
Robert L. Bard
Editor

Image-Guided 
Management of 
COVID-19 Lung  
Disease



Image-Guided Management of COVID-19 
Lung Disease



Robert L. Bard
Editor

Image-Guided 
Management of COVID-19 
Lung Disease



Editor
Robert L. Bard
Bard Cancer Center
New York, NY 
USA

ISBN 978-3-030-66613-2    ISBN 978-3-030-66614-9 (eBook)
https://doi.org/10.1007/978-3-030-66614-9

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2021
This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether 
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse of 
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and 
transmission or information storage and retrieval, electronic adaptation, computer software, or by similar 
or dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the 
editors give a warranty, expressed or implied, with respect to the material contained herein or for any 
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional 
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

https://doi.org/10.1007/978-3-030-66614-9


To my wife, Loreto, whose moral support 
during this pandemic generated the creation 
of this international collaboration and whose 
vision coalesced the advancement of 
noninvasive imaging.



vii

Foreword

From the earliest reports of the novel virus SARS-CoV-2 causing a respiratory ill-
ness (COVID-19), clinicians remarked on the puzzling discordance between the 
degree of hypoxemia and relatively modest work of breathing observed. Early 
reports described this combination as “silent hypoxemia” and such patients as 
“happy hypoxemics.” Similarly, soon after mechanical ventilation was instituted, 
unexpectedly high degrees of lung compliance in conjunction with severe hypox-
emia was observed, attributed to an early phase “dry lung” with “hyperperfusion of 
gasless tissue” as opposed to the significant alveolar oedema and resulting hypoxic 
vasoconstriction observed in “traditional” acute respiratory distress syn-
drome (ARDS).

Next, an expert US radiology panel, after reviewing the first wave of CT scans of 
COVID-19 patients from Wuhan, reported in early March 2020 that the predomi-
nant finding was of an “organizing pattern of lung injury.” This report, combined 
with our clinical recognition of the above clinical presentation (silent hypoxemia), 
led to our first impression that COVID-19 was presenting, in virtually all cases, 
consistent with a “viral-induced secondary organizing pneumonia” (OP) or its his-
tologic variant “acute fibrinous organizing pneumonia” (AFOP). Viral-induced OP 
had been previously described in the prior severe acute respiratory syndrome 
(SARS), Middle East respiratory syndrome (MERS), and H1N1 viral pandemics. 
With SARS, OP and AFOP were reported in 30–60% of intensive care unit patients. 
However, the reported CT findings in COVID-19 suggested that secondary OP, 
AFOP, or both occurred even more frequently.

Although, both common and uncommon imaging patterns of OP have been 
described in approximately 60–90% of patients, the radiographic and CT findings 
are often so characteristic that they suggest the pattern of injury. The “archetypal 
imaging findings” refer to (1) peripheral, bilateral, lower lung predominant consoli-
dation or even a frequent appearance in all lungs zones, and/or (2) peribronchovas-
cular consolidation, which can extend to the subpleural regions in the lower lobes 
associated with patchy ground-glass opacities (GGO).

Although variable radiographic findings in AFOP have been described, patients 
who experience a rapidly progressive course exhibit imaging findings similar to dif-
fuse alveolar damage (DAD), with diffuse but basilar-predominant consolidation 
and GGO. Those with a more subacute course may have similar radiological find-
ings of cryptogenic OP with focal or diffuse parenchymal abnormalities.
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Although our group, based on the combination of the clinical presentation and 
the characteristic findings of OP, concluded as early as May 2020 that early 
COVID-19 respiratory disease was primarily “SARS-CoV-2-induced secondary 
OP,” our manuscript took months to publish given numerous rejections from promi-
nent journals demanding either tissue biopsy (no center was performing lung biop-
sies in early COVID-19), and post-mortem findings all showed that OP had 
progressed to end stage DAD in almost all cases. Other reviewer requests were for 
randomized controlled trials showing that corticosteroids were effective in 
COVID-19. Thus, it was only after the RECOVERY trial established corticosteroids 
as the standard of care in the treatment of moderate to severe COVID-19 that our 
paper accepted for peer review and finally published in September 2020.

Despite this publication, secondary OP is still underrecognized as the underlying 
pathophysiology of early COVID-19. The importance that this knowledge becomes 
more widespread cannot be over-stated given that the increasingly adopted 
RECOVERY trial protocol (6 mg dexamethasone daily for up to 10 days) is insuf-
ficient in most patients with secondary OP. The reason for this is that it is well rec-
ognized among pulmonologists that secondary OP almost uniformly requires higher 
doses, prolonged durations of treatment, and a careful and monitored tapering given 
high risks of relapse when tapered off corticosteroids. Even more worrisome is that 
intensivists and hospitalists are unaware of the higher “pulse” doses traditionally 
required in the successful treatment of fulminant cases of OP or AFOP, a not uncom-
mon presentation to the hospital or ICU.

With the belated realization that identifying the underlying pathophysiology and 
determining the correct treatment was largely apparent from the patterns seen on 
initial CTs, the importance of lung imaging in this disease cannot be overstated, 
with even more recent data showing imaging’s importance in predicting need for 
monitoring and prognosis. Further, given the initial widespread, and still pervasive 
reluctance to send COVID-19 patients to CT scanning due to fears of contamination 
and spread of disease, this has led to an increased emphasis on utilizing imaging, 
largely with an emphasis on ultrasound and/or point of care. In synchrony with the 
evolution of treatment options, the numerous advantages of ultrasound, with its por-
tability, ease of sterilization, and real-time diagnostics were appreciated.

The textbook compares and contrasts patterns of OP on CT with the latest in 
advanced sonography including high-resolution units, Doppler assessment of pul-
monary disease, 3D histogram analysis, and venous imaging for thromboembolism 
evaluation. The input of multinational contributors adds to the depth of the material 
given the multiplicity of clinical findings continually emerging with the multifocal 
nature of this viral entity.

Front Line Covid-19 Critical Care Alliance Pierre Kory
Palmyra, VA, USA

Foreword
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1Covid-19 Safety Protocols 
and Protection

Lennard M. Gettz and Robert L. Bard

1.1  Introduction

January 30, 2020—the World Health Organization declared a global health emer-
gency due to the estimated 600 cases and 20 deaths from the SARS-CoV-2 outbreak 
allegedly spread from Wuhan, China to Taiwan, South Korea and a handful of cases 
in the United States. WHO reports indicated Italy, Germany, and France followed a 
month later with a significant spike of cases and deaths. Scientists reportedly have 
not seen a virus of this kind, but as the medical community tracked its origins and 
its geographic activity, the lethal nature of this virus showed the various ways that it 
attacks its host, its fast transmission and mutation rate [1–4].

Official announcement of a health pandemic in the U.S. arose by early to mid- 
February when the threat of this “foreign disease” became an American problem as 
states like California, Washington State and New York showed rising accounts of 
the virus. Institutions like schools and places of worship and soon followed all areas 
of commercial congregation areas like restaurants and shopping malls were ordered 
to close temporarily by local and state officials as an initiative of public safety.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-66614-9_1&domain=pdf
https://doi.org/10.1007/978-3-030-66614-9_1#DOI
mailto:lg@321image.com
mailto:rbard@cancerscan.com
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1.2  Survivalism and the Global Demand for Disinfectants

By this time, national statements from health and government agencies widely 
reported that national public access to Covid-19 testing kits were significantly 
delayed [5], whereby major supply & distribution conflicts made the geographic 
accounting of cases impossible. The CDC and state officials announced public 
safety alerts to shelter in place, (self-quarantine), practice social distancing, conduct 
frequent hand washing and consistent use of face masks and face coverings. All this 
and other safety protocols became the new global routine from an “invisible enemy” 
that continued to increasingly infect our world population by the thousands each day.

By mid-March, reports showed the global economy was clearly impacted as the 
majority of industries suffered the significant downturn in consumer activity [6]. 
Meanwhile, as news headlines were focused mostly on the pandemic, industries 
directly related to managing our new health crisis received a major BOOM. This 
included communication technologies, PPE manufacturers, pharmaceuticals, and 
the sudden surge of sanitizing producers [7–9].

News reports of the March lockdown indicated widespread panic-shopping and 
premature hording frenzy, leading to empty shelves nationwide and a rise in desper-
ate consumer activity. Brands old and new responded with a massive production 
campaign for disinfecting solutions. The War Powers Resolution Act has been said 
to help motivate new American suppliers and producers by expanding their product 
lines to include creating PPEs and other health and sanitizing products [10].

1.3  Fighting Back with Bacteria-Killing Solutions

The latest ruling of the U.S. Food and Drug Administration as of April, 2019 stated 
a final rule designed to help ensure that hand sanitizers available over-the-counter 
(OTC) are safe and effective for those who rely on them. “The rule established that 
certain active ingredients are not allowed to be used in OTC hand sanitizers, for-
mally known as topical consumer antiseptic rub products, which are intended for 
use without water, that are marketed under the FDA’s OTC Drug Review. The final 
rule also seeks to ensure that the agency’s safety and effectiveness evaluations and 
determinations for consumer antiseptic rub active ingredients are consistent, up-to- 
date and appropriately reflect current scientific knowledge and increasing use pat-
terns” [11].

Marketing sanitizers often used sell phrases like “Kills 99.9% of bacteria” on 
their products’ labels describing antimicrobial, disinfecting, or antiseptic products. 
Others go deeper in their clinical descriptions with terms to reflect their scientific 
functions where the suffix “-cidal” implies the killing of something [12]:

− germicidal − bactericidal − fungicidal

− virucidal − sporicidal − tuberculocidal

L. M. Gettz and R. L. Bard
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Retail trends reported on the desperate consumer behaviors, including the erratic 
demand for any form of sanitizer. This product (among others) were identified to 
bring “a sense of security and a ray of hope for restoring personal health and safety.” 
But for the discerning researcher, seeking out active ingredients in all products and 
comparing labels will find that all sanitizers are NOT the same. Some claim to 
“reduce” the number of germs, “kill on contact” or “prevent them from multiply-
ing.” A review of the required FDA’s DRUG FACTS label on all sanitizing packages 
disclose the types of chemistries used, their concentrations, and safety instructions. 
They also include warnings of potential health risks that may leave uncertain lasting 
effects on humans or the environment.

1.3.1  Types of Antimicrobial Sanitizers

Antimicrobial sanitizers seen on the market fall into one of five base categories: 
alcohol, chlorine (bleach), phenol, quarternary amine, and quarternary amine + 
alcohol. These categories are usually aligned with one of the following active ingre-
dients [13, 14]:

• Benzalkonium chloride • Isopropyl alcohol
• Ethyl alcohol (ethanol) • Sodium hypochlorite
• Didecyldimethylammonium chloride • Ethanol
• Alkyl dimethyl benzyl ammonium saccharinate

On a June 10 report, FDA.gov published that hand sanitizers using active ingre-
dients other than alcohol (ethanol), isopropyl alcohol, or benzalkonium chloride are 
not legally marketed, and FDA recommends that consumers avoid their use. See 
www.fda.gov to review the latest legal status of these active ingredients listed 
[15, 16].

1.4  Commercial Sanitizing for Prevention and Maintenance

March–April, 2020. State, national, and worldwide agencies continue to track hos-
pital cases vs. fatalities through the use of “curve diagrams” indicating the periods 
of rising numbers, the peak(s) and the patterns of decline of regional infection. This 
decline of cases (known as “flattening the curve”) is credited by trackers and law-
makers on public response to the enforced preventive measures like isolation, social 
distancing and wearing masks. Without a vaccine or centralized treatment solution 
in sight, data on these curves collected only reflect the success of the quarantine and 
prevention protocols.

For all individuals, prevention included the battle against microbial contact and 
exposure and controlling our environment. This meant raising the level of cleaning 
practices to stricter measures like sanitizing, disinfecting and sterilizing of our 
homes and work areas.

1 Covid-19 Safety Protocols and Protection
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According to estimates from the Centers for Disease Control and Prevention, one 
in 30+ U.S. hospital patients are known to acquire a minimum of one infection from 
a hospital stay. Healthcare-associated infections (HAIs) have been known to cause 
a significant number of permanent injuries and deaths to patients yearly, more than 
Aids, Cancer or auto fatalities [17].

The service industry reported a wave of cleaning companies emphasize “disin-
fecting services for Covid-19” for commercial, healthcare, and residential markets. 
These disinfecting service providers offer “hospital-grade” sanitizing solutions with 
EPA certified or regulated products and application protocols. Upon review of some 
of the top advertised service providers, certain products and sanitizing protocols are 
offered to manage HAI rates. These products are either “fogged” in enclosed spaces, 
sprayed with an “electrostatic applicator” or wiped on work surfaces. One common 
product is called Noroxycdiff—a hospital-grade, EPA registered disinfectant mar-
keted commercially against SARS-CoV-2. The main active ingredient in our chemi-
cal is hydrogen peroxide [13]. Another is BIOCIDE 100, a product used for 
remediating mold. Meanwhile other companies offer applying VITAL OXIDE 
through an Electrostatic Sprayer or hospital-grade wipes [18].

1.4.1  Five Sanitizing Chemicals Identified Used in  
Hospitals [18, 19]

− Quaternary ammonium − Hypochlorite
− Phenolics − Peracetic acid
− Accelerated hydrogen peroxide

1.4.2  Sterilants and High-Level Disinfectants [19]

 1. Formaldehyde
 2. Glutaraldehyde
 3. Ortho-phthalaldehyde
 4. Hydrogen peroxide
 5. Peracetic acid
 6. Hydrogen peroxide/peracetic acid combination
 7. Sodium hypochlorite
 8. Iodophors

Due to their strength and effectiveness as sterilizers or germ-killers, industrial 
disinfectants and sanitizing services are usually applied by trained professionals 
wearing complete protective gear. These chemicals often come with warning labels 
and possible health risks especially from misuse.

L. M. Gettz and R. L. Bard



5

1.5  Personal Protective Equipment (PPE)

Prompted by the CoronaVirus outbreak, industry analysts indicated an explosion in 
response to the major demand for respirators and surgical masks, gloves, surgical 
gowns and all other PPE for all health responders in hospitals and private practices. 
By the early spring of 2020, Mayors, Governors and health officials nationwide 
began initiating mandates that anyone exposed to the public to wear protective 
masks or face coverings (ranging from scarves, bandanas to surgical masks) as an 
essential measure to prevent the spread of the Covid-19 contagion especially in 
Areas of Significant Community-Based Transmission. According to the CDC, 
members of the public are suggested to use simple cloth face coverings when in a 
public setting to slow the spread of the virus, since this will help people who may 
have the virus and do not know it from transmitting it to others. The CDC further 
stated that the best way to prevent illness is to avoid being exposed to this virus, 
however, it is always recommended that everyday preventive actions, such as hand 
washing and maintaining at least 6 ft of social distancing, to help prevent the spread 
of respiratory diseases [20].

Especially for the “front lines,” the most widely publicized protective mask is the 
N-95 filtering face-piece respirators or FFP. it’s five-stage-filtration design. Where 
surgical masks prevent contaminating others, the N-95 is an actual respirator filter-
ing out 95% of the microbes and potentially hazardous airborne particulates like 
exhaust particles, pollen, dust, bacteria, and germs up to 2.5–0.5 microns. The 
Coronavirus’ recorded size is 0.12 microns [21].

Due to the high demand for this respirator model, healthcare personnel sought 
out other products including foreign substitutes like the KN95. According to market 
sources, the KN95 is the “same product—as identified by the EPA when it comes to 
the 95% effectiveness of its triple micron filtration. ‘N’ means manufactured in the 
U.S. The USP code is K and 95 is China code. Then there’s an AF94 from Korea and 
the FFP2 is the Euro code. They all have the same 94.6% rating with that 0.3 micron 
filtration” [22, 23].

These filtration masks are typically made of spun bound non-woven polyethyl-
ene built up one cylinder layer on top of another. Above that is a melt blown layer 
of polyethylene filtration, then on top of that is going to be another one of the spun 
bound polyethylene. Next is a PE wire, which is metal free, and that kind of holds 
everything together. Then on top, you have a cotton layer of filtration- the piece that 
goes across the face at the antimicrobial hypoallergenic piece of cotton. This gives 
you a decent feel to the face and the finishing piece on the mask [24].

1.6  Sanitizing with UVC Light

A rising trend in hospital disinfecting (as well as in commercial areas and public 
institutions) is the installation and use of UVC disinfecting technology. From small 
8″ × 10″ boxes that extend the life of face masks in the healthcare field, to 8-ft. 
transportable setups that fully sanitize hospital recovery and surgical rooms, 

1 Covid-19 Safety Protocols and Protection
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controlling infections with UVC is fast earning public acceptance as a low-risk, 
nonchemical solution with significantly proven effectiveness. Hospitals that use 
UV-light disinfection typically apply this technology as a second step to cleaning 
and disinfecting measures. This process is recognized by clinical infection control 
professionals and agencies to significantly mitigate infection risks associated with 
environmentally mediated transmission routes [25].

In 2006, the U.S.  Environmental Protection Agency approved a test plan for 
Biological Inactivation Efficiency by HVAC In-Duct Ultraviolet Light Air Cleaners. 
The tests were conducted using three organisms, two bacteria (Bacillus atrophaeus 
and Serratia marcescens) and one bacterial virus (MS2). These organisms were 
selected because their sizes, shapes, and susceptibility to UV inactivation make 
them reasonable surrogates for biological warfare agents (BWAs). Generally, veg-
etative bacteria are readily killed and bacterial spores are more difficult. To model 
use in a VAC system, RTI used a test duct designed for testing filtration and inactiva-
tion efficiencies of aerosol, bioaerosol, and chemical challenges. The bioaerosol 
inactivation efficiencies calculated for the three organisms were 9% for B. atropha-
eus, 99.96% for S. marcescens and 75% for MS2. The irradiance was measured as 
1190 W/cm2 at 161 cm (63 in.) upstream from the lamps with an airflow of 0.93 m3/s 
(1970 cfm). The system had four lamps that were burned in for 100  h prior to 
measurements.

The concept of using UV lamps to inactivate airborne microorganisms has been 
an existing technology for many years. Much of the early work was directed at the 
control of very infectious microorganisms (particularly Mycobacterium tuberculo-
sis, the causative agent of tuberculosis), often in medical facilities. Wavelengths 
within the short wave, or C band of UV-light (UVC), were found to be the most 
effective germicidal light wavelengths. UVC usually is generated by use of UVC 
fluorescent lamps. These lamps use electrical discharge through low-pressure mer-
cury vapor enclosed in a glass tube that transmits UVC light (primarily at the mer-
cury wavelength of 253.7 nm). Because this wavelength has been found to be about 
the optimum for killing microorganisms, UVC from mercury lamps also is referred 
to as UVG to indicate that it is germicidal. UVG has been shown to inactivate 
viruses, mycoplasma, bacteria, and fungi when used appropriately. (See the 2006 
Test Evaluation Report by EPA [26]).

Due to the recent pandemic, companies developing this technology are (now) on 
the fast track to advance UVC installations for a wide range of professional and 
commercial environments. Specific testing is currently underway as to the efficacy 
against SARS-CoV-2 (the virus that causes COVID-19) but historically, UVC dis-
infecting systems worldwide have been tested and proven effective against patho-
gens that require even greater UVC dosages. “Every microorganism requires a 
specific UVC dosage for inactivation including the novel coronavirus. UV disinfec-
tion has been employed for decades in water treatment; these microwatt values have 
been used for reference to gauge UVC efficiency against a large cross-section of 
microorganisms. UV disinfection systems for room, surface & HVAC are (also) an 
ideal proactive measure to complement filtration”—stated UVC disinfectant firm 
Fresh-Aire UV.

L. M. Gettz and R. L. Bard
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1.6.1  History of UVC Applications

Niels Ryberg Finsen (1860–1904) was the first to employ UV rays in treating dis-
ease. He was awarded the Nobel Prize for Medicine in 1903 for his invention of the 
Finsen curative lamp, which was used successfully through the 1950s [27]. Updates 
in the technology for commercial use evolved as UVC germicidal lamps in the 
1930s and have been primarily used in healthcare facilities. UVGI is highly recog-
nized for addressing airborne microbial disease prevention (including influenza and 
tuberculosis). UVC is proven to prevent airborne transmission by deactivating air-
borne pathogens, but public use has been curtailed due to its potential to cause 
cancers and cataracts upon direct contact [28–30].

