and expiratory airflow limitation 15

mucous glandular cells 245

mucus 193–4, 245, 756

in asthma 757, 758

in bronchiectasis 140

components 756

and cough in COPD 97

systemic effects 751–2

in viral infections 751

N-acystelyn (nacystelyn/NAL) 375, 379,

760

NALT 202

NARES 516, 518

nasal airflow 514

nasal anatomy and physiology 514

nasal-associated lymphoid tissues 202

nasal bridge ulceration in non-invasive

positive pressure ventilation 565

nasal hair 191

nasal intermittent positive pressure

ventilation, in bronchiectasis 144

nasal polyps 519, 520

nasal potential difference test 130

nasal septum 514

NASBA 411–12

nasobronchial reflex 515

nasopharyngeal cancer 204

National Emphysema Therapy Trial 174,

817

National Institute of Clinical Excellence

guidelines 812–13, 816, 818

natural history of COPD 117–19

British hypothesis 119–20, 278, 419

Dutch hypothesis 120–1, 278, 285

nausea in gastro-oesophageal reflux

disease 503

nebulizers 487

advantages and disadvantages

487, 490

drug delivery from 490–1

jet 490, 491

novel systems 491

types 490

nedocromil in allergic rhinitis 521–2

negative expiratory pressure (NEP)

in expiratory flow limitation 67

in investigation of dyspnoea 22

NETT 174, 817

neuraminidase 408, 409

neurokinins 95

neuromuscular electrical stimulation 590

neuromuscular inspiratory drive 64

neuronal nitric oxide synthase 367

neuroserpins 449

neutrophil elastase see elastases,

neutrophil elastase

neutrophils 255, 349, 826–7

activation 256, 351

animal models of activity 255, 357–8

in asthma 156, 158, 550

chemokine receptors 860

in chronic bronchitis 255–6

in COPD 175, 223, 270–1, 276, 413, 550

effector function 260–1

exacerbations 256, 273, 374

in cough reflex 90, 91

in cystic fibrosis 126–7

effects of β2-agonists on 672

hydration 193–4

hypersecretion 756

British hypothesis 119–20, 278, 419

effect on FEV1 119–20

epidemiology 758

pathophysiology 757–8

role of neutrophil elastase 354

role of oxidative stress 374

misty flow 91

properties 756–7

multidisciplinary units, impact on

outcome 602

multidrug-resistance protein 287

multiple inert gas exchange technique

102

Multistage Liquid Impinger 484

muscarinic receptors 658

functions 659

location 659, 660

signal transduction 659

subtype nomenclature and

characterization 658

muscle fibres 27

muscles see peripheral muscles; respiratory

muscles

mutagens in cigarette smoke 389–90

MV see mechanical ventilation

MVV 44

mycobacterial infection in cystic fibrosis

129

Mycoplasma pneumoniae

and COPD exacerbations 549, 733

and obliterative bronchiolitis 148

mydriasis in anticholinergic therapy 661

myeloperoxidase 255, 256, 349, 370, 

671

MyoD 320

myoepithelial cells 322

myofibroblasts 310–12, 313

alveolar 311

in alveolar development 321

definition 309

myosin

in asthma 158

heavy chain isoforms 27–8

light chain isoforms 28

N-acetylcysteine (NAC) 375, 378–9, 748,

750

clinical efficacy 752, 796–7

effect on bacterial colonization 751

as mucolytic 759–60

pharmacokinetics 750

rationale for use 751

in stable COPD 581
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neutrophils (continued)