The history of UVGI air disinfection has been one of promise, disappointment, 
and rebirth. Investigations of the bactericidal effect of sunlight in the late nineteenth 
century planted the seed of air disinfection by UV radiation. First to nurture this 
seed was Richard L. Riley and his mentor William F. Wells, who both discovered 
the spread of airborne infection by droplet nuclei and demonstrated the ability of 
UVGI to prevent such spread. With the enduring research of Riley [31] and others, 
and an increase in tuberculosis (TB) during the 1980s, interest in UVGI was revital-
ized. With modern concerns regarding multi- and extensive drug-resistant TB, bio-
terrorism, influenza pandemics, and severe acute respiratory syndrome, interest in 
UVGI continues to grow. Research is ongoing, and there is much evidence on the 
efficacy of UVGI and the proper way to use it, though the technology has yet to 
fully mature.

Historically, investigations of the bactericidal effect of sunlight in the late- 
nineteenth century planted the seed of air disinfection by UV radiation. The first to 
nurture this concept was William F. Wells, who discovered the spread of airborne 
infection by droplet nuclei and demonstrated the ability of UVGI to prevent such 
spread. Despite early successes in applying UVGI, its use would soon wane due to 
a variety of reasons that will be discussed in this article. However, with the enduring 
research of Riley and others, and an increase in tuberculosis (TB) during the 1980s, 
interest in UVGI was revitalized. With modern concerns regarding multi- and exten-
sive drug-resistant TB, bioterrorism, influenza pandemics, and severe acute respira-
tory syndrome, interest in UVGI continues to grow. Research is ongoing, and there 
is much evidence on the efficacy of UVGI and the proper way to use it, though the 
technology has yet to fully mature. An early study showed that NAIs caused a sig-
nificant amount of biological decay of the bacterium Serratia marcescens. Exposure 
to NAIs showed inactivation or growth inhibition of the bacteria E. coli, Candida 
albicans, Staphylococcus aureus, P. fluorescens and has a lethal effect on starved 
Pseudomonas veronii cells. NAIs prevented 60% of tuberculosis (TB) infection and 
51% of TB disease. Except for the inhibition effect of NAIs on bacteria, reports also 
showed that NAIs inhibited the growth of fungi and viruses [32] (Fig. 1.1).

1 Covid-19 Safety Protocols and Protection
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1.7  Epilogue

By mid-June, the world has a recorded 7.9 Million Confirmed cases and 435,000 
deaths from the CoronaVirus—with the United States leading at 2.18 M cases and 
119,000 fatalities [2, 3]. New cases and fatalities continue to spike worldwide indi-
cating its continued health threat and aggressive infection rates. State-run regulatory 
prevention measures proved to impact the case and mortality count while public 
recklessness reflects new spikes from this virus that continues to threaten our popu-
lation at large. As the virus remains threatening the first line of defense will lie in 
modernized sanitization as the cornerstone of prevention (Fig. 1.2).

1.8  Summary

This chapter covers the market expansion of sanitizing products and technologies 
reflecting the current health crisis and the global demand for prevention and per-
sonal control of viral transmission. Presented are the active ingredients in liquid/
sprayed disinfecting products, their efficacy and their antimicrobial strategy behind 
neutralizing the activity and spread of pathogens. In addition, the sanitizing industry 
also offers the innovation of UVC light to disinfect air (from airborne pathogens) 
and bacteria on surfaces. This historically tested innovation carries multiple appli-
cations dedicated to the immediate neutralization of viruses without the physical 
after-effects of chemical sprays.

Fig. 1.1 UVC chamber disinfects used masks

L. M. Gettz and R. L. Bard
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2.1  Introduction

On December 31, 2019, the World Health Organization (WHO) was alerted to sev-
eral cases of a respiratory illness of unknown causation emerging from Wuhan, 
China, and disease rapidly spreading elsewhere in China and abroad. Analysis of 
bronchoalveolar lavage fluid samples and electron microscopy revealed the culprit 
to be a coronavirus, a virus with a characteristic crownlike shape due to the presence 
of viral spike peplomers emanating from the viral envelope. On January 12, 2020, 
WHO temporarily named the virus 2019 novel coronavirus (2019-n-CoV) [1]. On 
February 10, 2020, the International Committee on Taxonomy of Viruses and 
WHO officially named the new coronavirus and the resulting illness severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) and coronavirus disease 
(COVID-19) [2, 3].

2.2  Covid-19 Pneumonia

COVID-19 pneumonia is a new, highly contagious disease outbreak with far- 
reaching public health, economic, and national security ramifications. According to 
current diagnostic criteria, laboratory examinations, such as swab tests, have 
become a standard and formative assessment for the diagnosis of SARS-CoV-2 
infection [4–8]. Some patients with suspected COVID-19 pneumonia may have the 
virus detected by means of reverse transcription–polymerase chain reaction 
(RT-PCR) testing of the respiratory tract. However, RT-PCR is subject to false- 
negative results because it can easily be affected by multiple factors, such as 
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insufficient cellular material for detection and improper extraction of nucleic acids 
from clinical materials. CT has a higher detection rate in patients with disease in the 
incubation period, especially for those with negative initial RT-PCR results. This 
finding showed that CT is helpful for early diagnosis, timely isolation, and treat-
ment of COVID-19 pneumonia. For mass screening and real time results the Chinese 
and the Europeans quickly added lung ultrasound (LUS) to their diagnostic arma-
mentarium. LUS has assumed a greater role as physicians gained more familiarity 
with the procedure and were able to efficiently multipurpose the imaging to the 
heart, liver, and kidneys. It is useful to analyze CT findings with the now widely 
available LUS data to better the pathophysiology of multiorgan inflammation. Since 
early reports based on chest radiography use words such as air space disease, infil-
trates, pneumonia and patchy opacities, CT imaging has replaced the lower accu-
racy chest X-ray as the primary radiographic imaging tool.

2.3  CT Data Image Acquisition

Chest CT is performed with the patients in the supine position during end- inspiration 
without IV contrast administration using 1–3 mm slice thickness. Unenhanced CT 
images are evaluated in preset standard pulmonary (width, 1500–2000 HU; level, 
−450 to 600 HU) and mediastinal (width, 400 HU; level, 60 HU) windows. The 
following CT characteristics of the lesions were evaluated: distribution (left or right 
lung, single or multiple lobes, subpleural or peribronchial), attenuation (ground- 
glass opacities, consolidation), air bronchogram, vascular enlargement, interlobular 
septal thickening, mediastinal lymph adenopathy (defined as lymph node size 
≥10 mm in short-axis dimension), pleural effusion, and pulmonary fibrosis.

2.3.1  Radiologic Findings

The subset of CT findings are ground-glass opacities (GGO), subpleural consolida-
tion (Fig. 2.1a, b), reticular pattern and crazy paving pattern (Fig. 2.2a, b), air bron-
chograms and bronchial wall thickening (Fig. 2.3a, b), pleural thickening, subpleural 
lines, fibrous stripes and small vessel enlargement (Fig. 2.4a–d), air bubble sign, 
smooth or irregular nodules, and reversed halo sign (Fig. 2.5a–d).

Patients with COVID-19 pneumonia usually have ground-glass opacities (95%) 
and consolidation (72%). That ground-glass opacities were more common is similar 
to findings in previous studies [9–13]. Because of the highly homologous sequences 
between the genomes of SARS-CoV-2 and SARS-CoV [14], it has been speculated 
that the ground-glass opacities are caused by serous inflammatory exudation from 
the pulmonary alveoli and that the consolidation is caused by the increased inflam-
matory exudation. It has also been reported [15] that patients admitted to an ICU are 
more likely to have large areas of bilateral consolidation on CT scans, whereas 
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a b

Fig. 2.1 (a) Ground-glass opacity (frame) (b) subpleural consolidation (frame). Eur Radiol 2020 
30:4381 Zheng Ye with permission order#501589172

a b

Fig. 2.2 (a) Reticular pattern (frame) (b) crazy paving pattern (frame). Eur Radiol 2020 30:4381 
Zheng Ye with permission order#501589172

a b

Fig. 2.3 (a) Air bronchogram sign with GGO (frame, arrow) (b) bronchial thickening (arrow). 
Eur Radiol 2020 30:4381 Zheng Ye with permission order#501589172
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patients not needing admission and presenting with milder forms of the illness are 
more likely to have ground-glass opacities and small areas of consolidation. That is, 
the disease usually manifests ground-glass opacities in the early stage and then the 
area or areas of consolidation increase as the disease progresses, which may be 
predictive of severe complications, such as acute respiratory disease. Other CT fea-
tures included air bronchogram, vascular enlargement, and interlobular septal 

a b

c d

Fig. 2.4 (a) Pleural thickening (arrow) (b) subpleural lines (arrow) (c) fibrous stripes (arrow) (d) 
dilated vessels (arrows). Eur Radiol 2020 30:4381 Zheng Ye with permission order#501589172

a b c d

Fig. 2.5 (a) GGO with air bubble (frame) (b) irregular nodule (frame) (c) smooth nodule (frame) 
(d) reversed halo sign (frame). Eur Radiol 2020 30:4381 Zheng Ye with permission order#501589172
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a b c

d e f

Fig. 2.6 (a–f) Whole body CT coronal scans demonstrate progression of pneumonic consolida-
tion from anterior to posterior. Note progression of small consolidations to complete lobar pneu-
monia bilaterally. (Siemens Sequoia CT-Covid34—39 with permission)
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thickening. With superimposed ground-glass opacification, the interlobular septal 
thickening can form the crazy paving pattern. Pleural effusion is uncommon and 
may be related to the underlying diseases. Sequential frontal imaging on whole 
body CT shows the lungs, abdomen, neck, spine and axial skeleton since many 
organ systems may be involved (Fig. 2.6a–f) This may be combined with cross- 
sectional imaging (Fig. 2.7a–f) that is used for image guided treatments.

2.3.2  Early Clinical Course

We found that compared with the findings in patients with positive initial RT-PCR 
results, the area of consolidation lesions in the patients with negative initial RT-PCR 
results was smaller. In the group with negative initial RT-PCR results, most of the 
lesions appeared as ground-glass opacities or opacities mixed with a small area of 
consolidation, which indicated that the disease was in its early stage. A recent study 
[16] had a similar result: all five of the patients in the study had ground-glass opaci-
fication, and only two had mixed consolidation. It has been reported [15] that the 
presence of consolidation lesions suggests an organizing pneumonia pattern of lung 
injury. A small area of consolidation indicates that the injury to lung tissue is mild, 
increasing the possibility of negative initial RT-PCR results. In contrast, when the 
area of consolidation is large, the possibility of negative initial RT-PCR results 
decreases. Early specific signs of pneumonitis include vascular thickening, air bron-
chograms, crazy paving pattern (due to superimposed reticular and/or interlobular 
septal thickening and visible intralobular lines or overlay of ground-glass opacities 
with fibrosis or vascular thickening) and the halo sign surrounding the GGO that 
may represent early diffuse alveolar damage from cytokine storm edematous 

a b c

d e f

Fig. 2.7 (a–f) Sequential 1 cm slices of consolidation (Siemens Sequioa CT-Covid 40—45 with 
permission)
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response. GGO is further subdivided into pure GGO and GGO with reticular and/or 
interlobular septal thickening. A variation on the GGO is termed the atoll sign (or 
reversed halo sign) where central lucency due to higher peripheral attenuation 
occurs and is generally later in the disease. In early disease pleural effusion, pleural 
thickening, peribronchovascular opacities, bronchiectasis and extrapulmonary find-
ings such as enlargement of mediastinal and hilar lymph nodes are generally absent. 
As the disease has progressed over the past year there is an increasing incidence of 
post infection complications in survivors, notably traction bronchiectasis. This post 
inflammatory process may be due to peribronchial fibrosis that mechanically pulls 
the bronchial walls or bronchiolization of the bronchi from many causes.

2.3.3  Comparison with Influenza Pneumonia

CT manifestations of viral pneumonitis by similar viruses show common findings 
including GGO and consolidations. Most consolidative lesions in the pulmonary 
parenchyma in adult COVID-19 patients are located in the peripheral zones while 
influenza virus pneumonia tended to show mucoid impaction and pleural effusions. 
Mucoid impaction is generated by the fact that the influenza virus tends to affect 
both large and small airways (as well as the lung parenchyma) producing excessive 
mucus production. Histologic findings of aggressive pneumonia include membrane 
formation, diffuse alveolar damage, interstitial lymphocyte infiltration, airspace 
hemorrhage, edema, fibrin and type II cell proliferation [17, 18].

Apart from the typical CT findings of bilateral ground-glass opacities and con-
solidation, subpleural distribution was observed. The less pulmonary consolidation 
found at CT, the greater was the possibility of initial negative RT-PCR results [19]. 
Although CT is not the final standard for the diagnosis of COVID-19 pneumonia, it 
nevertheless plays an irreplaceable role. When patients with suspected COVID-19 
pneumonia who have an epidemiologic history and typical CT features have nega-
tive initial RT-PCR results, repeated RT-PCR tests and patient isolation should be 
considered. Prognostication may be based on a CT scoring system based on time 
from disease progression to resolution and percentage of pulmonary parenchyma 
involved with Grade 1 less than 5% to Grade 5 more than 75% for the GGO, crazy 
paving pattern and consolidation. In critical cases where pulmonary emboli is sus-
pect, CT angiography may be performed. As an alternative, ultrasound imaging of 
the IVC inferior vena cava and right ventricular (RV) volume overload may be uti-
lized at the bedside. The addition of AI artificial intelligence automated cardiac 
imaging analysis (recently cleared by the FDA and European CE mark authorities) 
is important since the RV is difficult to evaluate due to its unique structure and loca-
tion. Regarding Covid-19 mortality, recent studies show a significant link between 
right heart failure and an Mt. Sinai Med Center study showed 31% of patients hos-
pitalized with COVID-19 had right ventricle failure and 41% of this subset who 
died had findings of right ventricular dilation or enlargement. Cardiomyopathy may 
be incidentally found and further studied with other radiographic and imaging 
technologies.
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2.4  Image Guided Fusion Treatments

Concerns over increasing use of CT and increasing radiation burden have prompted 
efforts to reduce associated radiation dose especially in the pediatric population. 
With the reduction in radiation dose, if scan and reconstruction factors are held 
constant, the image quality decreases, however, such dose reduction and loss of 
image quality may not compromise the diagnostic evaluation of some anatomic 
regions and evaluation. However, for other body regions and abnormalities, 
decreased image quality at lower radiation dose can reduce the diagnostic informa-
tion. To maintain or improve CT image quality at low radiation dose, vendors devel-
oped improved scanner hardware (such as better detector efficiency) and iterative 
reconstruction (IR) techniques. Traditional filtered back-projection (FBP) recon-
struction methods enable fast computation of CT data but are prone to increased 
noise and artifacts at low radiation doses. The addition of FUSION imaging with 
high resolution LUS may enhance the role of millisevert CT as benefits image 
guided treatment options, such as fluid sampling and image-guided interventions. 
Cross-sectional image guided interventional procedures are performed under CT, 
ultrasound, fluoroscopy, or MRI guidance and include fluid aspiration, (thoracente-
sis, paracentesis, and fluid collections), drainage catheter placement, percutaneous 
biopsy, and tumor ablation. It is useful to pre-procedure map the vascular and pos-
sible neural structures pertinent to the treatment field with Doppler ultrasound to 
avoid unnecessary blood loss, nerve damage, and accidental perforation of signifi-
cant vessels.

2.4.1  Bedside Lung and IVC Imaging

In the 10 months since COVID-19 became a worldwide epidemic, lung ultrasound 
now accompanies most patients as a precursor or postcursor imaging modality. In 
critical cases where pulmonary emboli is suspected, CT angiography may be per-
formed. As an alternative, ultrasound imaging of the IVC inferior vena cava and 
right ventricular (RV) volume overload may be utilized at the bedside. The addition 
of AI artificial intelligence automated cardiac imaging analysis (recently cleared by 
the FDA and European CE mark authorities) is important since the RV is difficult to 
evaluate due to its unique structure and location. Regarding COVID-19 mortality, 
recent studies show a significant link between right heart failure and a Mt. Sinai 
Medical Center (New York City) study showed 31% of patients hospitalized with 
COVID-19 had right ventricle failure and 41% of this subset who died had findings 
of right ventricular dilation or enlargement. Since bedside diagnostics are currently 
normalized worldwide, it is useful to differentiate acute pulmonary disease from 
acute heart failure (AHF) during the routine lung ultrasound exploration. Point of 
care ultrasound (POCUS) of the inferior vena cava (IVC) is accepted as a quick and 
useful modality for diagnosis and determination of prognosis of patients with 
AHF. A study of the IVC using IVC expiratory diameter and/or IVC collapsibility 
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index demonstrated an IVC expiratory dimension greater than 2.0 cm and an IVC 
collapsibility index of less than 30% suggest that acute dyspnea is likely to be due 
to AHF [20].

2.5  Image Guided Procedures

CT, CT-LUS fusion and sonography-guided punctures have a low rate of complica-
tions. The rate of pneumothorax is 2.8%; 1% require drainage. Hemorrhage or 
hemoptysis is observed in 0–2%. Data concerning air embolism or even death are 
not available so far. Tumor dissemination through the procedure of puncture is of 
little clinical significance and very rare, in less than 0.003% of cases. In cases of 
malignant pleural mesothelioma, it is slightly more common. When surgery is per-
formed, the site of puncture is also resected.

2.5.1  Pneumothorax After Puncture

If the focus of the procedure is no longer visible after the puncture, the likelihood of 
a pneumothorax is high. This can be reliably detected by sonography, through the 
absence of respiration-dependent gliding movement of the pleura. The quantity of 
free air can only be measured by obtaining a chest radiograph or limited CT scan. A 
pneumothorax usually reaches its maximum dimensions after 3 h, so the decision 
regarding a therapeutic procedure is made thereafter, when the pneumothorax is 
smaller. If the patient is symptomatic or if a larger volume is present, the patient is 
initially given protracted thoracocentesis. The success rate within the first 10 h is 
90%. In the event of renewed collapse, the clinician may use a percutaneous drain 
and a catheter with a small lumen. A routine chest radiograph or follow up CT scan 
is not required after routine CT or sonography-guided puncture.

Prognosis is related to the chest wall pleural thickness, which is better demon-
strated on sequential high resolution sonography and not as clinically practical in 
CT imaging in recovering patients.

2.6  Radiographic Limitations

Since most cases will need to be correlated with X-ray or CT findings, it is impor-
tant to note the limitations of X-ray and CT findings. X-ray misses most early Covid 
disease but is useful in finding the more advanced pneumonic consolidation pro-
cess. It is impossible to differentiate COVID-19 typical image findings from other 
diseases. For example, bacterial pneumonia can present with focal segmental or 
lobar pulmonary opacities without lower lung predominance, but other common 
findings (cavitation, lung abscess, lymphadenopathy, and so on) can usually differ-
entiate it from COVID-19. Other viral pneumonias are more challenging to 
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distinguish from COVID-19. For example, ground-glass opacities (GGOs) can be 
seen in up to 75% of adenovirus cases, more than 75% of cytomegalovirus and her-
pes simplex virus cases, and up to 25% of measles and human meta-pneumovirus 
cases. GGOs can be widespread in pneumocystis pneumonia, but, unlike in 
COVID-19, they tend to predominate in the upper lobes. Similarly, various intersti-
tial lung diseases can present with GGOs, but the predominant location differs by 
diagnosis, and other clinical factors are useful for differentiating them from 
COVID-19.

GGOs can also be common in hypersensitivity pneumonitis, lung injury from 
use of electronic cigarettes or vaping products, pulmonary edema, diffuse alveolar 
hemorrhage, pulmonary alveolar proteinosis, and eosinophilic pneumonia. But clin-
ical features and GGO patterns are generally useful for differentiating these condi-
tions from COVID-19. CT is valuable in identifying underlying cardiopulmonary 
abnormalities in patients with moderate to severe disease. CT can help clinicians 
triage resources toward patients at risk of disease progression and may identify a 
cause in case of clinical worsening. CT may also identify alternate diagnoses. Dr. 
Marcello Migliore of the University of Catania, in Italy, who recently reviewed the 
management of GGOs in the lung cancer screening era, told Reuters Health by 
email, “CT is not useful to diagnose COVID-19, but it is certainly useful to follow 
up patients with preexisting lung pathology who go rapidly worse. However, GGOs 
are also a presenting picture of early lung cancer and therefore it should be taken 
into account.” Another use is to follow patients with mild GGO initial CT findings 
since a certain percentage develop pleural fibrosis and increasing respiratory com-
promise even as the opacities clear.
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3Lung Ultrasound in COVID-19 Disease

Dirk-André Clevert and Felix Escher

3.1  Introduction

Due to the rapid increase in SARS-CoV-2 (COVID-19) cases worldwide, the World 
Health Organization has announced a pandemic [1].

In most of the cases, COVID-19 causes mild symptoms such as fever (80%), dry 
cough (56%), fatigue (22%) and limb pain (7%) [2]. However, severe courses of the 
disease are associated with pneumonia and respiratory failure requiring intensive 
care support [2, 3]. Elderly patients and those with comorbidities such as immune 
disorders or cardiovascular diseases have a higher risk in developing an acute respi-
ratory distress syndrome (ARDS) as well as further life-threatening complications 
including septic shock [2]. The wide and simultaneous spread of the infection with 
the need for advanced health care support makes this pandemic a real health emer-
gency [4].

Critically ill patients frequently need thoracic imaging due to the constant 
changes of their clinical conditions [5]. A key part of monitoring critical patients in 
the intensive care unit (ICU) and emergency room (ER) is thoracic ultrasound as it 
allows a thorough examination of both the lung and pleural space [6]. Patients with 
COVID-19 disease show typically patterns in computed tomography (CT) scans 
like diffuse bilateral interstitial pneumonia, with asymmetric, patchy lesions distrib-
uted mainly in the periphery of the lung [7–9].
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Chest CT is still regarded as the gold standard imaging technique for thoracic 
evaluation. Nevertheless, it has important disadvantages as transportation of patients 
outside the Intensive Care Unit (ICU) is difficult and potentially harmful [10]. 
Furthermore, CT scans expose patients to radiation and should be reserved for spe-
cific situations (e.g., the evaluation of mediastinal pathologies and confirmation of 
pulmonary embolism) [11–13]. Bedside chest X-ray (CXR) is still considered stan-
dard of care for many diagnostic applications in the ICU and emergency room (ER). 
However, this imaging technique has important methodological limitations and 
often shows low accuracy [14]. As lung abnormalities may develop before clinical 
manifestations and nucleic acid detection, experts have recommended early chest 
computerized tomography (CT) for screening suspected patients [15]. The high 
contagiousness of COVID-19 and the risk of transport of unstable patients with 
hypoxemia and hemodynamic failure make chest CTs a limited option for the 
patient with suspected or established COVID-19 [10].

With regards to the evaluation of pneumonia and/or ARDS lung ultrasonography 
(LUS) provides results comparable to chest CT and superior to standard CXR with 
the added advantage of ease of use at point of care, repeatability, absence of radia-
tion exposure, and low cost [15, 16]. The use of this ultrasound technique could 
reduce both CXR and CT in ICUs and ERs [6].

3.2  Basics of Lung Ultrasound Examinations

Thorax and lung ultrasound have gained importance in daily clinical routine [17–
22] which is especially true in the setting of point of care ultrasound (POCUS) [23] 
(Figs. 3.1 and 3.2).

The first sonographic examinations of the lung were performed more than 
50 years ago [24, 25] although the lung was not considered suitable for this imaging 
technology at first [26–28].

Acute dyspnoea is a common leading symptom in the ER and on the ICU and the 
range of possible differential diagnoses is broad. After careful anamnesis, physical 
examination and checking vital signs a prompt POCUS should be performed. 

Fig. 3.1 Dynamic 
examination of the 
intercostal muscles. 
Enlargement of the muscle 
during expiration
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Alongside echocardiography and abdominal sonography, LUS plays a crucial role 
in the field of emergency sonography. Despite existing recommendations for elec-
tive chest sonography [29, 30] and emergency pulmonary sonography [17], point of 
care pulmonary sonography has not yet been widely established in daily practice 
[31]. Compared to clinical examination and chest X-ray, pulmonary sonography 
shows excellent diagnostic accuracy in diagnosing pleural effusions, pneumotho-
rax, pulmonary venous congestion and consolidation [14, 32, 33]. In order to diag-
nose lung pathologies, we use ultrasound artifacts that occur due to different 
characteristics of the chest wall and pleural surface. These artifacts contain valuable 
information and correlate with the current lung pathophysiology. The two predomi-
nant artifact patterns are “A-lines” and “B-lines” [34].

3.2.1  A-lines

A-lines are reverberation artifacts caused by oscillating. Due to differences in 
acoustic impedance between tissue and air ultrasound waves are reflected strongly 
and bounce back and forth between the transducer and lung surface [15, 35]. A-lines 
are defined as parallel horizontal repetition lines of the pleura in the depth. As 
A-lines are classic reverberation artifacts, the distance from the skin to the pleural 
line equals the distance from the pleural line to the first A-line and equals the dis-
tance from the first A-line to the second A-line, and so forth (Fig. 3.3).

The so-called A profile is formed by an intact (“dry”) lung parenchyma contain-
ing air and simultaneous presence of physiological lung sliding. Absence of lung 
sliding is highly suggestive of pneumothorax [36].

3.2.2  B-lines

The “comet-tail” ultrasonographic sign was first described by Ziskin and colleagues 
in 1982 when an intrahepatic shotgun pellet was observed to create an artifact 

Fig. 3.2 Dynamic 
examination of the 
intercostal muscles. 
Contraction of the muscle 
during inspiration
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similar to what is seen in lung comets [36] (Fig. 3.4). B-lines should not be confused 
with normal comet-tail artifacts that originate at the pleura but fade before reaching 
the edge of the screen.

B-lines are vertical, highly dynamic, hyperechoic artifacts originating from the 
pleura or consolidation areas [37]. These lines indicate accumulation of fluid in the 
pulmonary interstitial space (“lung rockets”) or alveoli (“ground glass”). Multiple 
B-lines are associated with pulmonary edema of cardiogenic (mostly anterior 
ground glass), noncardiogenic (ARDS), or mixed origin (Fig.  3.5). They occur 
when sound waves pass through superficial soft tissues and cross the pleural line 
encountering a mixture of air and water. As a rule of thumb, one or two B-lines are 

Fig. 3.3 Ultrasound image demonstrating A-lines by using a curve array probe. The A-lines are 
clearly visible on the M-mode and B-mode as bright white lines (yellow arrows). The A-lines are 
the bright horizontal lines deep to the pleural line (green arrows). A-lines are a classic reverbera-
tion artifact. The distance from the skin to the pleural line equals the distance from the pleural line 
to the first A-line

Fig. 3.4 Ultrasound image 
demonstrating comet-tail 
artifacts (yellow arrows), 
the artifact originates at the 
pleura (green arrow) but 
fades
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not too concerning but when they increase in number or spread out in one zone, they 
are a sign of a present interstitial pathology (Fig. 3.6).

3.3  Transducer Selection and Settings

Conventional ultrasound systems with a “real-time B-mode” technique are suitable 
for preoperative and postoperative transthoracic ultrasound. Several ultrasonogra-
phy probes are eligible for LUS with each having specific advantages and limita-
tions. The choice depends on multiple factors such as anatomy, size and age of the 
patient, depth and nature of the structures to be visualized and the specific goals of 
the investigation. In recent years, however, prospective studies using high-frequency 
linear, low-frequency curvilinear and low-frequency sector transducers have dem-
onstrated that both performance and interpretation of LUS are not transducer- 
specific [38]. Keep in mind that low-frequency transducers will provide more depth 
penetration but sacrifice image quality; in turn, high-frequency transducers will 
show better resolution but sacrifice depth penetration [36].

3.3.1  Convex Transducers

Low-frequency convex transducers are more suitable for bedside lung ultrasonogra-
phy because they can be used to visualize the deep posterior-lateral structures and 
can reveal consolidations and pleural effusion [35] (Fig. 3.7).

3.3.2  Linear Transducers

However, low-penetration, high-frequency, and high-definition linear transducers 
may be preferable for identifying pneumothorax and examining the superficial 

Fig. 3.5 Examination of 
the lung using a linear 
array probe. B-lines 
(yellow arrows) are vertical 
hyperechoic reverberation 
artifacts that arise from the 
pleural line (green arrow), 
extend to the bottom of the 
screen without fading
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anterior structures (i.e., pleural line lung sliding) in both children and thin adults 
(Fig. 3.8).

3.3.3  Phased and Microconvex Transducers

Phased and microconvex transducers are used for a wide range of indications includ-
ing consolidation and pleural effusion. Basic ultrasound units should be equipped 
with pulsed and color Doppler as well as M-mode in order to be able to evaluate 
vessels and the vascularization of pathologies [39]. In addition to the standard 
B-mode, the diagnostic value of ultrasound can be improved by using the dynamic 
M-mode. By using the M-mode, a single vertical line of the ultrasound image is 
selected. The ultrasound signals of this line are displayed over time in a separate 
diagram allowing movements in the tissue to be represented as curves. Immobile 
structures appear as horizontal lines. When M-mode is applied to the lung exam, the 
system displays a representation of tissue motion over time [35].

Fig. 3.6 One or two 
B-lines (yellow arrows) are 
not too concerning but 
when they increase in 
number or spread out in 
one zone, they are a sign of 
a present interstitial 
pathology

Fig. 3.7 Ultrasound image 
demonstrating A-lines by 
using a curve array probe. 
The A-lines (yellow 
arrows) are the bright 
horizontal lines deep to the 
pleural line (green arrow)
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Most ultrasound manufacturers use further technical processes for image 
enhancement, such as compound imaging and harmonic imaging resulting in over-
all better image quality necessary for a conventional examination. However, dis-
abling these modes will result in a clearer display of comet-tail artifacts or B-lines 
[35]. Adjustments to focal zone, image depth and overall gain should be made for 
optimal visualization of the pleural line [40].

3.4  Examination Procedure and Pathologies

LUS is used in emergency and intensive care patients in lying (ventral thorax) 
and—depending on the clinical setting—in a sitting position (dorsal thorax). A sys-
tematic approach investigating the entire anterolateral and posterior lung surfaces 
bilaterally should be used. In some cases, a patient-focused abbreviated approach 
may be useful.

Each hemithorax should be divided into six regions [41]. Anterior and posterior 
axillary lines serve as landmarks to divide each hemithorax into anterior, lateral, and 
posterior regions; then an axial line will serve to divide the upper and lower regions 
[42]. The six regions for each hemithorax, anterior superior, anterior inferior, lateral 
superior, lateral inferior, posterior superior, and posterior inferior, should be marked 
as R1–R6 and L1–L6, respectively.

Typically, the transthoracic scanning window will be used for the examination of 
the lung and pleura [31]. The intercostal spaces serve as additional scanning win-
dows. The convex array transducer should be positioned rectangular to the ribs so 
that two adjacent ribs are captured. This allows reliable identification of lung slid-
ing, i.e., the movement of the pleura visceralis. By using this technique each inter-
costal space of upper and lower parts of the anterior, lateral, and posterior regions of 
the left and right chest wall are carefully examined [43]. Finally, a linear array 
transducer may be helpful in evaluating suspected subpleural lesions.

Fig. 3.8 Ultrasound image 
demonstrating A-lines 
(yellow arrows) by using a 
linear probe. The A-lines 
are the bright horizontal 
lines deep to the pleural 
line (green arrow)
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3.5  Image Fusion

For complex lung pathologies, real-time ultrasound image fusion with high- 
resolution CT (HR-CT) datasets can be performed using high-end ultrasound sys-
tems. This is especially useful for severely ill patients in the ICU, as this technique 
allows pathologies to be monitored directly at the bedside. This could lead to a 
further reduction of CT examinations and minimizes the risk of contamination due 
to less patient transports.

Ultrasound fusion requires additional hardware such as a magnetic field generator and 
position sensors. The position sensor is used to localize the position of the transducer in 
the three-dimensional space. Image fusion is possible with most imaging modalities 
including CT. DICOM (digital imaging and communication in medicine) datasets of 
HR-CT scans can be coregistered with the help of the ultrasound system software and can 
be viewed in a side-by-side mode or in an overlay mode in real-time [44].

During image fusion, other image modes of the ultrasound system such as color 
Doppler and CEUS may still be used. Using multiple image techniques in real-time 
allows comprehensive imaging and characterization of the vascularization of lung 
pathologies [45]. Fusion imaging could help in the detection and localization of lung 
lesions with low conspicuity on standard B-mode ultrasound. In abdominal imaging 
and animal studies, image fusion is already being used on several organs [44, 46–55].

3.6  Findings

Compared to non-COVID-19 pneumonia, COVID-19 pneumonia is more likely to 
show a peripheral distribution making it accessible for ultrasound evaluation as 
lesions are localized close to the pleura [56]. In addition to HR-CT, ultrasound can 
also be used for both diagnosis and follow-up of COVID-19 [14].

By using a curved transducer, the morphology, and changes of subpleural lesions 
are clearly displayed. With low-frequency transducers, changes of air and water 
contents in consolidated peri-pulmonary tissues and air bronchogram signs can be 
depicted.

Currently, LUS is limited in the diagnosis and treatment of central lung diseases 
due to the attenuation of sound waves by normal lung and bone tissues. Therefore, 
diagnosis of lung pathologies relies on artifacts of peri-pulmonary lesions [57, 58].

The artifacts exist due to the abnormal ratio of air and water contents in alveoli 
and interstitial tissues. In order to improve the diagnostic ultrasound lung tool, the 
use of an abdominal curved array probe seems to be helpful in our study (Figs. 3.9, 
3.10, and 3.11). Typical for the COVID-19 disease are the thickening of the pleural 
line with pleural line irregularity. The pleural line’s appearance may be either 
unsmooth, discontinuous or interrupted [14, 59].

The appearance of B-lines artifacts (<3 B-lines per intercostal space) varies from 
focal, multifocal to confluent patterns [16]. Consolidations show different patterns 
including multifocal small subpleural consolidations up to non-translobar and 
 translobar patterns with occasional air bronchograms [60].
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Fig. 3.9 Examination of 
the lung using curved array 
probe. In comparison to 
Fig. 3.6, increase in the 
B-lines (yellow arrows). 
The pleural line appears 
partially interrupted (green 
arrow)

Fig. 3.10 Examination of 
the lung using a curved 
array transducer. 
Fragmentation of the 
pleura (yellow arrows) 
with consolidations

Fig. 3.11 Examination of 
the lung using a curved 
array transducer. Pleura 
effusion (white arrow) and 
multiple B-lines (yellow 
arrows). Additionally 
fragmentation of the pleura 
is visible (green arrow)
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Pleural effusions are uncommon in COVID-19 disease. In our experience, pleu-
ral effusions seem to be associated with more severe courses of the disease. The 
appearance of A-lines during the recovery phase may be interpreted as an indirect 
sign for recovering [15].

In summary, in our experience, we consider that LUS will have a major benefit 
for the management of COVID-19 pneumonia in the ICU and ER due to its safety, 
repeatability, low cost and point of care use [61]. HR-CT should be reserved in the 
follow-up if LUS is not able to answer the clinical question. In our personal experi-
ence LUS could be used for rapid severity assessment of COVID-19 pneumonia, to 
track the course of the disease during follow-up and to monitor lung recruitment 
maneuvers. Moreover, ultrasound can track the patient’s response to prone position 
and is helpful in the management of extracorporeal membrane therapy [15]. With 
increased use of bedside ultrasound in the ICU and ER, patients can be protected 
from unnecessary radiation and therapy delays [62]. In addition, transport of high- 
risk patients to CT examinations can be avoided. The use of image fusion makes it 
possible to fuse CT and ultrasound images in real time in order to detect a possible 
progression of the disease in comparison to the last CT (Figs. 3.12 and 3.13).

a b

Fig. 3.12 Image fusion examination of the lung with simultaneous acquisition of CT data (a) and 
ultrasound data (b) in real time. Both modalities show consolidation in the CT and ultrasound 
image (yellow arrows)
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3.7  Conclusions

In summary, patients with COVID-19 disease show typical patterns in lung ultra-
sound. COVID-19 lesions mainly involve the peripheral pulmonary zones which 
makes this disease accessible for pulmonary ultrasound evaluation [42]. We con-
sider that LUS offers major benefits in managing COVID-19 pneumonia in both the 
ICU and ER due to its noninvasive assessment and dynamic observation of lung 
lesions. The major advantages of LUS are the safety, the repeatability as well as the 
low cost in point of care. With increased use of bedside ultrasound, patients can be 
protected from unnecessary radiation and therapy delays. The number of transports 
of high-risk patients to CT examinations could be reduced. Image fusion is a helpful 
tool in monitoring selected cases on the ICU.

a b

c

Fig. 3.13 Follow-up examination on the ICU by using the real-time image fusion technic with a 
curved array probe. HR-CT (b, c) showed large flaps of soft tissues and low-density shadows under 
the pleura additionally ultrasound (a) detected large air bronchogram sign (yellow arrows) in the 
image fusion technic
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4Clinical Covid-19 Lung Imaging
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4.1  Introduction

Lung ultrasound has emerged as an initial imaging modality of choice for diagnos-
ing suspected SARS-CoV-2. Given inconsistencies with swab testing availability, 
turnaround time delays for results and test variabilities, clinicians have turned to 
imaging and other laboratory parameters to assist diagnosis. Computed tomography 
(CT) is the most sensitive modality for diagnosing COVID-19 pneumonia, as high 
as 97% when compared to reverse-transcription polymerase-chain reaction 
(RT-PCR) nasal swab tests [1]. However, concerns regarding resource utilization, 
contamination of fixed suites, infection control requirements and transmission 
exposure to transport personnel have prevented it from becoming a ubiquitous stan-
dard in evaluation of COVID-19 infected patients. The American College of 
Radiology (ACR) recommended against its use as a first-line diagnostic test [2].

Historically, lung ultrasound has proven useful for pulmonary evaluations during 
prior global crises such as the 2009 H1N1 influenza pandemic and the 2013 H7N9 
avian influenza A epidemic. It has shown large promise in COVID-19 as well, with 
radiologic severity, progression and resolution of disease on CT mirrored by changes 
evident using lung ultrasound. Ultrasound may be superior to standard chest 

Supplementary Information The online version of this chapter (https://doi.org/10.1007/ 
978- 3- 030- 66614- 9_4) contains supplementary material, which is available to authorized users.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-66614-9_4&domain=pdf
https://doi.org/10.1007/978-3-030-66614-9_4#DOI
mailto:rachel.liu@yale.edu
mailto:dv2448@cumc.columbia.edu
https://doi.org/10.1007/978-3-030-66614-9_4#DOI
https://doi.org/10.1007/978-3-030-66614-9_4#DOI


42

radiographs particularly early in infection processes [3–5]. Additionally, lung ultra-
sound is easily repeatable while other imaging modalities are not, and can be 
deployed at bedside for evaluation of unstable patients.

During the COVID-19 global outbreak, physicians and other health profession-
als are taking advantage of newer, inexpensive handheld tablet ultrasound devices in 
an attempt to prevent fomite transmission from larger machines, as these less com-
plex devices are easier to clean. Remote or at-home monitoring has been described, 
with infected healthcare professionals performing self-assessments of their own or 
colleagues’ lung ultrasounds during quarantine periods. Teleguidance has become 
more feasible to implement, enhancing remote review capabilities [5–7].

4.2  Findings

Descriptions of COVID-19 lung ultrasound findings include:

• Multifocal, patchy B lines (also referred to as alveolar interstitial edema)
• Thickening of the pleural line or an irregularly appearing pleural line
• Peripheral and bilaterally diffuse but asymmetric locations
• Subpleural consolidations
• Larger lobar consolidations with air bronchograms
• Rarely, pleural effusion

Nomenclature with lung ultrasound may be confusing, with multiple terms used 
to describe variations in similar concepts. Lung ultrasound artifacts were discovered 
and initially coined by Lichtenstein in his BLUE protocol [8], and have been further 
clarified since due to heterogeneity in appearance [9]. B lines refer to vertical, “laser-
like” hyperechoic lines which begin at the pleural line and extend along the full field 
of view, moving with pleural movement (Fig. 4.1). Lung fields are considered posi-
tive for interstitial fluid if more than three B lines are present, and more severe dis-
ease is indicated by coalescing of multiple individual B lines into cohesive formations. 
Subclassifications of these B line appearances in COVID-19 have been described as 
“waterfall” or “white lung” signs indicating diffuse B lines which are fused and 
potentially more fixed than in other disease processes (Figs. 4.2 and 4.3) [4, 10]. 
Recently, Volpicelli and Gargani identified a B line appearance which could indicate 
the early development of COVID-19 ground glass opacities as “light beams.” These 
are described as “shining band-form” artifacts that arise from large areas of normal-
appearing pleural lines that disappear and reappear with respiration, through which 
A lines (normal) can be visualized. The authors suggest that presence of this appear-
ance correlates with a high probability of COVID-19 diagnosis [11].