role in pathogenesis 255–6, 262, 354,

370, 376

decreased apoptosis 827

degranulation 260, 830–1

differentiation and maturation 256–7

effect of β2-agonists 670–1

effect of leukotrienes 259–60, 288, 

354

effect of phosphodiesterase-4 inhibitors

263, 709, 710

inhibitors 263

migration 257–60, 352–3

bronchial circulation 257–8

effect of oxidative stress 373–4, 748

pulmonary circulation 258–9

soluble mediators 259–60

oxidant release 261, 369

response to cigarette smoke 390–1, 748

serine proteases 826–7, 831

see also elastases, neutrophil elastase

as target for anti-inflammatory therapy

261–3

NF-κβ see nuclear factor κβ
NICE guidelines 812–13, 816, 818

nicotine 385

assessment in plasma/saliva/urine 611

dependence 608, 612

assessment 608–9

effects of 608

intoxication 608

lethal dose 608

withdrawal symptoms 609

nicotine acetylcholine receptors 608

nicotine replacement therapy (NRT) 580,

596, 610, 612–13

chewing gum 612–13, 614, 618

combinations of products 613–14

dose–response effects 613–14

inhalers 613, 614, 618

lozenges/sublingual tablets 613, 614

nasal spray 613

in smoking reduction 618

transdermal patches 612, 614

underdosing 609, 613

and weight gain 617

nicotinic receptors 658

nidogen 331

NIMV 559, 560, 562–4, 566

nitric oxide (NO) 367

in cigarette smoke 369, 386

measurement 175, 370

production by macrophages 225–6

role in pulmonary vascular remodelling

111

role in upper airway 515

synthesis 368

in viral respiratory infection 413

nutritional depletion 105, 460

in cystic fibrosis 131, 132

effect on muscle 33, 52

effect on normal lung structure 462

in emphysema 462

and functional performance 462–3

and health services utilization 463

prevalence in COPD 460–1

nutritional support, role in pulmonary

rehabilitation 589

obesity and diabetes 571

obliterative bronchiolitis 148

aetiology 148–9

clinical associations 148–9

clinical presentation 150

constrictive 149, 150

diagnostic testing 151

differential diagnosis 150–1

following lung transplantation 643

histopathology 149, 150

myofibroblasts in 311

postinfectious 148, 149, 150, 152

proliferative 149, 150

treatment 152

obstructive sleep apnoea see sleep apnoea

hypopnoea syndrome

occupation, effect on FEV1 118–19

odynophagia in gastro-oesophageal reflux

disease 503, 504

oesophageal clearance 501

oesophageal pressure 30

oesophagitis, reflux 499, 503–4

oesophagus

adenocarcinoma 499, 502, 504–5

alterations in mucosal immunity 501

ambulatory pH testing 501–2, 503, 506

Barrett’s 499, 501, 502, 504–5, 509

manometry 502–3

opioids

end-of-life therapy 774–5

endogenous, in shallow breathing 72

optimism and coping 806

orientation techniques, use with

ventilator-dependent patients 604

orthopnoea 69

oseltamivir 416

osteomeatal complex 514, 517

in allergic rhinitis 517

osteoporosis

associated with corticosteroid therapy

702

in COPD 572–3

in cystic fibrosis 133

otitis media 520

outcomes 181–2

assessment in pulmonary rehabilitation

590

nitrogen dioxide

in air pollution 397, 402

and cigarette smoke 386

inhalation 148, 226

nitrosothiols 368

nitrotyrosine 368, 372

Nkx homoeodomain transcription 

factors 326

NNK 389, 390

NNT 701

nodularin 303

non-allergic rhinitis 513, 516

diagnosis 518–19

with nasal eosinophilia syndrome

516, 518

signs and symptoms 518

treatment 521

non-intensive care units 602–3, 606

non-invasive positive pressure ventilation

(NPPV) 559, 562–4, 566

adverse events 565–6

chronic home 566

clinical studies 563–4

in COPD exacerbations 783–4

during sleep 83–6

and gas exchange 106, 107

physiological basis 562–3

practice guidelines 565

and pulmonary rehabilitation 590

and weaning from MV 564–5

non-steroidal anti-inflammatory drugs,

effects on neutrophils 263

nortriptyline in smoking cessation 580,

616

Nottingham Health Profile 640–1

NPPV see non-invasive positive pressure

ventilation

NRT see nicotine replacement therapy

NSAIDs, effects on neutrophils 263

nuclear factor κβ (NFκβ)

activation by oxidants 375, 389, 391,

749

activation by particulate air pollutants

400–1, 403

in airway epithelial cell apoptosis 373

in diabetes 571

effect of cigarette smoke on 280

effect of corticosteroids on 262–3

effect of macrolide antibiotics on 206

effect on muscle 572

effect of superoxide dismutase on 378

induction by cytokines 214

inhibition 863

nucleic acid sequence based amplification

411–12

nucleus accumbens 608

nucleus tractus solitarius 95

number needed to treat 701
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body weight as measure of 462–4

impact of multidisciplinary units 602

in long-term invasive mechanical

ventilation 601–2

measures 806

patient-reported 182–3

predictions 769–71

overlap syndrome 627

oxidants 367–8, 747–8

and cachexia 572

cell-derived 369–70

in cigarette smoke 369, 387–9, 392,

748

in COPD 225–6, 748–9

functions 748

in inflammation 375

inhalation 246

measurement 370

production by macrophages 225–6, 369

release by neutrophils 261, 369

as therapeutic targets 377

oxidative stress 368, 747

air pollution-related 397, 404

and airflow obstruction 376–7

animal models 344

and apoptosis 373

and cachexia 572

in COPD 748–9

consequences 372–3

evidence for 370, 749–50

schematic representation 748

systemic 372

effect on airway epithelium 372–3

effect on muscle 33, 52, 374

and inflammatory response 375–6

and lung disorders 748

markers of 304, 370–1, 749–50

measurement 369, 370–1, 749–50

and mucus hypersecretion 374

and neutrophil sequestration and

migration 373– 4, 748

and protease–antiprotease theory 373

role in endothelial dysfunction and

development of emphysema

304–5

schematic representation 747

smoking-related 261, 304–5, 369,

370–1, 748–9

as therapeutic target 377–9, 750–3

oxygen

diffusion limitation 102

exercise desaturation 628

nocturnal desaturation 626–7

toxicity 625

oxygen consumption

measurement in CPET 42–3

peak exercise 172

oxygen pulse, measurement in CPET 44

PaO2

and air travel 172

measurement 171–2

in non-invasive positive pressure

ventilation 563

response to exercise 48–9, 48

papain 223, 447

papaverine, obliterative bronchiolitis

following ingestion 149

Papillon–Lefèvre syndrome 352

parainfluenza

and COPD exacerbations 415

and obliterative bronchiolitis 148

passive smoking 118, 385

pathogenesis of COPD 140–1

patient education 808

in oxygen therapy 632

role in pulmonary rehabilitation 588–9

patients, economic burden of disease

782–3

PAV 561

PCR 175, 411, 412, 415

PDGF see platelet-derived growth factors

peak expiratory flow rate, in asthma

154–5

PECAM-1 258

pectoralis major, strength 30

PEEP see positive end-expiratory pressure

PEEPi see intrinsic positive end-expiratory

pressure

penicillamine, obliterative bronchiolitis

following therapy with 149

pentane 371

pepsin 501

peptic strictures in gastro-oesophageal

reflux disease 504

peptic ulcer disease 572

perforins 276

perfusion see ventilation/perfusion

perichondrial fibrosis 310

periciliary fluid 193, 756, 757

pericytes 310

peripheral airways disease 6–7, 15

peripheral chemoreceptors in dyspnoea

20–1

peripheral muscles

activity and recruitment 26

bioenergetics 32

capillarity 29, 51

deconditioning 34, 52, 54, 585, 586

dysfunction 26–32

causes 32–4

effect of corticosteroid therapy 52

effect of oxidative stress on 33, 52, 374

effect of TNF-α on 33, 277

endurance 31

and exercise tolerance 50–2

exercise training 54–5

oxygen saturation (SaO2)