Others describe a thickened pleural line with a rough or irregular, interrupted 
appearance (Fig. 4.4) [6, 10–12]. This is due to thickening and edema of affected 
interstitial tissues and pleura, with occasional localized pleural effusions adjacent to 
the lesions. A noncontiguous appearance of the pleural line may also be due to small 
subpleural consolidations, which have varied shapes and sizes. Subpleural 

R. B. Liu and D. Vryhof



43

a b

Fig. 4.1 Examples of B lines. (a) Scan performed with a curvilinear transducer (b) Scan per-
formed with a linear transducer. B lines are indicated by arrows. B lines arise from the pleural line 
and extend through the full field of view, erasing normally existing horizontal A lines. B lines move 
with pleural line movement, as seen in the Extra Supplementary Materials (B lines video)

a b

Fig. 4.2 Diffuse, more coalescent B lines. (a) Scan performed with a curvilinear transducer, with 
thickening of the pleural line and a diffuse pattern of B lines, which some refer to as a waterfall 
appearance. (b) Scan performed with a phased array transducer, showing multiple B lines which 
are starting to fuse. Dynamic images are demonstrated in the Extra Supplementary Materials 
(Coalescent B lines Video)
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consolidations may demonstrate air bronchograms within them, and color flow 
Doppler may show poor flow to these regions. This may be important, as consolida-
tions caused by inflammation typically show good blood flow, indicating reassuring 
prognoses. However, poor flow may indicate an inability to develop microvessel 
exchange due to the rapid progression of disease in COVID-19 [10], or presence of 
peripheral microangiopathic lung infarction [13].

These findings are not specific to COVID-19 and are similar to other viral infec-
tions or lung conditions. Specificity for COVID-19 is increased with a noncontigu-
ous multifocal pattern of B lines, present in some areas while spared in others, 

Fig. 4.3 Saturation of B lines, “white lung” appearance. Image obtained using a phased array 
transducer. Notice how the full field is covered with a large, wide pattern of coalescent B lines 
which cannot be visually separated. This indicates interstitial saturation and would cause severe 
shortness of breath. Corresponds to Extra Supplementary Materials

a b c

Fig. 4.4 Irregular Pleural Line caused by a subpleural consolidation. (a) B-mode view of a non-
contiguous, irregular, nonlinear pleural line caused by a subpleural consolidation (the hypoechoic 
circular structure underneath the pleural line. (b) Illustration of the pleural irregularity. (c) 
Illustration of the subpleural consolidation. Corresponds to Extra Supplementary Materials 
(Subpleural Consolidation Video)
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leading to “patchwork” clusters of disease. A more uniform appearance may sug-
gest other pathologies [4, 5, 11]. Numerous studies demonstrate that in COVID-19, 
findings are initially most prominent in the posterior and inferior lung fields 
[3–5, 10].

4.3  Approaches

For general lung ultrasound, the BLUE protocol identified 3 areas for scanning a 
hemithorax (anterior, lateral and posterolateral), with each area further subdivided 
into upper and lower halves. This produces 6 zones per chest wall side, for a total of 
12 zones when imaging the whole thorax. This method has been used in some scor-
ing methods which compare lung ultrasound to CT correlation [4]. Soldati et al. 
used a 14 zone approach performed in sitting patients to establish a lung ultrasound 
scoring system specific to COVID-19 patients. This includes 7 zones per hemitho-
rax. These were defined as 3 posterior views along the paravertebral line, 2 lateral 
views along the midaxillary line, and 2 anterior views along the midclavicular line. 
Obtaining posterior views may be difficult in recumbent patients (e.g., intubated 
patients), and they identified the lower posterolateral point as a high-yield area for 
evaluation [6]. In a letter, the same authors advocated for a 16 zone approach as 
ideal. Others are in favor of a simpler 4–6 zone approach [3, 13]. Due to prominence 
of findings in the postero-inferior lung fields, these zones may be of primary focus 
early in the infection before diffuse progression.

Convex array and linear transducers are primarily used to evaluate lung spaces 
and pleura. Either may be used with COVID-19 patients, but curvilinear transducers 
are generally favored as they can evaluate both pleural and parenchymal areas with 
a larger surface area, allowing quick evaluation of the whole chest wall [11, 15]. 
Linear transducers may be used for heightened definition of the pleural line and 
delineation of subpleural consolidations [14], particularly in the lung periphery. 
Low frequency microconvex and phased array transducers have been used as well.

Traditionally, the probe is placed perpendicular (longitudinally) to each rib and 
intercostal space surface, visualizing rib shadows at the cephalad and caudal fields 
of view. This covers maximal surface area within a single scan as multiple intercos-
tal spaces can be imaged simultaneously [15]. However, some advocate for the 
probe to be oriented transversely or obliquely (in parallel with rib direction) to inter-
rogate a wider surface of lung pleura or parenchyma [4, 14]. Using a combination 
of these orientations with continuous multidirectional sliding, sweeping and rotat-
ing of the transducer in a “lawnmower” technique will allow thorough lung evalua-
tion. A full lung ultrasound assessment takes 5 to 8  min for completion by an 
experienced sonologist [4].
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Table 4.1 Examples of scoring systems

Authors Probe type Zones Scoring
Tan G, et al.
(ICU 
physicians)

Convex array 10 zones, 5 per side
• Anterior upper
• Anterior lower
• Phrenic point
•  Posterolateral 

alveolar (PLAPS)
• Posterior
Based on BLUE 
protocol

0—normal pleura
1—thickened or irregular pleura 
(>0.5 mm)
2—blurred pleural line
3—discontinuous line
0—no B line
1—B lines <3
2—B lines <4
3—fused B lines
4—consolidation
0—no complications
4—am line
4—pneumothorax or empyema
4—pleural effusion

Lu W, et al.
(1 ultrasound 
physician)

Convex array 
then linear 
transducer

12 zones, 6 per side
• Anterior upper
• Anterior lower
• Lateral upper
• Lateral lower
• Posterior upper
• Posterior lower
Based on BLUE 
protocol

0—normal pleura
1—B lines >3
2—coalesced B lines
3—consolidation
Severity:
0, none
1–7, mild
8–18, moderate
>19, severe

Soldati G, 
et al.
(multiple 
specialties)

Convex Array 14 zones, 7 per side
•  Basal, 

paravertebral
•  Middle, 

paravertebral
•  Upper, 

paravertebral
• Basal, midaxillary
• Upper, midaxillary
•  Basal, 

midclavicular
•  Upper, 

midclavicular

0—normal pleura
1—pleural line indented
2—pleural line broken
(small consolidations)
3—white lung with or  without 
larger consolidation
Severity thresholds not described

Volpicelli G, 
et al.
(Emergency 
and ICU 
setting)

Convex array 10 zones
• Anterior chest
• Lateral chest
•  Lateral chest, 

inferior in oblique 
view

•  Posterior chest 
between the 
scapula and spine

•  Posterior chest 
below the scapula

0—normal pleura
1—multiple separated B lines
2—coalescent B lines or light beam
3—consolidation
Percentage of pathologic presence 
assigned and averaged
Used to quantify an aeration score, 
and then assess dynamic changes in 
aeration by reassigning new scores 
to re-aerated areas
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4.4  Clinical Integration

Prior scoring systems have shown value for acute respiratory distress syndrome in 
the intensive care unit (ICU). A few specific scoring systems have been proposed to 
aid determination of COVID-19 disease severity, in conjunction with clinical 
parameters (Table  4.1). They possess similar elements, but the clinical value of 
these scoring systems and their influence in determining patient dispositions, treat-
ments or admission levels of care has yet to be elucidated. Similarly, their roles in 
predicting patient deterioration or readiness for de-escalation require further 
research. However, a patient’s severity of disease may be proportional to the amount 
of lung parenchyma that exhibit ground glass changes, and early quantification of 
lung involvement may be beneficial. Volpicelli reports that using lung ultrasound 
findings in dorsal areas prompts decisions to prone patients who are receiving higher 
forms of ventilation, and the scoring system the authors developed may be used to 
monitor dynamic changes in aeration that could aid recruitment and ventilation 
strategies. Tan et al. developed a scoring system which helped differentiate between 
COVID-19 pneumonia and community acquired pneumonia, which showed larger 
and more circumscribed consolidations with associated pleural effusions in the lat-
ter illness [16].

Others have proposed algorithms that use lung ultrasound for triage, cohorting, 
and admission criteria [11, 17]. While a discharge and follow up plan for patients 
with both mild symptoms and mild findings on lung ultrasound, or an admission 
plan for severe disease with significant lung ultrasound findings is self-explanatory, 
the impact of lung ultrasound for moderate COVID-19 disease needs to be explored. 
For example, even if a patient demonstrates significant lung ultrasound findings, it 
would still be reasonable for a clinically well appearing person to be discharged 
with a close follow-up plan. Those with more worrisome clinical signs (significant 
hypoxia or tachypnea) may warrant admission, even if their initial lung ultrasound 
findings appear mild. Completely negative lung ultrasound findings in COVID-19 
suspected patients prompts exploration for other extrapulmonary diagnoses (such as 
cardiac manifestations), and this is a key usage. As CT findings map disease pro-
gression and chronology, lung ultrasound findings can similarly be used to match a 
patient’s disease timeline.

Mongodi et al. compared imaging resource utilization during COVID-19 with a 
historical time period, and found that implementing an ultrasound-based approach 
to imaging decreased the number of chest radiographs and CTs used for acute respi-
ratory failure patients during the height of the pandemic [18]. A study using an 
emergency room patient cohort found that anterior upper and lower B lines were 
independently associated with development of acute respiratory distress syndrome 
(ARDS) in COVID-19 patients, as well as with ICU admission [3]. Given that dor-
sal changes may appear earlier, progression of B lines to become evident in anterior 
zones (anatomically higher positions) even without evaluation of posterior areas 
could indicate severe disease. Additionally, lung ultrasound findings may predict 
which phenotype of COVID-19 a patient has, although the impact of this to clinical 
care is unknown [13]. It may be possible to differentiate B lines caused by COVID-19 
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from B lines caused by fluid overload or cardiogenic pulmonary edema. As such, 
specialist services have applied lung and cardiac ultrasound to treatment algorithms 
for their patients, such as determining safety for dialysis treatment [15].

Overall, more large-scale research is needed to assess the performance of lung 
ultrasound algorithms or scoring systems in predicting patient course, ventilation 
strategies, effectiveness of maneuvers like prone positioning, and applicability to 
the different phenotypes of COVID-19 [13]. These purposes advocate for patient 
monitoring via serial lung ultrasound performance, which may suggest patient dete-
rioration or treatment non-response via development of superimposed bacterial 
pneumonia or increasing B lines. These could trigger titration of positive end- 
expiratory pressure and addition of other recruitment aides. Likewise, resolution of 
B lines indicates patient improvement, and may suggest that attempts to wean respi-
ratory supports would be successful [5, 11].

4.5  Test Characteristics

While no author recommends that ultrasound can be used as a CT replacement, 
bedside lung ultrasound has shown moderate agreement with CT findings in both 
European and Chinese patient studies. Nouvenne et al. found a significant positive 
correlation of lung ultrasound with CT findings on Spearman correlation (r = 0.65, 
p < 0.001) and a negative correlation with oxygen saturation (r = −0.66, p < 0.001) 
upon hospital admission of COVID-19 patients [19]. Lu et al. showed similar, with 
moderate Kappa agreement between lung ultrasound and CT findings of 30 
COVID-19 patients (k = 0.529, p < 0.05) [4]. This suggests that lung ultrasound may 
be a reliable first-line imaging study, comparable to CT. As with all ultrasound, it is 
an operator dependent modality and areas of disease may be missed if not scanned 
adequately.

Bar et al. found lung ultrasound odds ratios that were independently associated 
with COVID-19 ARDS development and ICU admission (anterior upper zone B 
lines >3 = 1.52 OR, inferior thickened pleura = 1.73 OR, lower zone consolida-
tion = 2.39 OR, posterolateral thickened pleura = 1.97 OR). Mortality was not asso-
ciated with these variables [3].

The sensitivity for lung ultrasound in categories of no disease, mild, moderate 
and severe COVID-19 disease increases with severity (33.3%, 68.8, 77.8%, and 
100% respectively). Specificity for these same categories is high (100%, 85.7%, 
76.2%, and 92.9% respectively). Positive predictive values range from 50–100%, 
with lower values associated with more severe disease. Negative predictive values 
range from 70.6–100%, with highest values for the no disease or severe disease 
categories. Diagnostic accuracy ranges from 76.7–93.3%, again with highest values 
seen for the no disease or severe disease categories [4]. Lung ultrasound shows 
higher sensitivity for lesions near the pleura (peripheral), and may underestimate 
consolidations located away from the pleura. Comparatively in H1N1 disease, lung 
ultrasound demonstrated a 94% sensitivity, 89% specificity, 86% positive predictive 
value, and a 96% negative predictive value that outperformed chest radiographs [5]. 
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These parameters of lung ultrasound in COVID-19 appear similar and suggest that 
it can be used for risk stratification of suspected patients.

4.6  Summary

Lung ultrasound has repeatedly shown effectiveness in the diagnosis and monitor-
ing of viral pneumonias in pandemic or epidemic situations. The usefulness of bed-
side ultrasound has been firmly established with the COVID-19 pandemic, 
particularly in reducing workforce exposure in such a virulent disease. Although 
further research with large populations are needed to solidify the role of lung ultra-
sound in clinical management of patients and its influence on patient outcomes, the 
benefits in respiratory monitoring, guiding treatment decisions, and predicting esca-
lations or de-escalations of care have been well described. It is incorporated into 
multiorgan point-of-care ultrasound to simultaneously examine both pulmonary 
and extrapulmonary etiologies of COVID-19 symptoms. Its test characteristics 
appear reasonable for continued use by trained, experienced personnel. These 
descriptions will serve as a basis for future COVID-19 care, as further waves are 
anticipated. The insertion of lung ultrasound in triage algorithms serves as a tem-
plate for future respiratory pandemics.
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5.1  Introduction

Initially described in China in December 2019, severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) has spread all over the world, infecting more than one 
million people and causing thousands of deaths [1]. Humans of all age groups are 
susceptible, including the youngest. Although currently pediatric coronavirus dis-
ease 19 (COVID-19) appears to be less severe compared with the adult form, chil-
dren are by no means spared. Several case series [2–5] have documented that 
COVID-19 can affect children of all ages, from newborns to adolescents [6].

Disease severity can be classified, adapting a previous published classification2, 
based on predefined criteria (Table 5.1) [7].

COVID-19 pneumonia has also been described in asymptomatic or pauci- 
symptomatic children [2–4]. However, in rare cases, children can be severely 
affected, and clinical manifestations may differ from adults. In April of 2020, 
reports emerged from the United Kingdom of a presentation in children similar to 
incomplete Kawasaki disease (KD) or toxic shock syndrome [8, 9]. Since then, 
there have been increasing reports of similarly affected children in other parts of the 
world [10–16].

The syndrome has been termed multisystem inflammatory syndrome in children 
(MIS-C; also referred to as pediatric multisystem inflammatory syndrome [PMIS], 
pediatric inflammatory multisystem syndrome temporally associated with SARS- 
CoV- 2 [PIMS-TS], pediatric hyperinflammatory syndrome, or pediatric hyperin-
flammatory shock).

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-66614-9_5&domain=pdf
https://doi.org/10.1007/978-3-030-66614-9_5#DOI
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While the incidence of MIS-C is unknown, it appears to be a rare complication 
of COVID-19 in children.

Many children with MIS-C meet criteria for complete or incomplete Kawasaki 
disease (KD) (Table 5.2) [8, 10, 11, 14, 17–19]. However, the epidemiology differs 
from that of classic KD. Most MIS-C cases have occurred in older children and 
adolescents who were previously healthy. Black and Hispanic children may be dis-
proportionally affected. By contrast, classic KD typically affects infants and young 
children and has a higher incidence in East Asia and in children of Asian descent. 
The epidemiology of MIS-C also differs from that of acute COVID-19 illness in 
children, which tends to be most severe in infants <1 year of age and in children 
with underlying health problems [10–12, 17–19].

5.2  Role of Imaging in Pediatrics

Although a nasopharyngeal swab is required for a definitive etiologic diagnosis of 
2019 novel coronavirus disease, this test has limitations, particularly because of its 
low sensitivity [20]. For this reason, several authors have suggested the use of chest 
computed tomography (CT) not only for diagnosis of COVID-19 pneumonia, but 
also as a screening tool for the diagnosis of COVID-19 infection in epidemic set-
tings, as CT has been reported to have better diagnostic sensitivity than nasopharyn-
geal swab [21]. Conversely, Rubin et  al. [22] suggested an appropriate use of 
imaging, selecting those patients that might benefit from the adjunctive information 
contained in images. However, CT scan should not be routinely used in specific age 

Table 5.1 Disease severity [2, 7]

Asymptomatic: All the following must be present
     1. No signs or symptoms
     2. AND negative chest X-ray
     3. AND absence of criteria for other cases
Mild: Any of the following (AND absence of criteria for more severe cases)
     1. Symptoms of upper respiratory tract infection
     2. AND absence of pneumonia at chest X-ray
Moderate: All the following (AND absence of criteria for more severe cases)
     1. Cough AND (sick appearing OR pneumonia at chest X-ray)
Severe: Any of the following (AND absence of criteria as for critical case)
     2. Oxygen saturation <92%
     3.  OR difficult breathing or other signs of severe respiratory distress (apnea, gasping, head 

nodding)
     4. OR need for any respiratory support
Critical: Any of the following
     1. Patient in ICU
     2. OR intubated
     3. OR multiorgan failure
     4.  OR shock, encephalopathy, myocardial injury or heart failure, coagulation dysfunction, 

acute kidney injury

Adapted from Dong et al. [2]
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Table 5.2 Clinical manifestations of COVID-19-associated multisystem inflammatory syndrome 
in children and adolescents [8, 10, 11, 14, 17–19]

Presenting symptoms Frequency (%)
  Persistent fevers (median duration 4 days) 100
  Gastrointestinal symptoms (abdominal pain, vomiting, diarrhea) 60–100
  Rash 52–76
  Conjunctivitis 45–81
  Mucous membrane involvement 29–76
  Neurocognitive symptoms (headache, lethargy, confusion) 29–58
  Respiratory symptoms (tachypnea, labored breathing) 21–65
  Swollen hands/feet 16
  Sore throat 10
Clinical findings
  Shock 50–80
  Criteria for complete Kawasaki disease met 21–64
  Myocardial dysfunction (by echocardiogram or elevated troponin/BNP) 51–100
  Acute respiratory failure requiring noninvasive or invasive ventilation 43–52
  Acute kidney injury 21–70
  Serositis (small pleural, pericardial, and ascitic effusions) 22–57
  Acute hepatic failure 21
Laboratory findings
Abnormal blood cell counts
  Lymphocytopenia 80–95
  Neutrophilia 80–90
  Mild anemia 70
  Thrombocytopenia 31–80
Elevated inflammatory markers
  C-reactive protein 90–100
  Erythrocyte sedimentation rate 80
  D-dimer 80–100
  Fibrinogen 90–100
  Ferritin 55–76
  Procalcitonin 80–95
  Interleukin-6 80–100
Elevated cardiac markers
  Troponin 68–95
  BNP or NT-pro-BNP 78–100
  Hypoalbuminemia 73–95
  Mildly elevated liver enzymes 60–70
  Elevated lactate dehydrogenase 56–60
  Hypertriglyceridemia 70
Imaging findings
Echocardiogram
  Depressed LV function 29–58
  Coronary artery dilation/aneurysm 14–48
  Other findings can include mitral regurgitation and pericardial effusion –

(continued)
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groups, such as pregnant women [23] and children [24]. Moreover, COVID-19 has 
become a global disease, logistic difficulties or unavailability of CT scan in low and 
medium resource settings must be considered. On the other hand, chest X-ray does 
not have sufficient sensitivity and specificity for detecting COVID-19 pneumonia to 
be considered as an alternative tool to CT scan. In this context, the evidences have 
indicated the usefulness of lung ultrasound (LUS) in detecting COVID-19 pneumo-
nia [25–27]. In particular, both Chinese [28] and Italian [29, 30] task forces on the 
use of LUS in COVID-19 have provided the physical bases and LUS patterns in 
COVID-19 patients, suggesting that LUS can be a useful tool to diagnose and moni-
tor COVID-19 pneumonia.

The finding that LUS is able to detect COVID-19 pneumonia in children has 
clinical implications [7, 24, 31, 32].

The Chinese Task Force for Paediatric COVID-19 proposed a severity classifica-
tion, defining children as asymptomatic, mild, moderate, severe or critical cases [2].

In particular, the “moderate” stage is based on clinical criteria (pneumonia with 
fever and cough, in the absence of signs of hypoxemia) and/or radiologic criteria, as 
“some cases may have no clinical signs and symptoms, but chest CT shows lung 
lesions, which are subclinical” [2].