determination 182

during sleep 80, 81, 82, 175–6

oxygen therapy 622, 624, 632–3

algorithm 630

assessment of need for 581

clinical trials 624–5

compressed gas oxygen 630

continuous-flow nasal cannula 631

cost effectiveness 784–5

delivery methods 631–2

demand delivery devices 632

determination of prescription 629, 630

during air travel 622

during exercise 627–9

in dyspnoea 23–4

evaluation by CPET 56

and gas exchange 106

hazards 625–6

humidification 632

indications for 172

liquid oxygen 631

map of considerations 623

nocturnal 83, 626–7

and optimal medical management 626

oxygen concentrators 630–1

patient education and training 632

physiological considerations 624–5

physiological qualification for 629

in pulmonary rehabilitation 591

requirements following lung volume

reduction surgery 640

reservoir cannula 631

in stable COPD 581

systems 629–31

transtracheal catheter 631

ozone, in air pollution 397, 402

p53 gene mutations 390

PaCO2

calculation 65

increase beyond normal limits 63

measurement 171–2

in non-invasive positive pressure

ventilation 563

relationship to FEV1 in COPD 63, 69

response to exercise 48

upper normal value 63

PAF 671

palatal click 518

palliative care 582, 596, 769, 773–4

pallid mouse 341

palpitations in pulmonary embolism

529

pancreatic involvement in cystic fibrosis

132

panniculitis in α1-antitrypsin deficiency

451
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peripheral muscles (continued)

fatigability 32, 52

fibres, type and size 28, 50–1, 462

functional effects of low body weight

462–3

mass 27, 50–1

maximal vasodilatory capacity 51–2

metabolic enzymes 29

and pulmonary rehabilitation 585, 586

strength 30–1, 51, 462

strength training 54–5, 588

structural alterations 30

wasting 27, 168, 461, 464, 571–2

perlecan 331, 472

peroxisome proliferator-activated receptor

α 289

peroxynitrite 369, 372, 389

pertussis and obliterative bronchiolitis

148

PET, aerosol deposition measurement 486

PFSDQ-M 183–4

PFSS 183–4

pharmacoepidemiology 792–3

asthma 793

COPD 793–801

phosphatidylcholine 212

phosphodiesterase-4 inhibitors 77, 377,

708, 722, 863

in allergic rhinosinusitis 523

anti-inflammatory activity 709–11

as bronchodilators 709

effects on airway epithelium 710–11

effects on fibroblasts 710

effects on macrophages 709–10

effects on neutrophils 263, 709, 710

effects on T cells 709, 710, 717–18

future role 721–2

non-selective see theophylline

selective 347, 710, 711–21, 722

phosphodiesterases 708–9

PDE4 708, 709, 712–13, 718, 722

phosphofructokinase 29, 51

phospholipase A2, secretory 245

photopheresis in obliterative bronchiolitis

152

phrenicectomy 636

physiological dead space 15, 16, 103

physiotherapy

in bronchiectasis 143

in cystic fibrosis 130–1

picornaviruses 409, 415, 730, Plate 35.1

pIgR 203, 204–5, 206

PIM 220

Pim-1 gene 238

‘pink puffers’ 17, 18, 63, 69, 462

PKA 669, 708

PKC 659

plasmin 824

prognosis 177

and advance care planning 769–70

predictors of 119

progression of COPD 546–7

prokinetic agents in gastro-oesophageal

reflux disease 507–8

proline 468, 471

propellants in pressurized metered dose

inhalers 488–9

proportional assist ventilation 561

during exercise 56

prostaglandin H synthase (cyclo-

oxygenase) 286

prostaglandins 285, 286

protease inhibitors 262, 351, 352–4, 355,

361, 449, 455, 473, 551

drug development 823–4, 833–8

low molecular weight 833–7

natural 830

proteases 349

animal models 225, 346, 349, 351,

357–9, 827–8, 829

aspartyl 823

in cells of innate immune system 825–7

classification 349, 823

in COPD 359–60, 551

elucidation of role 827–32

role in pathogenesis 4, 223–5, 255,

260–1, 277–8, 302, 349, 447,

449–50, 823

cysteine 355–6, 823, 838

effects on collagen 350

elastolytic 824–5

endogenous regulation of activity 830

functions 823

genetics 440

and inflammatory response 280, 344,

392

and oxidative stress 373

serine/threonine 260–1, 277, 349–55,

392, 823

see also matrix metalloproteinases and

specific proteases

protein kinase A 669, 708

protein kinase C 659

proteinase-3 255, 256, 349, 354, 824

deficiency 349, 352

inhibitors 351

release 351

proteinases see proteases

proteoglycans 350, 468, 471, 472

cartilage 468

in lung development 331

Proteus vulgaris in COPD exacerbations

548

proton pump inhibitors in gastro-

oesophageal reflux disease 502,

503, 508

platelet-activating factor 671

platelet-derived growth factors (PDGF)

659

knockout mice 849

in lung development 321, 330

platelet–endothelial cell adhesion

molecule-1 258

plethysmography 14

pleurodesis in cystic fibrosis 130

pMDI see pressurized metered dose

inhalers

PNEC 322

pneumococcal infection 204–5

antibiotic resistance 733

in exacerbations 729, 733, 734

pneumonia due to 732

strains 729

vaccination 555, 817

pneumocytes

type I 320, 322, 414

type II 212, 215, 320, 322, 414

pneumonia and exacerbations 731–2

pneumothorax in cystic fibrosis 130

pobilukast 290

polycythaemia 77

polymerase chain reaction 175, 411, 412,

415

polymeric immunoglobulin receptor 203,

204–5, 206

polysomnography 80, 81, 176

positive end-expiratory pressure (PEEP)

in mechanical ventilation 561–2

and ventilation/perfusion mismatch

108

positron emission tomography, aerosol

deposition measurement 486

potassium iodide 762

power of attorney 772

PPARα 289

PPIs in gastro-oesophageal reflux disease

502, 503, 508

pranlukast 290

pregnancy

in cystic fibrosis 133

rhinitis in 516, 518

smoking during 117–18, 159

PRELP 472

preprocollagen 469

pressure support ventilation 561

pressurized metered dose inhalers (pMDI)

486–7

advantages and disadvantages 487

contents 487–8

novel devices 489

with spacer devices 487, 489–90

primary care 579–84

primary ciliary dyskinesia 139

procollagen 350, 469–70
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protopathic bias 794

protriptyline in sleep-disordered breathing

83–4

pruritus, nasal, in allergic rhinitis 518

Pseudomonas aeruginosa

in bronchiectasis 141, 142, 144, 145

in COPD exacerbations 419, 420, 422,

423, 548–9, 733–4

in cystic fibrosis 127, 128, 131

effect on mucociliary clearance 246, 428

lower respiratory tract colonization 551

PSGL-1 expression on eosinophils 237

PSV 561

psychological dysfunction in ventilator-

dependent patients 604

psychosocial support 595–600

in pulmonary rehabilitation 589, 596

for smoking cessation 596, 609, 614

pulmonary arteriography in pulmonary

embolism 531

pulmonary artery 257

pulmonary circulation 75, 300, 301

in COPD/emphysema 75–8

in inflammation 300, 301

neutrophil migration in 258–9

pulmonary embolism see venous

thromboembolism

pulmonary endothelium

barrier function in lung inflammation

300–1

development 301–2, 321

in emphysema 302–3

functions in lung homoeostasis 301–2

role of smoking and oxidative stress in

dysfunction 304–5

pulmonary fibrosis 468, 472–3

and emphysema 3

idiopathic 311

pulmonary function tests

in bronchiectasis 142

in obliterative bronchiolitis 151

Pulmonary Functional Status and

Dyspnea Questionnaire 183– 4

Pulmonary Functional Status Scale 183–4

pulmonary hypertension 15, 16, 76–7,

112

causes 110 –11, 272

as contraindication to lung volume

reduction surgery 646

in COPD 546

development 119

measurement 173–4

and sleep disorder 82

smooth muscle cells in 310

pulmonary interstitium 468

cells 468

COPD pathology related to 472–3

matrix 468–72

fibre types and size 28

metabolic enzymes 29

strength 30–1, 181

structural alterations 30

quality of life 181

and exacerbations 597

health-related 181–2, 184, 783

measurement 806

as predictor of mortality 770

and social support 596

Quality-of-life for Respiratory Illness

Questionnaire 184

quantum proteolysis 353

Quetelet index 460

quinolones 206

R 43

RALDH-2 332

randomized controlled trials 792

RANKL 573

RANTES 273, 275, 277, 862

rapamycin 152

RARs see retinoic acid receptors; 