In fact, in all the large series of pediatric COVID-19 described in China [2–4] the 
authors routinely used CT scan to determine the severity of the disease. This has 
caused clinicians and researchers from the rest of the world to overuse CT scan in 
children, even when they are asymptomatic or pauci-symptomatic. However, there 
is no evidence that diagnosis and treatment decisions based on CT scans improve 
outcomes in pediatric COVID-19 infection. Moreover, although chest CT scans 
improve diagnostic accuracy, doing these scans in children comes with disadvan-
tages, such as high costs, the need for sedation, and radiation exposure.

In fact, international guidelines state that history and examination are the main 
determinants of pneumonia severity and level of care, reserving imaging to compro-
mised children requiring admission on clinical grounds [33]. Importantly, the large 
number of asymptomatic and mild pediatric cases of COVID-19 described confirms 
that radiologic imaging should not be routinely used [2–5].

Table 5.2 (continued)

Presenting symptoms Frequency (%)
Chest radiograph
  Normal in many patients –
  Abnormal findings included small pleural effusions, patchy consolidations, 

focal consolidation, and atelectasis
–

Chest CT and/or lung ultrasound
  Findings generally similar to those on chest radiograph –
  A few patients had nodular ground-glass opacification –
Abdominal imaging (ultrasound and/or CT)
  Findings are nonspecific, including free fluid, ascites, bowel and 

mesenteric inflammation, including terminal ileitis, mesenteric 
adenopathy/adenitis, and pericholecystic edema

–

COVID-19 coronavirus disease 2019, BNP brain natriuretic peptide, LV left ventricular, CT com-
puted tomography
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Thanks to the already proven accuracy of LUS in detecting pediatric pneumonia 
of any ethology [34–38] and to light of the studies performed for which lung CT 
scan is not routinely indicated in patients with suspected COVID-19 and mild- 
moderate clinical features unless they are at risk for disease progression [22, 24], 
point-of-care tools such as LUS have become fundamental in diagnosing and moni-
toring COVID-19 pneumonia, particularly in children, who usually have milder 
manifestations of COVID-19. This reduces unnecessary radiation/sedation in chil-
dren and exposure of health care workers to SARS-CoV-2 at the same time.

5.3  How to Perform Pediatric Lung Ultrasound in the Time 
of COVID-19

The staff safety in the airway management of patients with 2019 novel coronavirus 
disease (COVID-19) must be ensured from the patient’s first assessment. In fact, 
maintaining the safety of the doctor, who meets many people during his daily activ-
ity, avoids the spread of the disease to other patients and the possible creation of 
new epidemic outbreaks. On the other hand, all health care workers are asked to 
minimize the use of personal protective devices to prevent their shortage. Although, 
the breathing manifestations of COVID-19 cases in children are generally less 
severe than those of adult patients [2–4, 7], while waiting for the result of the nasal/
pharyngeal swab for COVID-19, children with fever and respiratory symptoms do 
still need to be seen and differential diagnosis with other known viral or bacterial 
respiratory infections remains pivotal. It can be based on the clinical and laboratory 
data and LUS findings. In this contest, in fact, the use of tools such as a stethoscope 
and radiological devices, can cause the contamination of the medical devices and 
nosocomial spreading of the virus leading al the contagion of healthcare workers 
(from doctor to nurse to radiology technicians) and already hospitalized patients 
who have a higher risk of developing severe COVID-19. In this regard, in 2016, 
Copetti highlighted how lung ultrasound could have several advantages compared 
with the use of the stethoscope, to the extent that it could be replaced [39]. His 
famous article entitled “Is lung ultrasound the stethoscope of the new millennium? 
Definitely yes” was visionary in 2016 and now, in this historical period, very perti-
nent. The use of ultrasound is essential in the safe management of the COVID-19 
out breaks, since it can allow the concomitant execution of clinical examination and 
lung imaging at the bedside by the same doctor [31, 40].

In the setting of COVID-19, wireless probe and tablets represent the most appro-
priate ultrasound equipment. These devices can easily be wrapped in single-use 
plastic covers reducing the risk of contamination and making easy the sterilization 
procedures [29, 31, 40]. In case of unavailability of these devices, portable machines 
dedicated to the exclusive use of COVID-19 patients can be used, although maxi-
mum care for sterilization is necessary. In these cases, probe and keyboard covers 
are anyway suggested, and sterilization procedures necessary following last recom-
mendations [41].

Two different ways of performing lung ultrasound for the evaluation of children 
with suspected COVID-19 have been introduced. The first based on the use of lung 
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ultrasound by one pediatrician and another assistant wearing the standard personal 
protections as per World Health Organization (WHO) indications [42]. The second 
method aims to reduce both the number of operators and the use of personal protec-
tive devices and it provides that only one pediatrician is in contact with the patient 
suspected/positive for COVID-19 [31, 40].

The stethoscope is not used because it is more difficult to have specific covers 
and there is a higher probability to mistakenly touch either the ocular or the oral 
mucosa with it. Lung auscultation is therefore substituted by lung visualization with 
the ultrasound.

These approaches have several advantages, since the same evaluating clinician 
can visit the patient, perform blood tests or insert intravenous lines if required, and 
obtain lung images with portable devices at the same time, without to move the 
child from the consultation room to the radiology room.

In this way, guaranteeing both the patients “rights to be evaluated according to 
the highest standards of care and, at the same time, the healthcare workers” safety 
is guaranteed and the minimal use of safety devices.

5.3.1  Ultrasonography Procedure 1 [40]

The pediatrician, wearing the standard personal protections as per WHO indications 
[42], prepare the ultrasound pocket device, which comprises a wireless probe and a 
tablet. The probe and tablet are placed in two separate single-use plastic covers 
(Fig. 5.1). No other medical devices are used. When the two operators enter the 
isolation room, the pediatrician uses the probe and does the lung ultrasound, the 
assistant holds the tablet and freezes and stores the images, touching neither the 
patient nor the surrounding materials. After the procedure, in a dedicated area, the 
operators easily remove the probe and tablet from the covers, simply letting them 
slip onto clean towels, where the devices are further sterilized.

Fig. 5.1 The ultrasound 
pocket device: the probe 
and tablet are placed in two 
separate single-use plastic 
covers
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5.3.2  Ultrasonography Procedure 2 [31]

One of the pediatricians prepares the ultrasound pocket device, which comprises a 
wireless transducer and a tablet. The transducer is placed in single-use plastic cov-
ers or a glove sealed with plaster.

Operator 1, wearing the standard personal protections as per World Health 
Organization indications [42] according to the single situation, enters the isolation 
room with the wireless transducer and performs the LUS examination. Operator 2 
remains outside the room with the tablet communicating with the operator 1 in order 
to optimize the quality of images. He helps Operator 1 to properly place the probe 
perpendicularly, obliquely and parallel to the ribs in the anterior, lateral and poste-
rior thorax, so as to perform ultrasound scans in the longitudinal plane and transver-
sal plane. The two operators communicate continuously, giving feedback, on the 
explored lung fields. Operator 2 is responsible for freezing and storing images/vid-
eos (Fig. 5.2). This procedure can reduce the operator dependence of US, since the 
operators are blinded to each other.

Fig. 5.2 Ultrasonography 
procedure 2: Operator 2, 
with the tablet training 
outsider the room, helps 
Operator 1 to perform lung 
ultrasound in order to 
optimize the quality of 
images; he is responsible 
for freezing and storing 
images/videos. The two 
operators communicate 
continuously, giving 
feedback, on the explored 
lung fields
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At the end of the procedure, only the transducer needs to be sterilized in a dedi-
cated area and put into a new sterile plastic bag.

In both cases, the two operators will follow an agreed, tested, and standardized 
images acquisition protocol [29].

5.4  Ultrasonography Technique [29]

Fourteen areas (three posterior, two lateral, and two anterior) should be scanned for 
patient along the lines here indicated. Lung ultrasound should be performed scans 
in the longitudinal plane and transversal plane. In younger children, uncooperative, 
scans need to be intercostal as to cover the widest surface possible with one scan.

Examining position can be supine, prone or sitting position to evaluate posterior 
regions, whichever provides a position of comfort and allows for a complete 
examination.

Standard sequence of evaluations is proposed using landmarks on chest anatomic 
lines. Echographic scans can be identified with a progressive numbering starting 
from right posterior basal regions:

 1. Right basal on paravertebral line above the curtain sign
 2. Right middle on paravertebral line at the inferior angle of shoulder blade
 3. Right upper on paravertebral line at spine of shoulder blade
 4. Left basal on paravertebral line above the curtain sign
 5. Left middle on paravertebral line at the inferior angle of shoulder blade
 6. Left upper on paravertebral line at spine of shoulder blade
 7. Right basal on mid-axillary line below the internipple line
 8. Right upper on mid-axillary line above the internipple line
 9. Left basal on mid-axillary line below the internipple line
 10. Left upper on mid-axillary line above the internipple line
 11. Right basal on mid-clavicular line below the internipple line
 12. Right upper on mid-clavicular line above the internipple line
 13. Left basal on mid-clavicular line below the internipple line
 14. Left upper on mid-clavicular line above the internipple line

Although mild-moderate cases of COVID-19 pneumonia are much more fre-
quent among the pediatric population, in case of performance of LUS in critical care 
settings (such as patients on invasive ventilation) and for patients that are not able to 
maintain sitting position, the posterior areas might be difficult to be evaluated. In 
these cases, the operator should try to have a partial view of the posterior basal 
areas, currently considered a “hot-area” for COVID-19, and however, start echo-
graphic assessment from landmark number [7].

The appropriate transducers and frequencies vary with the size of the patient. 
Neonates and small infants are easily examined with high-frequency linear trans-
ducers, whereas older children and adolescents require lower-frequency transducers.
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5.4.1  Other Specific Indications for the Images 
Acquisition Protocol

• Use single focal point modality (no multifocusing), setting the focal point on the 
pleura line. Employing a single focal point, and setting it at the right location, has 
the benefit to optimize the beam shape for sensing the lung surface. At focus, the 
beam has the smallest width as is therefore set to best respond to the smallest 
details.

• Keep the mechanical index (MI) low (start from 0.7 and reduce it further if 
allowed by the visual findings).

• Avoid as much as possible saturation phenomena, control gain and diminish MI 
if needed (see example of lung ultrasound images in the figures). Saturation phe-
nomena occurs, e.g., when the signal strength of the echo signals is too high for 
the receiving electronics to be converted into electrical signals conserving a lin-
ear relation with the pressure amplitude. This has the effect of distorting the 
signals, and produces images where the dynamics of the actual signal is lost. The 
visual appearance of this phenomenon is the presence of areas which are com-
pletely white. In this case, it is therefore not possible to appreciate local varia-
tions in the response to insonifications.

• Avoid the use of cosmetic filters and specific imaging modalities such as 
Harmonic Imaging, Contrast, Doppler, Compounding.

• Achieve the highest frame rate possible (e.g., no persistence, no multifocusing).
• Save the data in DICOM format. In case, this is not possible, save the data 

directly as a video format. Visual findings, especially when related to very small 
alterations, do not appear on every frame. It is thus advantageous to acquire mov-
ies, where the lung surface below the landmark can be monitored for few seconds 
during breathing.

5.5  Lung Ultrasonography Findings

The typical LUS pattern of COVID-19 pneumonia is the patchy and bilateral distri-
bution of the main lesions [30, 43]. Typical LUS findings can be found in all lung 
fields, although bilateral posterior/lateral ones are more frequently involved [30, 44].

In general, the basic LUS semeiotics of COVID-19 pneumonia does not differs 
in adults and children, with the pleural line irregularities, vertical artifacts, white 
lung and subpleural consolidations being the main described findings. However, 
most of these patterns are less frequently seen in children than adults, probably 
because severe forms of COVID-19 pneumonia are less common in this age group. 
Therefore, although described, wide and diffuse areas of subpleural consolidations 
are rare, while in children are more frequently seen diffuse short and long artifacts 
and isolated small subpleural consolidations. If large consolidations with air bron-
chogram are seen, bacterial superinfections should be suspected and treated 
accordingly.

5 Pediatric Covid-19 Lung Ultrasound



60

The details of the main LUS patterns are as follow:

• Pleural line irregularities, such as thickening or interruptions, caused by the 
replacement of air with blood, pus, fibrin, according to Huang [30, 44] (Fig. 5.3).

• B-lines: vertical artifacts generated by the variation of the acoustic impedance 
due to the inflammatory process; typically, vertical artifacts in COVID-19 
patients are long, touch the bottom of the ultrasound screen, are bright and thick 
[30] (Figs 5.3 and 5.4).

• Patchy areas of white lung: regions of white areas with the absence of A-lines 
(horizontal and hyperechoic lines due to the normal reflection of the ultrasound 
beam) and vertical artifacts, that correspond to increased density of the lung 
parenchyma [30] (Fig. 5.5).

• Subpleural consolidations: irregular hypoechoic areas, indicating a collapsed 
lung or atelectasis [30] (Fig. 5.5).

• Air bronchograms and pleural effusions: are rare and unusual, their presence 
should first let the clinician thinking other diagnosis or superinfections [24].

• The presence of small pleural effusions may be part of the systemic inflamma-
tory picture in children with a Pediatric Inflammatory Multisystem Syndrome 
(PIMS) temporally associated with SARS-CoV-2 [8, 11] (Fig. 5.6).

LUS findings are related to the extent of lung injury. In the early stages, the 
lesions described are irregular vertical artifacts (B-lines) with small regions of white 
lung. In the intermediate stages, these lesions extend over a larger lung surface. In 
case of respiratory failure, subpleural consolidations are reported in a gravitational 
position associated with air bronchograms and large regions of white lung. 
Furthermore, the diagnostic efficacy of LUS is high especially for severe patients 
[28–30, 46].

Fig. 5.3 Lung ultrasound findings in a child with COVID-19 pneumonia compared to chest X-ray. 
LUS shows an irregular pleural line (with thickening and interruptions) and vertical artifacts 
(arrows). The chest X-ray shows a nonspecific picture of slight accentuation of the lung intersti-
tium bilaterally
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Fig. 5.4 Lung ultrasound findings in a child with COVID-19 pneumonia: patchy areas of bright 
and thick vertical artifacts (arrows)

Fig. 5.5 Lung ultrasound findings in child with COVID-19 pneumonia: patchy areas of small 
subpleural consolidations (hypoechoic areas, arrows) and below areas of white lung with multiple, 
coalescent vertical artifacts (asterisks)
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Consequently, in order to allow comparing the severity of COVID-19 pneumonia 
of different patients, limiting the subjectivity and the operator dependence of the 
exam, Soldati et al. proposed a LUS score of severity of COVID-19 related find-
ings [29]:

• Score 0: normal LUS pattern characterized by regular pleural line and A-lines;
• Score 1: vertical artifacts are described. The pleural line appears indented with 

several B-lines;
• Score 2: a broken pleural line with dark and white consolidation areas are 

described;
• Score 3: large regions of white lung.

a

d e

b

c

Fig. 5.6 Chest X-ray and lung ultrasound findings in a 10 year old girl with pediatric inflamma-
tory multisystem syndrome temporally associated with SARS-CoV-2 (PIMS-TS). (a) The chest 
X-ray shows a nonspecific picture of accentuation of the lung interstitium bilaterally. (b, c) Lung 
ultrasound shows patchy areas of inflammation characterized by irregularities of the pleural line, 
which is thickened (arrowhead), and short vertical artifacts (arrow). (d) Lung ultrasound shows a 
small pleural effusion (asterisk) associated to small subpleuric consolidations and below areas of 
short vertical artifacts (arrows). (e) Lung ultrasound shows areas of long, basal, bilateral single 
vertical artifacts (arrows) with regular pleural line: picture of interstitial pulmonary edema due to 
impaired cardiac function caused by the inflammatory systemic process [45]
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5.6  PIMS-TS and Point-of-Care Ultrasound

Recently, reports from Europe and North America have described clusters of chil-
dren and adolescents requiring admission to intensive care units with a multisystem 
inflammatory condition with some features similar to those of Kawasaki disease 
and toxic shock syndrome [11, 12]. Case reports and small series have described a 
presentation of acute illness accompanied by a hyperinflammatory syndrome, lead-
ing to multiorgan failure and shock [10]. Initial hypotheses are that this syndrome 
may be related to COVID-19 based on initial laboratory testing showing positive 
serology in a majority of patients. Children have been treated with anti- inflammatory 
treatment, including parenteral immunoglobulin and steroids.

The World Health Organization provided a preliminary case definition [11, 12]:
Children and adolescents 0–19 years of age with fever ≥3 days
AND two of the following:

 1. Rash or bilateral non-purulent conjunctivitis or muco-cutaneous inflammation 
signs (oral, hands or feet).

 2. Hypotension or shock.
 3. Features of myocardial dysfunction, pericarditis, valvulitis, or coronary abnor-

malities (including ECHO findings or elevated Troponin/NT-proBNP).
 4. Evidence of coagulopathy (by PT, PTT, elevated d-Dimers).
 5. Acute gastrointestinal problems (diarrhea, vomiting, or abdominal pain).

AND
Elevated markers of inflammation such as ESR, C-reactive protein, or 

procalcitonin.
AND
No other obvious microbial cause of inflammation, including bacterial sepsis, 

staphylococcal or streptococcal shock syndromes.
AND
Evidence of COVID-19 (RT-PCR, antigen test or serology positive), or likely 

contact with patients with COVID-19.
Although the role of Lung Ultrasound has not yet directly evaluated in patients 

with PIMS-TS, experts in the field and us believe that point-of-care ultrasound 
(POCUS) can play a primary role in the diagnosis of suspicion and management of 
children with PIMS-TS.  In particular, the following POCUS patterns should be 
looked for in a child with proven exposure to SARS-CoV-2 virus and signs and 
symptoms of systemic inflammation (Fig. 5.6):

 – Presence of pleural effusions (Fig. 5.6d)
 – Presence of long, basal, bilateral vertical artifacts on lung ultrasound (Fig. 5.6e)
 – Presence of pericardial effusion
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 – Reduced or impaired heart contractility
 – Free abdominal fluid, with or without thickening of bowel wall thickening

The presence of one or more of these findings in a child with proven or suspect 
COVID-19 or known exposure to an adult with SARS-CoV-2 infection, should be 
considered as a red flag and alert the evaluating physician for possible evolution 
through PIMS-TS and shock.

5.7  Conclusion

The use of LUS during the COVID-19 outbreak in children has several advantages, 
such as the bedside execution, the need for fewer operators, and the possibility of 
performing it even at home and thus avoiding hospitalization of patients and over-
crowding of the hospital. It is also less expensive (therefore easier to obtain in a 
developing country) and does not use ionizing radiation. Also, LUS can be used to 
monitor patients requiring serial examinations, since it is radiation free.

It is important to highlight that CT and LUS are not competitive but rather com-
plementary tools that can be used in different settings to answer different clinical 
questions. CT scan offers a comprehensive view of the lung and can also help iden-
tify complications such as infarction, embolism, emphysema. LUS can be used as a 
first level exam during the first evaluation in the pediatric emergency department or 
even at home to distinguish low risk from high-risk patients. In particularly, in chil-
dren with mild to moderate disease, the proper use of LUS can allow the physician 
to avoid unnecessary CT examinations. Also, although not yet extensively studied, 
LUS and whole body point-of-care ultrasound can help in detecting those children 
at higher risk of developing PIMS-TS.

Since more studies are needed on the role of LUS in children with COVID-19, 
we strongly support the sharing of information and data on online platforms in order 
to better understand prognostic information of LUS findings in pediatric COVID-19, 
as already suggested by the researchers of the Italian Academy of Thoracic 
Ultrasound (ADET) [29].
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6.1  Introduction

In April of 2020, a collaborative research project to explore (and design) a working 
model for remote ultrasound training and diagnostic evaluation was formed with the 
hopes of formalizing a future strategy of “virtualizing” technology-based health 
assessments. Code named “SalScan,” this concept was formulated between a 
research strategist & process analyst, a NYC based radiologist, a volunteer patient 
who tested Covid negative, a portable ultrasound manufacturer (who donated their 
latest portable ultrasound model), and a remote/virtual training specialist to conduct 
imaging guidance to ensure the patient’s proper use of the device. The developers 
hoped to formalize this protocol as a nationwide scanning alternative during Covid 
times, as it was first launched in European triage centers to identify covid-related 
respiratory disorders [1] (Figs. 6.1 and 6.2).

The SalScan test program was established to review, record, and build conclusive 
evidence of any/all useful information that may lead to, or reflect the strategic para-
digms of real-life applications pertaining to the use of remote personal and portable 
ultrasound.