stretch receptors, rapidly 

adapting

RBILD 150

RCTs 792

reactive nitrogen species (RNS) 367

cell-derived 369

in cigarette smoke 389

in COPD 225–6

reactive oxygen species see oxidants

reference groups in

pharmacoepidemiology 794

reflux oesophagitis 499, 503–4

Reid Index 5

relapsing polychondritis 515

relaxation volume 65

research

funding 792–3

opportunities 808

residual volume (RV) 10

in COPD 170, 171

and hyperinflation 14

and lung volume 14

and lung volume reduction surgery

646

Respimat® device 491–2

respiratory acidosis 172

in COPD exacerbations 559

and intubation 560

in oxygen therapy 625– 6

respiratory bronchiolitis with interstitial

lung disease 150

respiratory cycle analysis 64

respiratory epithelium see airway

epithelium; bronchial epithelium

respiratory exchange ratio 43

pulmonary intravascular macrophages

220

pulmonary mechanoreceptors in

dyspnoea 21

pulmonary neuroendocrine cells 322

pulmonary oedema, effects of β2-agonists

on 671–2

pulmonary rehabilitation 582, 807–8, 

817

and advance care planning 771

components 588–90

contraindications 587

cost effectiveness 785

definition 585

established positive outcomes 585–6

exercise training in 588

history of 586, 587

indications 586–7

and maximal bronchodilator therapy

591

neuromuscular electrical stimulation

590

new adjunctive strategies 590–1

nutritional support 589

outcome assessment 590

post-rehabilitation instructions 590

in prevention of exacerbations 597

promotion of long-term adherence

589–90

psychosocial support 589, 596

rationale 585

role of education 588

and supplemental oxygen therapy 591

pulmonary vascular pressure,

measurement 173–4

pulmonary vascular system 257

in asthma 156

atrophy, in emphysema 302

development 301–2, 320, 330

neutrophil trafficking in 258–9

remodelling 76, 272, Plate 6.1

and gas exchange 110–12, 

Plate 9.1

see also pulmonary endothelium

pulse oximetry

in COPD 172

in CPET 46

criteria for oxygen therapy 629

inaccuracy 46

purpura associated with corticosteroid

therapy 703

QOLRIQ 184

quadriceps

activity and recruitment 26

effect of hypercapnia 32

endurance 31

fatigability 32, 42, 52
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respiratory mucosa 201–2

lymphocyte trafficking 202–3

see also mucosal immunity

respiratory muscles

accessory 605

activity and recruitment 26

bioenergetics 32

capillarity 28–9

dysfunction 26–34

in dyspnoea 21, 22–3

endurance 31

fatigability 31

fibre types and size 27–8

function evaluation 173

length–tension inappropriateness 21

mass 27

metabolic enzymes 29

strength 22–3, 30, 462

structural alterations 29–30

respiratory quotient 43

respiratory syncytial virus (RSV) 409,

Plate 35.1

childhood infection 412–13

and COPD exacerbations 415, 549, 730

and obliterative bronchiolitis 148

as therapeutic target 416

respite care 775

resveratrol 863

retinaldehyde dehydrogenase-2 332

retinoic acid receptors 845–6

retinoid X receptors 845–6

retinoids 845, 853

in emphysema models 847–50

in lung development 321, 332, 846–7

in models of regeneration 850–1

receptors 845–6

agonists 846

antagonists 846

responsive genes 851, 852, 853

synthetic 846

in treatment of emphysema 851

review appointments 582–3

rheumatoid arthritis 149

rhinitis 513

classification 516

unilateral 519

see also allergic rhinitis; non-allergic

rhinitis

rhinitis medicamentosa 516, 518, 521

rhinorrhoea 518

rhinoscopy, fibreoptic 518, 519

rhinosinusitis

and asthma 513, 520, 523

in bronchiectasis 139

comorbidities 520

management 520–3

syndromes 515–20

rhinoviruses 409, 415, 549, 552

effect on airway epithelium 672–3

effect on exercise tolerance 55

effect on monocytes–macrophages 671

effect on mucin secretion 672

effect on mucociliary clearance 672

effect on mucosal oedema 672

effect on PaO2 679–80

effect on surfactant secretion 672

effect on systemic component of COPD

673

mechanism of action 669–70

potential effects on structural changes in

COPD 673

pressurized metered dose inhalers

488

in prevention of exacerbations 597

safety in COPD 679

in sleep-disordered breathing 84

in stable COPD 581

SAM syndrome 515

Samter’s triad/tetrad 519

SaO2 see oxygen saturation

sarcoidosis 515

sarcopenia 461

SARS see severe acute respiratory

syndrome; stretch receptors, slowly

adapting

Sauropus androgynus 149

SB225002 861

SC 203–6

scalene muscles 26

scavenger receptors 825

Schatzki rings 502

screening

lung cancer 539–40

smoking status 610

spirometry 596

secretory component 203–6

secretory leucocyte protease inhibitor

245, 278, 351, 354, 355, 551

sedatives 774–5

selectins

E-selectin 280

in COPD 258

in neutrophil trafficking 257

L-selectin, in neutrophil trafficking

257

P-selectin

and eosinophil trafficking 237

in neutrophil trafficking 257

as therapeutic targets 262

selection bias 795

self-efficacy 806

self-management strategies in pulmonary

rehabilitation 588–9

serotonin 96–7

serous cells 245, 246, 322

serpin superfamily 449, 830

rhuMAB-E-25 523

right ventricular function assessment

173–4

risk factors for COPD 169, 780

RNS see reactive nitrogen species

Ro444753 846, 848, 849

ROBO 321

roflumilast 347, 715–16, 722

adverse effects 720–1, 722

anti-inflammatory actions 716, 718

efficacy in COPD 720–1

pharmacokinetics 719–20

preclinical and in vitro data 716–19

safety in COPD 720–1, 722

structure 711

rolipram 710, 711–12

anti-inflammatory actions 716, 718

structure 711

ROS see oxidants

Rotahaler 492

Roundabout 321

RQ 43

RSV see respiratory syncytial virus

RV see residual volume

RV/TLC ratio, in COPD 170, 171

RXRs 845–6

SAHS see sleep apnoea hypopnoea

syndrome

St George’s Respiratory Questionnaire

184, 185, 186, 187, 463, 641

salbutamol 669

in combination with anticholinergics

679

in combination with theophylline 679

effect on mucociliary clearance 672

effect on PaO2 679–80

effect on systemic component of COPD

673

mechanism of action 669, 670

potential effects on structural changes in

COPD 673

pressurized metered dose inhalers 488

in stable COPD 580

salmeterol

anti-neutrophil effects 670–1

clinical efficacy 673–6, 797

in combination with anticholinergics

665, 679

in combination with corticosteroids

676–9, 698–701

in combination with theophylline 679

comparison with anticholinergics 661,

663– 4, 675–6

comparison with formoterol 675

comparison with theophylline 676

cost effectiveness 786

costs 782
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Serratia marcescens 548

severe acute respiratory syndrome 410,

Plate 35.1

SF-36 184, 186, 606, 640–1

SGRQ 184, 185, 186, 187, 463, 641

Shh pathway 328–9

shunt fraction 15

shuttle walk test 40, 42, 173

sialyl-LewisX 262

Sickness Impact Profile 183

SIgA 203–6, 245

Siglecs 236

silo filler’s lung 148, 152

simvastatin 347

single photon emission computed

tomography, aerosol deposition

measurement 486

sinobronchial allergic bronchopulmonary

mycosis 515

sinobronchial syndromes 515

sinuses

anatomy and physiology 514

aspiration 519

in cystic fibrosis 133

sinusitis 513, 519–20

acute 519

allergic fungal 515

in allergic rhinitis 516–17

chronic 519

recurrent 519

subacute 519

treatment 522–3

SIP 183

sivelestat 455

six-minute walk test 40, 42, 173

sleep

in COPD 80–2, 175–6, 181

disordered breathing during 82–6

normal 80

oxygen therapy during 83, 626–7

and rhinosinusitis 520

studies 83, 175–6

in ventilator-dependent patients 604

sleep apnoea hypopnoea syndrome

(SAHS) 77, 80, 82

in COPD 168, 176, 627

sleepiness, excessive daytime 82

SLIT 321

slow reacting substance of anaphylaxis

286, 292

SLPI 245, 278, 351, 354, 355, 551

small airways disease 390, 401

SMC 310

SMIs 487, 491–2

smoking

behaviour 387

inclusion in medical records 610

and bronchiectasis 139

spacer devices 487, 489–90, 491

specific granules 256

SPECT, aerosol deposition measurement

486

Spinhaler 492

spirometry 9–10, 64, 169–70, 579–80

access to 816

and disease severity classification 69,

176–7, 182, 814–15

and health status 815

in lung cancer with COPD 541

screening programmes 596

SpO2 46

sputum 757, Plate 62.1

in anticholinergic therapy 661

in bronchiectasis 142

in COPD 167

exacerbations 547, 552

in cystic fibrosis 128

eosinophils in 240

examination 175, 419–20

macrophages in 222

neutrophils in 256

production 758

purulent 757

tenacity 759, 760

SRS-A 286, 292

staging 176–7

stair-climbing test 173

Staphylococcus aureus

in bronchiectasis 142

in COPD exacerbations 419, 420

effect on mucociliary clearance

246

effect of N-acetylcysteine on 751

infection in cystic fibrosis 127, 128

methicillin-resistant 128

Starling resistor 12

stem cells

airway epithelium 250–1

macrophage/monocyte lineage 219,

220

mesenchymal 309, 313

pluripotent 309, 322

respiratory system 322–3

totipotent 309

Stenotrophomonas maltophilia 548

stepronin 761

sternocleidomastoid

activity and recruitment 26

fibre types and size 28

stomach

distension in non-invasive positive

pressure ventilation 565–6

factors in gastro-oesophageal reflux

disease 501

strength training, peripheral muscles

54–5, 588

cessation 118, 160, 176, 580, 608, 619,

807

accreditation standards 610

in α1-antitrypsin deficiency 452

basic elements 608–10

cost effectiveness 785

lung clinic interventions 616–17

Lung Health Study I 615

and prevention of exacerbations 555

profile of COPD smokers 617–18

relapse rate 609

research recommendations 619

responsibility for programme 610

social support for 596, 609, 614

success rates 612

techniques 611–14, 615–16

weight gain following 617

diseases associated 385, 386

during pregnancy 117–18, 159

effect on nicotine receptors 608

environmental tobacco 118, 385

history 169

and identification of susceptibility to

COPD 376–7

and lung cancer 538, 540–1

machine-based methods 386–7

in oxygen therapy 626

pack-years calculation 169, 579

and plasma fibrinogen levels 529

reduction 618

as risk factor for COPD 780

screening for smoking status 610

and socioeconomic status 595

verification of status 610–11

see also cigarette smoke

smooth muscle cells 310

smoothelin 310

social isolation 596

social support 595–600

and coping 806

in pulmonary rehabilitation 589, 596

for smoking cessation 596, 609, 614

socioeconomic status

and asthma 156

and development of lung function 118

and lung function impairment 595

and smoking 595

and smoking cessation relapse 617

sodium, airway epithelial ion transport

126

in cystic fibrosis 126

SODs see superoxide dismutase

soft mist inhalers 487, 491–2

solanesol 385

sonic hedgehog signal transduction

pathway 328–9

sore throat due to inhaled corticosteroids

701
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Streptococcus pneumoniae 672