Supplementary Information The online version of this chapter (https://doi.org/10.1007/ 
978- 3- 030- 66614- 9_6) contains supplementary material, which is available to authorized users.
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6.2  Testing Parameters

Objectives of the SalScan test program include (Fig. 6.3):

 1. Creating a synergistic work model of the three integral participants (the patient, 
the trainer and the overreader/radiologist) to support a future work plan for any 
and all remote diagnostic scenarios

 2. Blueprinting and monitoring the progress of a working model of a medically 
monitored self-scanning paradigm (including scan diagrams on the torso, 
selected probes and frequency settings)

 3. Developing any and all instructional guidelines to duplicate the process of 
this plan

Fig. 6.1 Normal lung scan (left) abnormal lung with B-lines (right)

Fig. 6.2 Positive test for 
COVID image courtesy  
of patient
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 4. Selecting and reviewing portable ultrasound technology with easy-to-use con-
trols for ANY patient

 5. Tracking the feasibility of a patient-induced tele-training program to capture 
ultrasound images for medical diagnosis via telemedicine

 6. Challenging the current web-based communication solutions, including confer-
encing, file sharing, privacy protocols, media player applications, and collabo-
ration (group) reporting capabilities

 7. Developing a fully functioning remote training program (through the use of 
web-based teleconferencing) to guide the patient on the proper/effective use of 
ultrasound transducers or probes

 8. Assessing the actual “learning curve” of the patient to confirm a formatted 
lesson plan

 9. Evaluating the UI (user interface) of the current technology controls to identify 
patient’s learning success

 10. Reviewing, overcoming and problem-solving all obstacles of the remote 
connection

 11. Develop a fully streamlined data transferring/file sharing portal with the over-
reader (radiologist) to assess and submit a full report of the patient’s condition

 12. Producing a quantitative data-gathering screening program from a home- 
based unit

 13. Exploring and confirming the effectiveness of a portable ultrasound as a screen-
ing option for any field (non-hospital) situation—i.e., battlefields, the ER, 
ocean liners, ambulances, space programs, natural disasters, etc.

 14. Promoting a safety-conscious program to test for contagious pathogens in the 
safely and comforts of one’s own home without health risks from travel

 15. Developing a solid 3-point communication system for a real-time remote diag-
nostic protocol; synergy between patient, trainer and radiologist

 16. Opening many more potential patient types, disorders and scenarios for this 
level of remote scanning access and telemedicine

Fig. 6.3 Picture of patient 
using portable home unit 
image courtesy of patient
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This self-screening program is an opportunity to beta-test key elements of the 
remote instructional functions and medical diagnostic intervention whereby 
the project planner can successfully track and explore all procedural responses and 
the many findings set by the dynamics between the three parties: the patient, the 
radiologist, and the remote trainer.

The obstacles of zero physical contact and the scenario of conducting a scan 
training to the a nonmedically familiar individual aimed to draw valuable conclu-
sions dedicated to reproducing this remote screening plan for countless emergency 
and nonurgent care situations worldwide.

The volunteer patient (Mr. Sal Banchitta) offered his own Covid-test results, his 
experiences and his complete participation to this technical process research. The 
program directors were successfully able to conduct a real-time beta-test that drafts 
a complete staging plan on a future of remote virtual ultrasound screening.

6.3  Advancing the Remote Scan Movement 
and Pre-hospital Ultrasound

Before Covid-19, TeleMedicine, TeleHospital, and other web-based “tech med” 
solutions have existed for decades. Teleradiology has been used for over 60 years 
since film was being passed through a digitizer for direct digital capturing and trans-
mitting globally overnight [2]. This allowed faster response when it comes to head 
injuries in rural areas and other trauma events where teleradiology vastly improved 
other applications in diagnosis and treatment planning. Today, expanded evidence 
of remote imaging appear in areas like space travel, emergency response, military 
deployments, and pandemics.

Pre-hospital ultrasound has many clinical applications that may reduce morbid-
ity and potentially improve outcomes for patients with life-threating conditions. 
Remote ultrasound telemedical services were developed nationally by the author 
(Dr Bard) in 1980 and military field hospital application by Dr. Ted Harcke for the 
US Armed Services in the in the 1990s for imaged guided removal of foreign bod-
ies. Worldwide, responders have adopted the use of a portable noninvasive, non- 
radiation ultrasound in their rescue rig. For example, in Germany, the use of 
ultrasound in the field has focused on the FAST exam and cardiac sonography for 
nontraumatic patients since 2002–2003. French prehospital clinicians have adopted 
ultrasound in certain areas as well, including SAMU (Service d’Aide Médicale 
d’Urgence). The Italian EMS system began incorporating ultrasound into prehospi-
tal care in 2005 [3].

Prehospital ultrasound is employed in this setting to differentiate reversible 
causes of pulseless electrical activity (PEA), assess for pericardial, intraperitoneal, 
and pleural fluid in trauma, and to differentiate between pulmonary edema and 
emphysema. In the USA, the focus on rapid transport and limiting on-scene time 
may have contributed to slower adoption of prehospital ultrasound [3].

L. M. Gettz and R. L. Bard
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6.4  Initializing the Remote Self-Screening Concept 
and Process

The patient volunteered himself to be the first test case and self-scanning trainee for 
a regimen of chest ultrasound scans under the beta-tested REMOTE HOME-SCAN 
AND TELE-RADIOLOGY program. This program adapted key elements of lung 
ultrasound for a wider set of uses at the safety and comfort of the patient’s home for 
regular ultrasound screening and continued monitoring.

Targets Provide the patient and overreader and designated radiologist immediate 
access to a reliable high-frequency PORTABLE ultrasound scans of LUNGS, 
HEART, LIVER and KIDNEYS (image-R)—the major organs that may show signs 
of Covid related disorders.

Predictions Imaging results are collected from the test subject (Sal) who is 
assigned to scan himself regularly within a given window of time (6 consecutive 
days). In this case, Sal happens to be Covid + but has been recorded to NOT show 
symptoms. Use of the ultrasound can either confirm that he is in fact asymptomatic, 
or may identify any hidden anomalies.

Virtual (Web) Access Through complete remote access, the professional ultra-
sound trainer (Mike Thury) operates the scanning software (via Teamviewer™) 
while instructing the patient via video conferencing (Zoom™) on how to properly 
operate the hand held probes and the ultrasound.

Data Collection Routine After each scanning session, the patient and trainer shall 
save all daily scan images collected—both on the portable device and on a cloud- 
based backup. Once the given number of days have been satisfied, the designated 
medical radiologist (Dr. Robert L. Bard, NYC) shall access the device to collect & 
review all image files for a thorough analysis.

Communication Between the Three Parties (Image-L) Through the use of 
TeleMedicine and online access of the device’s controls and its saved files, the 
patient has unlimited personal use of a high-frequency portable ultrasound while 
being remotely guided by a certified ultrasound instructor to scan specific organs of 
concern. The remote Chest Ultrasound test puts the patient in the driver’s seat to 
safely monitor and receive diagnoses of their own condition.
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6.5  Remote Ultrasound Benefits for All Patient Types

The constant evolution and upgrades in portable ultrasound innovations has made it 
possible for any patient undergoing treatment to track their own progress on a regu-
lar schedule (from home) without the hindrance of traveling to a doctor’s office. For 
patients suffering chronic conditions, personal access to a portable ultrasound with 
remote access to a designated clinical team represents the next generation of patient 
diagnostic care [4].

During his training and scanning period, the patient’s participation provided the 
SalScan program with important procedural data toward the foundation for this 
upcoming national screening initiative. Our program developers’ goals aim to sup-
port the global use of ultrasound imaging devices for the many nonhospital applica-
tions where access to large-format devices are simply not available. Use of the 
ultrasound can either confirm the patient is in fact asymptomatic, or may prove to be 
useful as an early detection device by identifying any hidden anomalies.

Covid-19 is a multifocal, multiorgan disease meaning that a unit would require 
variable probes and equipment settings. The settings used in this scan series that 
included the lungs, liver, kidneys, and heart utilized safety protocols for mechanical 
index (MI) and thermal index (TIS) employing curved array probe for lung, liver 
and kidneys and sector scanner for heart and lungs. Different transducers are avail-
able on many units but this study did not involve the application of the linear probe 
since the regions insonated were appropriately covered by the sector and curved 
array, or linear transducer if necessary.

6.5.1  MI: The Mechanical Index

MI is of possible clinical interest if the beam focus is close to the surface of 
lung tissue.

MI has the following characteristics:

• Potential bioeffect: Any possible mechanical or nonthermal mechanisms—
although the likelihood of adverse consequences from these causes is not well 
understood, such risk may be highest in the presence of gas-saturated structures 
such as lung tissue.

• Mode type: Calculated for all modes of operation.
• Tissue type and location: Soft tissue at all locations in the scan field.
• Acoustic parameter: Maximum negative (rarefactional) ultrasound pressure 

at focus.

6.5.2  TIS: The Soft-Tissue Thermal Index

TIS is of interest in the absence of bone, either at the tissue surface or near the beam 
focus. Applications of clinical interest include general abdominal examinations, 
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first-trimester scanning before fetal bone has ossified, and cardiology. TIS has the 
following characteristics.

• Potential bioeffect: Thermal heating of soft tissue due to absorption of ultra-
sound. The TIS value is the ratio of the current probe power to the reference level 
that would cause a 1 °C temperature rise in soft tissue.

• Mode type: Relevant for all modes, in both scanned and non-scanned modes.
• Tissue type and location: In scanned modes, soft tissue at the surface is of con-

cern. In non-scanned modes, heating of soft tissue along the beam axis between 
the surface and focus is considered.

• Acoustic parameters: For scanned modes, the associated intensity at the surface 
is usually related to surface tissue heating. For unscanned modes, the maximum 
derated power through a 1 cm2 area anywhere along the beam axis is the basis for 
estimating tissue heating: unscanned beams less than 1 cm2 in area at the surface 
are assumed to contribute only to surface heating, and the calculated effects are 
combined with those of scanned modes to estimate total soft-tissue heating at the 
surface. Unscanned beams larger than 1 cm2 at the surface are assumed to heat 
tissue only near the focus. Total heating effects at the surface and focus are com-
piled separately, and the larger value is reported as TIS.

The role of the patient includes turning on the unit and applying gel to the areas 
to be scanned. Wifi internet is activated for real-time connectivity. The sonogram 
unit activated by the patient will then be used by the remote trainer through video or 
audio/video conferencing to guide the procedure.

The role of the remote trainer/technician is to view the probe position on the 
patient and adjust the perpendicularity of the sound beam on the televised image. 
Breathing and other respiratory maneuvers may be adjusted at this time such as 
investigation of the inferior vena cava when pericardial effusion is discovered or 
aberrant ventricular wall motion is present. All imaging functions of the probe such 
as patient ID input, M mode, Doppler, video are remotely carried out by the trainer 
during the live scanning session. Routinely, 2–5 s videos are recorded for review 
and verification of the event.

The role of the physician radiologist is to verify the image quality, probe place-
ment, depth of penetration, and confer with the trainer if adjustments are necessary. 
Ideally, this interaction occurs at the initial or second visit. Most patients will have 
normal findings therefore 12 h intervals is adequate for observation. Any aggrava-
tion of the symptoms (dypnea, palpitation, oxygen concentration decrease) calls for 
4-h scan intervals and real-time physician input. Adverse outcomes may occur at 
any time and in any organ system. It is recommended that the heart, liver and renal 
structures be interrogated daily as well since delayed onset of ventricular inflamma-
tion (myositis) or large vessel thromboembolic phenomena are increasingly com-
mon. If neurologic sequelae occur, the linear probe may image the carotid artery in 
the neck and the ophthalmic artery/vein complex. The sector or phased array cardiac 
probe has sufficient penetration to assess the intracranial arteries (transcranial 
Doppler ultrasound) and check for impending stroke or venous thrombosis.
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Overall pulmonary function clinical assessment relates to the A-lines and B-lines. 
The high percentage of normal pleural A-line appearance implies that there is no 
significant pleuro-pulmonary pathology as is expected in patients on bedrest. B-line 
increase may call for hospitalization while the conversion of B-lines to A-lines 
highlights improvement. Bedside point of care remote diagnostic criteria are not 
available for non-pulmonary organs. In the “Salscan” project A-line pattern was 
uniform for 14  days and our patient returned to normal activity. He is currently 
donating his plasma for the benefit of others.

6.6  Remote CT and Sonogram Fusion Diagnostics

After initial experience with the outpatient remote ultrasound program, the scope 
moved to remote CT reviews and finally, combined reporting of lung ultrasound 
with lung CT with the option of image-guided treatment using fusion of both 
modalities (fusion is covered in chapters 3 and 8) at distant locations throughout the 
United State on inpatients. On one encounter during the month of June, remote CT 
review by a radiologist supported the clinical impressions by overworked clinical 
colleagues. Below are the pertinent data.

6.6.1  Data

6/24/20 CT Initial film Follow up
Thickened pleura 5/5 1/5
Ground glass opacity (GGO) 5/5 2/5
Subpleural consolidaton 5/5 1/5
Translobar consolidation 5/5 0/5
Multilobar consolidation 5/5 0/5
Pleural effusion N/A 0/5

6.7  Salscan Project: Statement of Conclusion

 1. The SalScan Remote Screening project started on April 15, 2020 for six (6) con-
secutive days. It collected complete ultrasound video images of the patient’s 
lungs (from various angles), heart, liver, and kidneys each day.

 2. As of June 1, 2020, the SalScan project concluded its imaging, multi-testing and 
research efforts showing a non-symptomatic Covid Positive case. This supports 
conclusive data available in current medical reports from nationwide testing.

 3. The SalScan project integrated the results of the patient’s (1) original Covid test 
and (2) an independent Antibody test.
 (a) The Covid Positive test result assumed the connection with the patient’s 

heavy Flu-like and respiratory symptoms in early January–Feb. and may 
have functionally recovered by April as our imaging scans have indicated no 
present physical traces of pathogen response in the major organs scanned.
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 (b) The patient’s recent antibody test indicated positive (+) results, suggesting 
the validity of the initial Covid test and its diagnostic result. Based on cur-
rent scientific reports, this presence of antibodies suggest a likelihood of 
infection by Covid-19 pathogens in the recent past and that the patient’s 
immune system has built up a protein defense to fight the virus.

 (c) Our 6-day scan series recognizes his path to recovery (from his noted symp-
toms from earlier months) as images gathered on April, 2020 have concluded 
NO visual trace of pathogen response or infections.

 4. The SalScan Program was designed as a PILOT to beta-test the blueprint of 
future Chest Ultrasound Screening, Remote Personal Screening and Virtual 
Overreading programs.

 5. The SalScan Pilot successfully supported the comprehensive breakdown of the 
3-member virtual/remote diagnostic paradigm, whereby this test proves the ease 
of use of the device and its comprehensive application of web-based communi-
cation and file sharing technology.

 6. As the SalScan volunteer patient continued to maintain a non-symptomatic state 
(after July) under a twice confirmed Covid Positive test diagnoses, initiating the 
use of a personal ultrasound screening helped validate the patient’s recovery and/
or noncritical status. This also provided necessary peace of mind to the patient 
seeking to affirm the direction of his clinical test results.

 7. Additional imaging studies, medical (lab) reports and peer-reviewed data shall 
continue on a quarterly basis due to any possible recurrence that may arise. 
Probability of recurrence has been clearly documented in recent medical jour-
nals and news reports.

 8. The current pandemic and the growing list of treatment communities are poised 
to receive this report as part of Dr. Robert Bard’s global advocacy to expand the 
medical use of portable ultrasound in “the front lines” of health responders 
community.

 9. The SalScan virtual remote self-screening protocol, its staging plans, chest ultra-
sound mapping, scheduling and training process is a comprehensive program 
design that can be translated to serve any individual undergoing critical care, 
patients who are recovering from treatments at home or are in remote areas 
where regular radiology visits may prove to be a hardship to the patient.

The “SalScan program” is a research project developed by Dr. Robert L. Bard, 
IntermediaWorx Inc., The New York Cancer Resource Alliance, AngioFoundation 
(501c3) Research Group under strict partnership guidelines and each reserve exclu-
sive copyrights to the program. Publishing rights are granted exclusively to: 
Prevention101.org in perpetuity. No part of this publication, its contents, graphic 
assets or concepts may be reproduced, distributed, or transmitted in any form or by 
any means, including photocopying, recording, or other electronic or mechanical 
methods, without the prior written permission of the producers and publishers 
aforementioned, except in the case of brief quotations embodied in critical reviews 
and certain other noncommercial uses permitted by copyright law (Figs. 6.4 and 6.5).

Special thanks to Terason Ultrasound for helping to make this project a reality.
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Fig. 6.4 Diagram of probe positions for scan copyright intermediaworx

Fig. 6.5 Diagram of roles of radiologist, patient and remote trainer

L. M. Gettz and R. L. Bard
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7COVID-19 3D/4D Doppler Imaging

Robert L. Bard

7.1  Introduction

In addition to the sonographic characteristics of the B-mode image, the type of vas-
cularization is important for clinical assessment of a lesion in terms of differential 
diagnosis. In sonographic examinations, the established procedures of power or 
color-Doppler sonography and contrast enhanced ultrasonography (CEUS) are used 
for this purpose. Recently color-Doppler sonography characteristics of bacterial 
pneumonia, obstructive atelectasis, lung infiltrates and bronchial carcinoma have 
been described. Preliminary studies show that CEUS can be performed on the chest. 
Various diseases of the lung are characterized by specific contrast sonography find-
ings. The purpose is to describe color/power Doppler sonography and CEUS find-
ings in the presence of peripheral lung consolidations.

7.2  Pathophysiology

The lung is characterized by dual vascularization. Perfusion is achieved on the one 
hand by lung circulation responsible for pulmonary gas exchange. Lung circulation 
is accomplished by the pulmonary arteries and their ramifications as well as venules 
and lung veins. The lung itself is nourished by the bronchial arteries. In contrast to 
systemic circulation, circulation by the pulmonary arteries is characterized by elas-
tic arteries and their initial branches. The downstream arteries have inelastic muscu-
lar walls and from the arterioles onward are partly muscular precapillaries. In 
contrast to systemic circulation in which arterioles are the main vessels of resis-
tance, in lung circulation the resistance is equally distributed between arteries, 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-66614-9_7&domain=pdf
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capillaries and veins. Flow in the pulmonary arteries and capillaries is pulsatile and 
not continuous. In contrast to hypoxic vasodilatation in the systemic circulation, 
hypoxic vasoconstriction occurs in lung circulation. When lung tissue is affected by 
a malignant tumor, the carcinoma invades the pulmonary arteries of the affected 
lung segment where the center of the tumor shows irregular and tortuous vascular 
patterns. Vascularization is reduced by stenosis, shunting, arteriovenous fistulae, 
and occlusion of the pulmonary arteries. The bronchial arteries originate on the left 
side from the aortic arch and on the right side from the intercostal artery forming a 
vascular ring at the hilum of the lung. Anastomoses between the two systems that 
are normally closed become open owing to hypoxia and blood supply is provided by 
bronchial arteries. Angiographic studies show peripheral lung diseases at the pleural 
wall, such as benign cavitary lesions, lung cysts, lung abscesses and liquefying 
pneumonia, are nourished by bronchial arteries [1]. However, malignant primary 
lung tumors and lung metastases are vascularized by bronchial arteries. The inter-
costal arteries originate from the thoracic aorta and run a strictly intercostal course 
in the chest wall along the ribs. They are the only vessels visualized on sonography, 
even in healthy volunteers. Particularly in cases of lesions in the chest wall, these 
vessels play an important role in tumor vascularization since neoangiogenesis of 
primary bronchial carcinomas mainly originates in the bronchial arteries. The use of 
contrast-assisted sonography allows microvessels whose width is larger than that of 
capillaries to be visualized [2].

7.3  Vascular Imaging Options

Blood flow evaluation measures inflammatory activity, tumor aggression and locates 
peripheral vascular disorders providing a map for vessel reconstruction with 
Doppler analysis. CT and MRI vascular studies are invasive and not readily avail-
able in outpatient settings. Blue, white and red digits are commonly reported in 
Covid-19 patients worldwide and this entity is well imaged by Doppler ultrasound. 
This process of coagulopathy and pulmonary thromboembolism producing lung 
infarction appears as an absence of vascularization (Fig. 7.1).

7.3.1  Microvessel Imaging

Doppler flow imaging is not depth limited while the new optical technologies of 
OCT (optical coherence tomography) and RCM (reflectance confocal microscopy) 
rule out malignant neovascularity that show surface vessels up to 1.5 mm in tissue 
depth for OCT (0.3 mm for RCM). These and the latest opticoacoustic technologies 
will have greater application in the future. Advanced units have B-flow Doppler and 
capability for contrast enhanced ultrasound (CEUS) technology that may better 
show the vessels and also the vascular status of the dermis for impending necrosis 
from hypoxemia. Doppler images of blood flow patterns include disorganized flow 
(Fig. 7.2), tree shaped vascularization (Fig. 7.3) and arterial turbulences in pneumo-
nia or consolidated areas (Fig. 7.4).
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7.3.2  Chest Wall Imaging Limitations

Trauma and iatrogenic chest and breast problems contribute to abnormal chest wall 
imaging findings on B-mode and Doppler.