in bronchiectasis 142

childhood infection 431

chronic tracheobronchial colonization

427–8

in COPD exacerbations 175, 419, 420,

422, 423, 548, 549

effect on mucociliary clearance 246,

428

effect of N-acetylcysteine on 751

hypersensitivity to antigens from 430

lower respiratory tract colonization 551

resistance to host immunity 204

in sinusitis 522

streptokinase 533

stress fibres 311

stress management techniques 589

stretch receptors

pulmonary 92–3, 93–4, 96, 97

rapidly adapting 92–3, 93–4, 96, 97

slowly adapting 92–3, 93–4, 97

stroke volume during exercise 53

stromelysins 224, 356

submucosal glands 756

cell types 322

hypertrophy 757, 758

substance P in nasal secretions 514

subtypes of COPD 17–18

succinate dehydrogenase 29, 32, 52

sulphur dioxide

in air pollution 397, 402

inhalation 149

superior meatus 514

superior turbinate 514

superoxide

in cigarette smoke 369, 748

release by neutrophils 261

sources 367, 369

superoxide dismutase (SODs) 367, 748

extracellular 747

mimetics 747–8

recombinant 377–8

supraventricular tachycardia in

anticholinergic therapy 661

surfactant 212, 217, 322

animal studies 215–16

composition and structure 212, 213

in COPD 214–17

effects of β2-agonists on 672

effects of cigarette smoke on 214–15,

672

in emphysema 215

function 212, 213

genetic heterogeneity 216

homoeostasis 212

and lung development 320

in lung injury 214

thalidomide 152

theophylline 708–9, 711, 863

adverse effects 711

in asthma 160

clinical trials 796

in combination with β-agonists 679

comparison with β-agonists 676

effect on neutrophils 263

in sleep-disordered breathing 84

in stable COPD 581

structure 711

therapy 473

health status as marker of efficacy

185–6

markers of effect 182

options available 177

thiobarbituric acid-reactive substances

750

thiocyanate as marker for smoking 611

thiols 750

thiorodoxin 367

thoracoplasty 636

thoracotomy, standard lateral 636, 637

thrombocytopenia, heparin-induced 533

thrombolytic therapy in venous

thromboembolism 533–4

thrombosis 77

thromboxane A2 285, 286

tidal volume (VT)

and alveolar ventilation 65

in COPD 171

in hypercapnia 68

response to exercise 47, 70

tight junction proteins 246

tight-skin mouse 341

TIMPs 224, 278, 356, 357, 440, 830

tiotropium 657

adverse effects 661

clinical trials 662–4, 796

in combination with β-agonists 665, 679

comparison with β-agonists 663–4,

675–6

comparison with ipratropium 185, 663

cost effectiveness 786

development 657

dry powder inhaler 492

effect on exercise tolerance 55–6, 664

effect on FEV1 662–3

effect on health status 664

effect on hyperinflation 664

impact on endpoints 665

in increasing disease severity 665

pharmacodynamics 660–1

in prevention of exacerbations 597

in stable COPD 581

therapeutic role 665–6

time course of effects 657

in pulmonary defence mechanisms

212–14, 246

therapy 216–17, 762–3

surgery

history of 636

indications 644–9

results 637–44

techniques 636–7

see also specific techniques

swallowing 523

in COPD 524

dysfunction in ventilator-dependent

patients 604, 605

evaluation techniques 523

sweat chloride test 130

Swyer-James syndrome 151

symptoms of COPD 167–9

syncope in pulmonary embolism 529

systemic lupus erythematosus 149

T1α protein 322

T cells

in asthma 550

in COPD 270–2, 276, Plate 24.1, 

Plate 24.2

exacerbations 273, 277, 551–2

severe disease 272–3

cytokine expression 271, 275

effects of phosphodiesterase-4 inhibitors

on 709, 710, 717–18

helper (Th)

in allergic rhinitis 516, 517

in asthma 156–7

in immune response 269–70

regulatory (Tr) 234–5

role in eosinophilia 234

trafficking in respiratory mucosa 202–3

TACE 330

tachycardia

in anticholinergic therapy 661

in pulmonary embolism 529

tachypnoea

in COPD exacerbations 560

in pulmonary embolism 529

TBARS 750

TDI 664

telithromycin 206

tenascin 472

terbutaline

effect on airway secretions 672

effect on gas exchange 108

effect on mucociliary clearance 672

pressurized metered dose inhalers 488

in stable COPD 580

testosterone 34, 52

tests of small airways disease 9

TFF 250
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tissue inhibitors of metalloproteinases

224, 278, 356, 357, 440, 830

tissue-type plasminogen activator,

recombinant 533

TJ proteins 246

TLC see total lung capacity

TLCO see transfer factor of the lung for

carbon monoxide

TLR 825

TNF-α see tumour necrosis factor α
Toll-like receptors 825

total lung capacity (TLC)

in COPD 170, 171

and diaphragm muscle fibre types 27

and hyperinflation 14

and lung elastic recoil 7

and lung volume reduction surgery 646

toxins

inhalation

effect on airway epithelium 246

obliterative bronchiolitis following

148–9

obliterative bronchiolitis following

ingestion 149

trachea, in cough reflex 90, 91

transcription factors

animal knockout/overexpression

models 324–5

effects of oxidative stress on 375

in lung development 323–6

transfer factor of the lung for carbon

monoxide (TLCO/DLCO)

and bullectomy 645

in COPD 171

in lung cancer 542

and lung volume reduction surgery

646

transferrin 368

transforming growth factor α
in lung development 329

release by eosinophils 239

transforming growth factor β 275, 280–1

animal models of expression 342

effect on fibroblasts 311

in lung development 327–8

monocyte chemotactic activity 222

release by eosinophils 239

Transition Dyspnea Index 664

transpulmonary pressure 7

transtracheal oxygen 631

transverse sternotomy 636

transversus abdominis 26

treadmill in cardiopulmonary exercise 

test 41

trefoil factor family 250

tropocollagen 350

tropoelastin 350, 471–2, 851

vagus nerve in cough reflex 92–6, 97, 98,

Plate 8.1

vascular endothelial growth factor (VEGF)