Complications are more frequent in patients who have had reconstructive chest 
or breast surgery or a previous filler (commonly, a nondegradable one), and are 
injected by a second type of filler, degradable or nondegradable, in the same ana-
tomic region. HA fillers have the very beneficial quality of responding to hyaluroni-
dase, which allows the physician to remove the material. Nevertheless, unwanted 
side effects with irreversible fillers, are much more difficult to manage, given that 
total extraction of the filler product may not be possible. Generally, complications 

ba

Fig. 7.1 A 43-year-old man with a lung infarction. (a) On the B-mode image one finds a 
hypoechoic wedge-shaped lesion with a central bronchial reflex (arrow). (b) Color-Doppler 
sonography shows the absence of vascularization. (THIS FIGURE CORRESPOND TO 
SPRINGER MATHIS 2O17 LUNG ULTRASOUND CHAPTER 8 with permission)

cba

Fig. 7.2 36-year-old man with Hodgkin’s disease in the mediastinum. (a) On the B-mode image 
one finds a hypoechoic central tumor formation with atelectasis (AT; arrows). (b) Color-Doppler 
sonography shows limited vascularization within the atelectasis, which is a sign of constriction of 
the pulmonary artery. (c) Spectral curve analysis shows a monophasic flow signal with reduced 
arterial flow resistance indicative of bronchial arterial flow. (THIS FIGURE CORRESPOND TO 
SPRINGER MATHIS 2O17 LUNG ULTRASOUND CHAPTER 8 with permission)
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are categorized by the onset of adverse event: early events (occurring up to several 
days post injection) and delayed events (happening from weeks to years post injec-
tion). Complications in which ultrasonography plays an important role in diagnosis 
and management, including dermatopathies, filler migration, hypersensitivity reac-
tions, inflammatory nodules (abscess, granulomas, and panniculitis), noninflamma-
tory nodules (tuberous sclerosis) and vascular complications. Cosmetic material 
may migrate into areas adjacent to the injection sites, causing swollen areas or pal-
pable masses in the vicinity of injected sites. Furthermore, it is possible to find 
nondegradable material in local lymph nodes near injected areas, commonly sili-
cone oil which may traverse significant tissue distances.

cba

Fig. 7.3 62-year-old man with lung metastases in the presence of renal cell carcinoma. (a) The 
B-mode image reveals a large hypoechoic round lesion. (b) Color-Doppler sonography shows 
strong and disorganized vessels. (c) Spectral curve analysis shows a monophasic flow signal indic-
ative of a bronchial artery. (THIS FIGURE CORRESPOND TO SPRINGER MATHIS 2O17 
LUNG ULTRASOUND CHAPTER 8 with permission)

cba

Fig. 7.4 37-year-old man with a pleural effusion and compressive atelectasis. (a) The B-mode 
image reveals a pleural effusion with atelectasis in the lung. (b) Color-Doppler sonography shows 
ramified vascularization. (c) Spectral curve analysis shows a high-impedance flow pattern, indica-
tive of a pulmonary artery. (THIS FIGURE CORRESPOND TO SPRINGER MATHIS 2O17 
LUNG ULTRASOUND CHAPTER 8 with permission)
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7.3.3  Vascular Complications

Vascular complications are rare and include injection site necrosis secondary to 
intravascular injection of filler or external compression of blood supply. Currently, 
those complications have been mainly reported in literature after HA injections. The 
most affected arteries are the angular artery of the nasolabial fold and the supra-
trochlear artery in the glabellar region but intercostal arteries may be affected [3]. 
Color or power Doppler ultrasound is an important tool in the early detection of 
vascular obstruction, demonstrating the absence of intraluminal flow, thus confirm-
ing the diagnosis or demonstrating area of high velocity due to intrinsic or extrinsic 
causes. In addition, if the filler injected was HA, ultrasound can guide intravascular 
hyaluronidase injection, in the exact site of thrombosis, improving the patient’s 
prognosis [4–8].

7.4  Contrast-Assisted Sonography

Similar to power, angio, B-flow or color-Doppler sonography, lung infarctions/lung 
hemorrhages are marked by the absence of contrast enhancement on contrast- 
assisted sonography. CEUS or contrast-assisted sonography allows the investigator 
to make a reliable distinction between vascularized and nonvascularized peripheral 
lung tissue differentiating infarct from compressive atelectasis due to pleural 
effusion.

7.4.1  Pleurisy

On Color-Doppler Sonography the appearance of pleurisy on the B-mode image is 
similar to that of a lung infarction. Depending on the size of the invasion, which is 
transformed into pleural pneumonia, the qualitative color-Doppler sonography 
characteristically shows pronounced vessels with predominant evidence of an arte-
rial high-impedance flow profile on spectral analysis such as that seen in branches 
of the pulmonary artery. On Contrast-Assisted Sonography, like color-Doppler 
sonography findings, pleurisy takes very little time for contrast enhancement to start 
and is marked by strong contrast enhancement on contrast-assisted sonography. 
This is indicative of primary vascularization through pulmonary arteries (Fig. 7.5). 
The value of contrast-assisted sonography lies in its potential for differential diag-
nosis of nonvascularized peripheral lung lesions such as lung infarction, malignant 
lesions, or fibrotic scar tissue [9].

7.4.1.1  Color-Doppler Sonography of Focal Round Lesions
A peripheral round lesion of the lung at the wall of the pleura occurring as the car-
dinal symptom may be due to a benign or malignant lesion. Of decisive importance 
is the fact that, independent of the cause, the evidence of flow signals is dependent 
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on the size of the lesion. On careful investigation, one frequently finds arterial high- 
impedance flow signals from pulmonary arteries and low-impedance flow signals 
from bronchial arteries in benign as well as malignant peripheral lung lesions. 
Power or color-Doppler sonography is not currently accepted for distinguishing 
between benign and malignant peripheral round lesions. In keeping with the 

cba

ed

Fig. 7.5 24-year-old man with a pleural effusion and compressive atelectasis in the presence of 
amyloidosis. (a) On the B-mode image one finds a pleural effusion (P), an atelectasis (AT) and in 
subcostal location the spleen. Contrast-assisted sonography shows early arterial contrast enhance-
ment after 2 s (b). The arrow marks the vessel with starting contrast enhancement. After 20 s there 
is marked contrast enhancement in the atelectatic tissue, which is hyperechoic compared with the 
parenchyma of the spleen (c). In the parenchymatous phase, after 3 min, one finds continued strong 
contrast enhancement in the atelectasis (d), which is also seen after 7 min (e). This contrast behav-
ior is indicative of vascularization purely through the pulmonary arteries. (THIS FIGURE 
CORRESPOND TO SPRINGER MATHIS 2O17 LUNG ULTRASOUND CHAPTER 8 with 
permission)
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variable findings on color-Doppler sonography, contrast-assisted CEUS sonography 
also shows a heterogeneous pattern of vascularization. Malignant lesions—whether 
lung metastases or peripheral bronchial carcinomas—are marked by delayed start of 
contrast enhancement and reduced extent of contrast enhancement indicative of pre-
dominant vascularization through bronchial arteries. Depending on the underlying 
structure, however, lung metastases of renal cell carcinomas, malignant melanoma 
and frequently, malignant lymphoma show pronounced contrast enhancement, sig-
nifying of aggressive tumor angiogenesis. The extent and homogeneity of tumor 
angiogenesis depend, among other factors, on tumor size. In some cases contrast 
enhanced ultrasound is useful to assess the malignant or benign nature of the 
lesion [10].

7.5  Large Lung Consolidation

7.5.1  Pneumonia

7.5.1.1  Color Doppler
Pneumonia is seen on X-rays and sonography in conjunction with the principal find-
ing of a peripheral lung consolidation at the pleural wall. On B-mode image sonog-
raphy, partial pneumonia demonstrates pronounced air bronchograms while 
complete consolidation is seen as so-called lung hepatization. On color-Doppler 
sonography, pneumonia is marked by significantly ramified vessels that correspond 
to segmental branches of the pulmonary artery. One frequently finds an arterial 
monophasic flow signal of central bronchial arteries in the invaded lung tissue due 
to hypoxia. Certain subtypes of adenocarcinoma may appear similar to pneumonia 
on the B-mode image and on color-Doppler sonography as well. Depending on the 
extent of hypoxic vasoconstriction in the pulmonary artery, the peripheral vascular 
tree of pulmonary arteries may not be visualized on qualitative color-Doppler 
sonography in the presence of advanced pneumonia. Bronchial arteries react to 
hypoxia by developing vasodilatation, as do all other arteries in the body. This 
explains the different resistance indices of pneumonia and atelectasis. Thus, in the 
presence of lobar pneumonia parallel to the pulmonary arteries one occasionally 
finds an arterial monophasic flow pattern with low resistance indices, indicative of 
central bronchial arteries. The tuberculous infiltrate is a special phenomenon. It is 
characterized by marked vessels on color-Doppler sonography in terms of qualita-
tive findings. On spectral analysis, however, it is seen as a monophasic curve, cor-
responding to bronchial arteries. Cavitary lesions such as tuberculosis, liquefactions, 
necrosis, abscess, and pseudocysts are characterized by the presence of predomi-
nant vascularization through the bronchial artery in the marginal areas around the 
lesion. Doppler can also be used when evaluating inflammatory or infectious sub-
pleural consolidations, or large consolidations. Presence of flow indicates that 
something has a better prognosis, that healing can occur because vascularization is 
present. Lack of color would be a bit more worrisome, as it would mean areas which 
could be less recoverable. Interest in this area now due to COVID as a means of 
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assessing an infiltrate as to aggression, and treatment response. Also, the natural 
course untreated may be followed to resolution by gradual reduction in inflamma-
tory vessels indicated a systemic healing response versus an abrupt loss of neovas-
cularity suggesting infarction [11].

7.5.1.2  Contrast-Assisted Sonography Pneumonia
In keeping with the findings on color-Doppler sonography, classic pneumonia is 
characterized by a short period until the start of contrast enhancement and strong 
contrast enhancement on contrast-assisted sonography. This is indicative of pre-
dominant vascularization though pulmonary arteries. Reduced contrast enhance-
ment is observed in cases of lobar pneumonia and can be explained by hypoxic 
vasoconstriction of the pulmonary artery. Delayed contrast enhancement indicates 
vascularization by the bronchial artery and is observed in cases of liquefaction and 
chronic pneumonia. Such avascular areas in the region of pneumonia can be clearly 
demarcated on contrast-assisted sonography. Inhomogeneous contrast enhancement 
is helpful in identifying typical courses of disease with evidence of consolidation, 
necrosis, infarct areas, inward bleeding, or abscesses. Especially in parapneumonic 
echogenic effusions with multiple septa and a suspected pleural empyema, the area 
can be clearly demarcated from the infiltrated lung [12].

7.5.1.3  Compressive Atelectasis
Color-Doppler Sonography Compressive atelectasis is seen on radiographs and 
sonography in conjunction with the cardinal finding of a peripheral basal lung con-
solidation at the pleural wall. The main finding is a pleural effusion, followed by the 
visualization of compressed lung tissue. On qualitative color-Doppler sonography 
atelectasis is seen as a strongly ramified vessel. On arterial spectral analysis one 
usually finds a high-impedance flow signal indicative of pulmonary arteries. 
Contrast-Assisted Sonography In concurrence with color-Doppler sonography find-
ings, compressive atelectasis is characterized by a brief period until the start of 
contrast enhancement and strong contrast enhancement on contrast-assisted sonog-
raphy. This is indicative of vascularization exclusively through the pulmonary arter-
ies. The contrast-assisted sonography pattern of compressive atelectasis is very 
specific. Round lesions in atelectatic lung tissue are marked by poor contrast 
enhancement [13].

7.5.1.4  Obstructive Atelectasis
Color-Doppler Sonography The obstructive lung atelectasis is seen as a largely 
homogeneous hypoechoic transformation on the B-mode image. Depending on the 
duration of the obstruction, evidence of a “fluid bronchogram” is a characteristic 
feature in this setting. On qualitative color-Doppler sonography one finds pro-
nounced vessels with evidence of an arterial high-impedance flow signal due to the 
branches of the pulmonary artery and arterial monophasic flow profile of central 
bronchial arteries in atelectatic tissue as a result of hypoxia. A frequent finding is the 
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central tumor underlying the atelectasis well imaged since the consolidated atelec-
tatic lung tissue serves as an “acoustic window” to explore central lung structures. 
This disturbed vascular architecture of the pulmonary artery appears on sonography 
as reduced or no visualization of vessels in the atelectatic lung tissue. Contrast- 
Assisted Sonography In keeping with the color-Doppler sonography findings, a 
recent obstructive atelectasis is marked by the same features as compressive atelec-
tasis—a short period of time until contrast enhancement and strong contrast 
enhancement on contrast-assisted sonography. This is indicative of atelectatic lung 
tissue being entirely vascularized by the pulmonary arteries. In this phase, in patients 
with a central tumor formation, the tumor may be demarcated from atelectatic lung 
tissue more clearly by contrast-assisted sonography than by B-mode sonography. In 
cases of obstruction of longer duration, within the atelectasis one may find liquefac-
tions and abscesses. These potential lesions as well as metastases in atelectatic lung 
tissue can be reliably diagnosed by contrast-assisted sonography. In the course of 
tumor-related obstructive atelectasis, depending on the structure of the tumor there 
may be infiltration and occlusion of pulmonary arteries. In this situation contrast- 
assisted sonography shows delayed start of contrast enhancement and reduced con-
trast enhancement. This is indicative of a switch to vascularization of atelectatic 
lung tissue by bronchial arteries. In general the contrast-assisted sonography pattern 
in cases of obstructive atelectasis is heterogeneous. The pattern of compression atel-
ectasis on contrast enhanced ultrasonography is very specific. In atelectatic lung 
tissue, round lesions indicative of lung metastases, and wedge-shaped peripheral 
defects as a sign of infarction, reveal poor or no contrast enhancement. In cases of 
chronic compression atelectasis, pulmonary artery vascularization may be trans-
formed into purely nutritive bronchial artery vascularization. Contrast enhanced 
ultrasound can be very valuable in clarifying the etiology of a pleural effusion. An 
echogenic effusion with multiple septa can be clearly distinguished from tumor tis-
sue and tumor tissue along the pleura from a hematoma or fibrinous tissue [14].

7.5.2  Space-Occupying Lesion of the Chest Wall

7.5.2.1  Color-Doppler Sonography
Sonography is the method of choice to explore the chest wall. The intercostal 
arteries supplying the chest wall are usually seen even in healthy individuals by 
the use of color-Doppler sonography. Cystic lesions of the chest wall are usually 
avascular however a complex and fibrosing mass may envelope the vessels and 
simulate a solid mass (Fig. 7.6). Fluid filled structures are isodense on conven-
tional chest radiography. Lesions near the heart, mediastinum or great vessels 
may be interrogated by Doppler before interventions are undertaken (Fig. 7.7). 
Tumors in the chest wall or pleural metastases are characterized by predominantly 
intercostal vascularization with a monophasic flow profile when the lesions are 
adherent to the chest wall. When the tumor has invaded the lung, color-Doppler 
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sonography may show different flow signals as a sign of complex arterial tumor 
vascularization. The extent of contrast enhancement of the arterial phase may 
vary. Tumors with pronounced neovascularization reveal strong contrast enhance-
ment. Contrast enhanced ultrasound is very important for the delineation of non-
vascularized lesions such as hematomas or abscesses. Solid tumors may have 
regions of infarcted tissue, fibrosis, immune cell foci or cystic degeneration in any 
combination. Treatment progress may be misinterpreted if size is used as the sole 
criteria for efficacy since a certain percentage of malignancies enlarge in size as 
they are successfully responding. Verification of effect is best ascertained by the 
use of Doppler or contrast technologies demonstrating quantifiable reduction of 
feeding vessels (Fig. 7.8) [15].

cba

Fig. 7.6 70-year-old man with a primary lung cyst. (a) On the B-mode image one finds an 
anechoic lesion close to the pleura. C ribs, LC lung cyst. (b) Color-Doppler sonography in the 
power mode shows a strong vessel surrounding the lesion (arrows). (c) Spectral curve analysis 
demonstrates a monophasic high-impedance flow signal indicative of an intercostal artery. (THIS 
FIGURE CORRESPOND TO SPRINGER MATHIS 2O17 LUNG ULTRASOUND CHAPTER 8 
with permission)

cba

Fig. 7.7 78-year-old woman with dyspnea who came for puncture of a pleural effusion. (a) The 
B-mode image shows an anechoic space-occupying mass in the chest on the left side. (b) Color- 
Doppler sonography reveals a turbulent flow pattern within this lesion, indicative of the left ven-
tricle being located at the chest wall. (c) The X-ray shows a large heart; the left ventricle is in 
contact with the lateral chest wall. (THIS FIGURE CORRESPOND TO SPRINGER MATHIS 
2O17 LUNG ULTRASOUND CHAPTER 8 with permission)
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7.6  Quantifiable Digital Scanning and Image 
Guided Interventions

7.6.1  4D Imaging

It is real-time observation of a 3D data set which permits image guided biopsy of the 
most virulent area of the infiltrate or tumor, targets the densest area of B-Lines or 
neovascularity and allows the pathologist to focus on the most suspicious region of 
the lymph node mass excised during surgery. Similarly, during real-time exam the 
fluid content of a pleural complex cyst maybe aspirated under better visual control 
and perilesional vessels avoided in a timely manner (Figs. 7.6 and 7.7). This feature 
enhances the reliability of image-guided treatments and fusion of this data set with 
CT or MRI scans [16] (Fig. 7.9a–c).

7.6.2  3D/4D Doppler Histogram

In addition to the frequent use of puncture for pleural effusion, space-occupying 
masses accessible to sonographic investigation, located in the chest wall, pleura, 
lung or anterior mediastinum, are important indications. Depending on their topo-
graphical position and the diagnostic availability and expertise, pathological 
changes not detectable by a transthoracic approach may be identified diagnostically 
by one of the interventional procedures displayed in the list in the previous section. 
Ultrasound assessment of disease activity has been used for adjusting medication 
dosage so as to follow treatment and not overdose or underdose as necessary in most 
inflammatory and neoplastic disorders [17].

dcba

Fig. 7.8 Man with known sarcoma and histologically confirmed multiple lung metastases. (a) CT 
shows a round lesion along the pleura, (b) B-mode ultrasound reveals an oval, homogeneous, 
hypoechoic. Lesion along the pleural margin. (c) Contrast-assisted ultrasonography shows, after 
15 s, strong enhancement starting from the periphery, as a sign of peripheral vascularization from 
the bronchial artery. (d) After 25 s there is strong and homogeneous contrast enhancement of the 
lesion, as a sign of marked tumor angiogenesis. (THIS FIGURE CORRESPOND TO SPRINGER 
MATHIS 2O17 LUNG ULTRASOUND CHAPTER 8 with permission)
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7.6.3  Interventions in the Thorax: Indications

 1. Space-occupying mass in the thoracic wall (tumors, abscesses, hematomas, 
changes in the skeletal parts).

 2. Space-occupying masses in the pleura.
 3. Pleural effusion and pleural empyema (very small quantities, loculated effusions).
 4. Peripheral lung consolidations (lung tumor, pneumonia, lung abscess).
 5. Mediastinal processes (anterior mediastinum).

Because of the potential risk of complications, the indication for the procedure 
should be established with care considering the probable comorbidities of the 
Covid-19 patient. Any sonographically demonstrable space-occupying lesion can 
be punctured in principle. In a patient who is operable, a suspected malignant tumor 
located in the periphery will normally not be punctured but will be resected as a 
first-line measure. Contraindications assuming acceptable coagulation parameters 
depend on the position of the mass relative to major structures and the invasiveness 
of the intervention. Urgent interventions require individual assessment of risk. 
Bullous pulmonary emphysema and pulmonary hypertension are relative contrain-
dications. When respiratory function is severely restricted or blood gas values are 

a

c

b

Fig. 7.9 (a) 3D multiplanar image of hepatization square show most vascular focus. (b) Computer 
vocal software setup vessel density volumetric. (c) 3D Doppler histogram of consolidated lung 
focus with vessel density (4.37%) which is real time documentation of blood flow that is used as 
baseline value for follow up. (a–c Courtesy of Dr Bard)
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poor, a puncture should only be performed when the patient’s condition is expected 
to be improved by the therapeutic intervention. High-risk puncture sites should be 
avoided. Sonography-guided, CT-guided, or Fusion with CT and MRI are now pos-
sible at the bedside with the portable sonographic technologies. The addition of 
Doppler pre-procedure vessel mapping further reduces blood loss and accidental 
vascular perforation [3].