in emphysema 280, 302–3

function 301–2

in lung development 321, 330

and pulmonary vascular changes 76, 111

in smokers 303, 305

as therapeutic target 112, 280

vascular endothelial growth factor

receptors 301, 302, 305, 330

animal models of blockade 343, 849

down-regulation 373

vasoconstriction, hypoxic 75

vasointestinal peptide in nasal secretions

514

vasomotor rhinitis 516, 518

vastus lateralis

capillarity 29

effect of hypoxia on 32

endurance 31

fibre types and size 28, 51, 462

mass 27

strength 30–1

structural alterations 30

VATS 637

VC in COPD 171

VCAM-1 236–7

VECAP 44

VEGF see vascular endothelial growth

factor

venous thromboembolism (VTE) 528

clinical manifestations 529–30

and COPD 528–9, 535

electrocardiography 530

history-taking and physical

examination 529

imaging 530–1

laboratory tests 530

management of unstable

haemodynamics in massive

pulmonary embolism 534

pathophysiology 528

prevention 534–5

prognosis 534

treatment 531–4

ventilation

definition 16

distribution in COPD 15–17

during sleep 80

in COPD 81

in emphysema 16, 17

equations 65

increased demand in dyspnoea 21

measurement in CPET 44

response to exercise 47–8

wasted 15

troponins 530

tryptase 355

TSC2 gene 310

TTNPB 846

TTO 631

tubulin 191

tumour necrosis factor α (TNF-α) 275

animal models of expression 342, 358

in COPD 259, 276, 277, 550

exacerbations 551

in cystic fibrosis 127

in diabetes 570–1

effect on muscle 33, 277, 572

effect on neutrophils 259, 826

effects of β2-agonists on 671

effects of phosphodiesterase-4 inhibitors

on 709–10, 717

gene polymorphism 376

genetics 441–2

in inflammatory response 569

animal models 344–5

monocyte chemotactic activity 222

and osteoporosis 573

polymorphisms 277

production by lung macrophages 227

and pulmonary vascular changes 112

response to bacterial

infection/colonization 426, 427,

429

role of MMPs in release 280

as therapeutic target 261

tumour necrosis factor [alpha (TNF-α)]

converting enzyme 330

turbulent airflow and particle deposition

191

twin studies 437

ultrasound in deep venous thrombosis

530–1

upper airway

anatomy and physiology 514

diseases 513–27

influence on lower airway 515

uric acid 368, 748

urination in anticholinergic therapy

661

urokinase 533

uteroglobin/uteroglobulin 246, 322

V/Q see ventilation/perfusion

V/Q mismatch see ventilation/perfusion

mismatch

vaccinations

in cystic fibrosis 132

influenza 414, 416, 555

pneumococcal infection 555

and prevention of exacerbations 555
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ventilation/perfusion (V/Q)

in COPD 15–17

distribution, assessment by MIGET

102–3

during sleep 81

and gas exchange 15

high abnormality 15

low abnormality 15–16

matching 75, 313

ventilation/perfusion mismatch (V/Q
mismatch) 46, 102

assessment by MIGET 103

in bronchiolitis 109, 110, Plate 9.1

in COPD

exacerbations 105–8

measurement 171–2

stable mild to moderate 105

stable severe 104–5

effects of bronchodilators 108, 

679–80

in emphysema 109, 110, Plate 9.1

in exercise 49, 627

and hypoxaemia 106, 624

in invasive ventilation 106–8

management 626

in non-invasive ventilation 106, 107

and pulmonary vascular changes

110–12, Plate 9.1

type H 104, 105

type H-L 104, 105

type L 104, 105

ventilation/perfusion scanning in

pulmonary embolism 531

ventilatory capacity 44

ventilatory dead space to tidal volume

ratio, response to exercise 48

serology 410, 412

as therapeutic targets 416

vital capacity in COPD 171

vitamin A deficiency 321, 332

vitamin C 368, 378, 748, 752

vitamin D binding protein 442

vitamin E 371, 376, 378, 748, 

752–3

VLA-4 236–7

Vr 65

VR see ventilatory reserve

VRUs 602–3, 606

VT see tidal volume

VTE see venous thromboembolism

water brash in gastro-oesophageal 

reflux disease 503

Wegener granulomatosis 515

Westermark’s sign 530

wheezing

in asthma 154

in COPD 168

in cystic fibrosis 128

in obliterative bronchiolitis 150

Wnt-β-catenin pathway 329

xanthine/xanthine oxidase system

369

ximelagatran 533

Young syndrome 515

zafirlukast 290, 291

zanamivir 416

ZD0892 347, 836

zileuton 289, 290, 291

ventilatory efficiency measurement in

CPET 45

ventilatory failure 63

in COPD exacerbations 559

in cystic fibrosis 129

ventilatory rehabilitation units 602–3,

606

ventilatory reserve (VR)

limitations to use 44

measurement in CPET 44

versican 472

video-assisted thoracoscopy 637

vimentin 309

viruses 408

childhood infections 412–13

classification 408

and COPD 546–7

in exacerbations 175, 414–16, 

549, 730

relationship with inflammation 

and airway remodelling

552

role in development of 412–14

culture 410, 412

detection techniques 410–12

effect of N-acetylcysteine on 751

immunofluorescence 411, 412

infection, animal models 346

nucleic acid sequence based

amplification 411–12

and obliterative bronchiolitis 148

polymerase chain reaction (PCR)

411, 412, 415

respiratory 408–10, Plate 35.1

secondary bacterial infection following

viral infection 730
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