7.6.4  3D Lung Doppler

Blood flow is usually measured by 2D Doppler flow with 10% margin of error. 3D 
volumetric Doppler flows have a 3–5% margin of error and the technology is avail-
able on volumetric units. Quantitative blood flow measurements that use pulse wave 
only are not reliable for use as an imaging biomarker with an accuracy suitable for 
clinical reliability since it is operator dependent. 3D allows quantitative evaluation 
of blood flow to end organs to be used as a clinical biomarker [18].

7.7  Summary

Qualitative color-Doppler sonography shows significant findings in certain lung 
consolidations and is therefore a valuable adjunct to B-mode sonography for etio-
logic classification of peripheral lung lesions. In keeping with the physiological 
dual vascularization of the lung by the pulmonary arteries and the bronchial arteries, 
on color-Doppler sonography one can distinguish between arterial high-impedance 
spectral curves and arterial low-impedance spectral curves in consolidated lung tis-
sue. Peripheral lung consolidations show characteristic pathologic distribution pat-
terns of pulmonary artery and bronchial artery flow signals that may distinguish 
malignant from inflammatory processes. Reliable demarcation of vessels of tumor 
neoangiogenesis is currently not possible with color-Doppler sonography. 
Experience concerning contrast-assisted sonography in cases of peripheral lung 
lesions is limited. Contrast-assisted sonography at the chest can be performed easily 
and rapidly. This modified interventional practice is therefore basically suitable for 
routine clinical use. Lung lesions can be distinguished by the time they acquire 
contrast until the start of contrast enhancement and the extent of contrast enhance-
ment. Washout parameters are useful. Initial studies show that contrast-assisted 
sonography at the chest can be helpful to differentiate ambiguous lung lesions and 
avoid possible operative complications.
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8.1  Introduction

As a member of the European Society of Radiology, Sociedad Espanola de Ecografia 
and Editorial Advisor to the Journal of Ultrasound (Rome) I had a front row seat to 
the ongoing progression of the Covid-19 pandemic and was privileged to communi-
cate electronically with the treating physicians since February 2020. Other than the 
usual advantages of lung imaging with ultrasound (US)—ease of use, portability, 
lack of ionizing radiation, ability to sanitize—is the facts that CT is not a screening 
tool for Covid-19 pneumonia and the lab tests still have false positives. Screening is 
important since 50% of patients entering the emergency room do not present with 
fever [1]. As medicine reviews the many surprises that we have seen in the first year 
of this pandemic, it is relevant to consider the time honored acceptance of the 
stethoscope for lung diagnosis. While the emergency and intensive care clinicians 
have adopted point of care (POC) lung ultrasound as the first line of diagnosis, older 
physicians and most other colleagues are reluctant to use this technology. Part of the 
reason is the cost of the POC unit (from 2000 to 50,000 USD) compared with the 
$100–$300 stethoscope already in the lab coat. Also the learning curve for lung 
ultrasound depends on the imaging background of the clinician; however, medical 
students with 18 h of cardiac ultrasound training (programs have been on ongoing 
since 2012) are more accurately diagnosing heart problems with POC units than 
experienced cardiologists with their stethoscopes.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-66614-9_8&domain=pdf
https://doi.org/10.1007/978-3-030-66614-9_8#DOI
mailto:rbard@cancerscan.com
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8.2  Stethoscopic Accuracy (Table 8.1)

Aside from accuracy and specificity, stethoscopes are known to carry Staphylococcus 
aureus and MRSA bacteria and have already been linked to a Covid-19 outbreak in 
a South African hospital. According to the 7/15/2020 Statnews.com article, the 
majority of stethoscopes “are cleaned rarely or never.” Many of this year’s POC 
units can be carried in the pocket much like the conventional stethoscope and prob-
ably will replace them for presumable infectious acute care patients. These are 
listed in the Appendix.

8.3  Lung Sonogram Indications

Indications for an ultrasound examination of the lung (including diaphragm, pleura, 
and rib cage structures) include but are not limited to:

• Dyspnea;
• Respiratory failure;
• Undifferentiated shock;
• Suspicion of pneumothorax;
• Assessment of the volume status;
• Assessment for pleural effusions;
• Evaluation for the presence of alveolar consolidation;
• Diaphragmatic function;
• Assessment of chest wall intercostal muscle contraction;
• Abnormal blood gases or other laboratory findings consistent with lung 

pathology;
• Thoracic trauma (focused assessment with sonography for trauma);
• Pleural-based masses;
• Planning or guidance for an invasive thoracic procedure.

Table 8.1 Stethoscopic accuracy in various clinical conditions

Condition
Auscultation POC ultrasound
Sensitivity Specificity Sensitivity Specificity

Pulmonary edema-congestive heart 
failure

46% 67% 97% 98%

Asthma/COPD 30% 90% 89% 97%
Pleural effusion—200 cc or more 42% 90% 100% 100%
Pleural effusion—less than 200 cc Not detect Not 

detect
93% 96%

R. L. Bard
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8.3.1  Normal Lung Exam

The normal findings in supine, recumbent, prone, or erect position demonstrate a 
lung sliding motion on B-mode with a characteristic appearance on both A-mode 
and M-mode. Structures encountered from the skin surface are: dermis (epidermis 
with higher resolution probes), subcutaneous tissues, pectoral muscles, rib (anterior 
rib shows centrally echogenic costal cartilage), intercostal muscles (with lateral tho-
racic and/or internal mammary arteries on Doppler), and pleural line (Figs. 8.1, 8.2, 
and 8.3). Dynamic examination may be performed for accuracy of questionable 
structures since the intercostal muscles will contract and expand during respiration, 
which may be measured by M-mode. This may be later compared with post- 
ventilation atrophy and used as a visual guide for patients to accelerate respiratory 
therapies (Fig. 8.4).

8.3.2  A-Line Artifacts

A-lines are seen in normally aerated lungs as reverberation artifacts appearing as 
linear horizontal echogenic smooth lines reflecting off the intact visceral pleural 
lining–normal lung interface. These bright white bands are displayed and repeated 
uniformly in evenly spaced intervals from the pleural line to the bottom of the 
image. A reduced gain setting makes the distinctive line pattern clearer in a noisy 
scan field. These repetitive lines are specific since the distance from the skin to the 
pleura line equals the distance from the pleural line to the first A-line and from the 
initial A-line to the second and successive interval A-lines. A-lines disappear as 
lung pathology increases and reappear as the pulmonary parenchyma–pleural inter-
face normalizes. These physiologic appearances vary with transducer selection, 
probe placement, angulation and respiratory dynamics (Figs. 8.5, 8.6, and 8.7).

Fig. 8.1 Anatomical basics of the superficial chest wall structures and lung using the pan-
oramic view
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8.3.3  B-Line Artifacts

Sonographic patterns of these artifactual reverberations are termed B-lines and are 
hyperechoic linear echoes arising from the pleural line extending vertically to the 
bottom of the image. These dynamic artifactual lines are generated by increased or 
accumulated interstitial fluid and often appear at the lung bases or diaphragmatic–
pleural interface in elderly or bed ridden patients as an incidental finding if no more 
than two in a particular field of view. Comet tail artifacts are fading short echoes not 
to be mistaken for a true “B-line” (Fig.  8.8). The radiologic CT correlation of 
B-lines generated by interstitial disease is the “lung rocket” and the radiographic 
image of alveolar fluid correlates with the ground glass opacity finding best seen on 
high resolution CT (GGO). B-lines may be present as single, multiple or confluent 
filling the entire screen. Often the pleural line will be less echogenic and thickened 
or irregular. To best appreciate B-lines one follows the A-lines until they disappear 
or map the B-lines until the A-lines reappear. This is advisable to more clearly eval-
uate abnormal pleural findings as the transition comparison is distinct (Figs. 8.9 
and 8.10).

Fig. 8.2 Anatomical 
basics of the chest wall 
structures and the internal 
thoracic artery using the 
color Doppler examination

Fig. 8.3 Dynamic 
examination of the 
intercostal muscles. 
Relaxation of the muscle 
during expiration

R. L. Bard
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8.3.4  C-Line Artifacts

This pattern is a reverberation artifact generated by visceral pleura sliding over pari-
etal pleura creating intermittent millimeter echogenic foci. When the pleural sur-
faces are in contact the rubbing artifact looks like ants crawling on the screen. The 
presence of C-lines rules out pneumothorax and is important when respiratory 
motion is severely restricted or absent. The sliding motion appears to “crawl” across 
the field of view in real time and resembles ants moving in a line.

8.3.5  Lung Sliding

Lung sliding is visible during physiologic respiration as a to and fro or back and 
forth movement. The margin of the pneumothorax (point of visceral pleural separa-
tion from the parietal pleura) with the normal lung is called the lung point at which 
location the sliding motion ceases. Presence of a lung point indicates that air or 
pneumothorax is absent in the scanned region. On M-mode a characteristic echo 
pattern that looks like a bar code and has been called the “stratosphere sign.” 
Emergency image interpretation based on the presence of lung sliding starts with 

Fig. 8.4 Dynamic 
examination of the 
intercostal muscles. 
Contraction of the muscle 
during inspiration

Fig. 8.5 Ultrasound image 
demonstrating A-lines 
using a linear transducer. 
The A-lines are the bright 
horizontal lines deep to the 
pleural line. A-lines are a 
classic reverberation 
artifact
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the presence or absence of this sign. If present, uniformly we look at the B-line 
profile for pulmonary edema or the A-line profile to see if deep vein imaging is 
called on to find thrombosis leading to pulmonary embolism. Normal venous imag-
ing suggests presence of pneumonia or COPD or asthma. Abolished lung sliding 
indicates observation of the B-line profile for pneumonia or the A-line profile to 
check for a lung point indicating pneumothorax. Absent sliding without lung point 
needs further diagnostic modalities. Pneumonia may show A-lines, B-lines, C-lines 
in any pattern depending on the area insonated by a particular probe.

8.3.6  Lung Pulse

Lung pulse is the rhythmic pulsation of the pleura with adjacent cardiac contraction, 
which may be observed with greatly diminished respiratory excursion. The pres-
ence of intermittent C-lines indicates absence of pneumothorax. The finding of lung 

Fig. 8.6 Ultrasound image 
demonstrating A-lines 
using a curved transducer. 
The A-lines are the bright 
horizontal lines deep to the 
pleural line. A-lines are a 
classic reverberation 
artifact. The distance from 
the skin to the pleural line 
equals the distance from 
the pleural line to the first 
A-line

Fig. 8.7 Ultrasound image 
demonstrating A-lines 
using a curved transducer. 
The A-lines are clearly 
visible on the M-mode as 
bright white lines
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sliding is 100% sensitive for the exclusion of pneumothorax present at a given inter-
space. Multiple rib interfaces should be examined if the suspicion of pneumothorax 
is high. A small apical pneumothorax may be missed because of shadowing from 
bone. If the presence of lung sliding is unclear in a patient with a high pretest prob-
ability, a further evaluation should be performed [1, 2]. When this pattern is present, 
pneumothorax cannot be ruled out. Examples of disease processes that cause loss of 
lung sliding without pneumothorax include pleurodesis, severe emphysema with 
bullous lung disease, a severe acute respiratory distress syndrome pattern, opposing 
main-stem intubation, and apnea [3–8].

8.4  Pleural Ultrasound

Indications for pleural ultrasound include but are not limited to:

• Dyspnea;
• Evaluation for the presence, size, and complexity of pleural effusions;

Fig. 8.8 Ultrasound image 
demonstrating comet tail 
artifacts. The artifact 
originates at the pleura but 
fades

Fig. 8.9 Examination of 
the lung using a linear 
transducer. B-lines are 
discrete vertical 
hyperechoic reverberation 
artifacts that arise from the 
pleural line and extend to 
the bottom of the screen 
without fading. These 
artifacts move 
synchronously with lung 
sliding
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• Evaluation for the presence of hemothorax;
• Evaluation of the thickness and irregularity of the pleural line;
• Suspicion of interstitial lung disease;
• Evaluation of pneumothorax; and.
• Determination of the lung point.

Pleural disorders in the near field are best scanned with the linear probe while 
deeper effusions are better imaged with the curved or phased array probes. The 
probe angle should be adjusted to a true perpendicular plane to the pleural interface. 
The pleural line or visceral pleura–lung interface is the starting location for lung 
diagnosis and the presence of artifacts from other acute or chronic pulmonary dis-
orders may appear as “comet tail artifacts” which arise from pleural pathologies. 
These may be difficult to distinguish from B-lines but are usually associated with 
parietal or visceral pleural thickening best appreciated with the linear probe or the 
higher resolution 3D/4D volumetric transducers. In the Covid-19 lung the pleural 
line may be irregular and fragmented or interrupted and thickened. In patients with 
COPD or collagen/interstitial diseases the comet tail sign is generally associated 
with a smooth pleural line. Pleural and subpleural hypoechoic regions or small foci 
of echo free pleural effusion indicated that the disease is worsening. In general, 
inflammatory pleura is thicker and more irregular than noninflamed pleural sur-
faces. The B-line pattern can be present in, but not specific to, cardiogenic and 
noncardiogenic pulmonary edema. The thickness of the pleura and the location of 
the B-line pattern may aid in the differentiation of these two disease processes 
(Fig. 8.11). The clinician may be able to differentiate between atelectasis and pneu-
monia causing the consolidation process. This is a clinical distinction, but the pres-
ence of mobile/dynamic air bronchograms indicates a bronchus that is patent [9].

8.4.1  Probe Positions

Protocol for basic scanning is four quadrants right and left lung:
Quadrant 1 mid-clavicle upper lung Quadrant 2 mid-clavicle lower lung.
Quadrant 3 mid-axilla upper lung Quadrant 4 mid-axilla lower lung (Fig. 8.12).

Fig. 8.10 Examination of 
the lung using a curved 
transducer. B-lines are seen 
arising from the pleural 
line and extending to the 
bottom of the screen 
without fading
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Additional views are obtained by erect posterior images and subcostal scans that 
show the inferior and posterior segments and provide motion analysis of the dia-
phragm and appear in other chapters as recommended by other authors.

8.5  Consolidation

8.5.1  Pneumonia

This is finding is visualized in cases of pneumonia, lung cancer, atelectasis, pulmo-
nary infarction, lung contusion and ARDS. Since these are most often found in the 
posterior peripheral segments of the lung fields, a curved array probe images the 
pleural lining and still penetrate to find deeper effusions and consolidations. Tissue 
harmonic imaging (THI) is useful in penetrating the liver like gray-colored consoli-
dated lung parenchyma called “hepatization” of the pulmonary tissue. Linear array 

Fig. 8.11 Pneumonia 
examination of the lung 
with a linear transducer. 
Ultrasound findings 
including pleural effusion, 
pleural thickening and 
consolidations with 
additional accompanying 
B-line artifacts are seen

Fig. 8.12 Transducer 
positions for a lung 
ultrasound examination in 
the recumbent/supine 
patient. The abbreviated 
examination covers two 
BLUE points and the 
PLAPS (posterolateral 
alveolar and/or pleural 
syndrome) points on both 
sides (for the detailed 
description and how to 
localize BLUE and PLAPS 
points

8 Multimodality 3D Lung Imaging



104

probes require posterior probe positioning for most lower lobe disease which may 
be difficult to image in the acutely ill patient (Figs. 8.13a, b and 8.14a–d).

Findings demonstrate irregular nonhomogeneous echogenic tissue like echo pat-
tern to the lung that simulates the liver echo structures and is termed “lung hepatiza-
tion.” B-lines in the area are nonhomogeneous and air bronchograms may be present 
due to residual air in the bronchi and have a “starry sky” appearance due to the 
echogenic air–bronchus interface. There are two types of air bronchograms: static 
and dynamic; static air bronchograms due to trapped residual air move with respira-
tion and are found in any type of lung consolidative disorder while dynamic air 
bronchograms from active residual air flow into and out of the bronchi look like 
moving speckles with inspiration and expiration suggestive of aeration suggestive 
more of inflammation as opposed to noninflammatory causes.

The increased through transmission of homogeneously consolidated translobar 
lung tissue gives rise to the “spine sign” where the sound wave penetrating and 
reflecting back from anterior vertebra due to the lack impeding lung aeration pro-
vides a ladderlike echo pattern also seen in large pleural effusions. When the 
inflamed fluid filled parenchyma is inhomogeneous and nontranslobar, the appear-
ance of this fractile border artifact is called the “shred sign” due to ring down 

a b

Fig. 8.13 Covid-19 pneumonia. Follow-up examination in the ICU using real-time image fusion 
technique with a linear transducer. HR-CT showed large flaps of soft tissues and low-density shad-
ows under the pleura in the posterior segment of upper lobe of the left lung, and a large air bron-
chogram sign confirmed by ultrasound using the image fusion technique

R. L. Bard
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reverberations that are intermittent and vary with respiratory phase. Accompanying 
atelectactic volume loss is noted by decreased size during inspiration due to recruit-
ment. In the lower lungfields verification of the liver-diaphragmatic interface and 
splenic diaphragmatic interfaces are critical landmarks to distinguish liver and 
spleen from pulmonary consolidation especially in the presence of irregular fluid 
collections or empyema. Doppler flow dynamics of consolidated lung is present and 
not noted in pleural effusions unless complicated by loculated areas of neovascular-
ity from acutely inflamed tissue or walls of malignant sheets due to aggressive 
tumor infiltration. The brightly echogenic findings from the tubular aerated bronchi 
are difficult to image on 2D planes so 3D reconstruction or 4D real time with 
Doppler better detects the branching pattern of bronchi or pulmonary vessels with 
these advanced technologies. The so called “lung pulse” from cardiac activity may 
be noted. When the patient is recovering, the use of these sophisticated imaging 
technologies may be used in the radiology suite as targeted 3D/4D volumetric image 
reproduction is generally obtained in seconds as opposed to many minutes with 2D 
scan protocols.

a b

c

d

Fig. 8.14 Covid-19 pneumonia. Follow-up examination in the ICU using real-time image fusion 
technique with a curved transducer. Ultrasound findings including pleural thickening and consoli-
dations of the lung in the side-by-side mode are detected. HR-CT showed ground glass opacity and 
reticular shadows under the pleura in the field of the right lung
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8.5.2  Doppler Flow Patterns

Doppler flow may differentiate the etiology in indeterminate cases. Pneumonia and 
atelectasis will have vessels with regular branching distribution while cancers dem-
onstrate vessel irregularity and A-V fistulae. Chest wall vessels such as lateral tho-
racic artery and the internal mammary artery are echo free areas that must be 
identified before thoracentesis is considered. Pulsatility of the echofree area may be 
hard to visualize or related to lung pulse findings. Doppler and color flow Doppler 
US have shown decreased blood flow in these areas possibly due to edematous 
expanding tissue volume impeding the venous or arterial flow patterns in certain 
area which may be better understood when comparing the larger branching vascular 
pattern in a volumetric 3D/4D sonogram. Hematoma from contusion and pulmo-
nary infarction shows absence of blood flow except in the periphery when neovas-
cularization occurs. A B-line pattern can be present in, but not specific to, cardiogenic 
and noncardiogenic pulmonary edema. The thickness of the pleura and the location 
of the B-line pattern may aid in the differentiation of these two disease processes.

8.6  Pneumothorax

The air situated between the pleural surfaces creates the absence of lung sliding, 
A-lines, B-lines, C-lines, and lung pulse. The presence of a lung point further indi-
cates a focal air collection with a predictive value approaching 100%. The finding 
of lung sliding or C-lines is 100% sensitive for the exclusion of pneumothorax pres-
ent at a given interspace. Multiple rib interfaces should be examined if the suspicion 
of pneumothorax is high. A small apical pneumothorax may be missed because of 
shadowing from bone. Patient position flat-prone or supine-is preferred. If the pres-
ence of lung sliding is unclear in a patient with a high pretest probability, a further 
evaluation should be performed. Scans may be used concomitantly to monitor the 
position of a (CVC) central venous catheter without the use of a confirmatory X-ray 
(Fig. 8.15). M-mode is useful demonstrating an echogenic appearance simulating a 

Fig. 8.15 CT-Topogram 
of a lung detected a 
pneumothorax on the right 
side which was afterward 
treated with a 
Bülau-Drainage
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bar code or stratosphere appearance in diagnostically difficult areas since this may 
find air gap foci as small as 5 mm. Examples of disease processes that cause loss of 
lung sliding without pneumothorax include pleurodesis, severe emphysema with 
bullous lung disease, a severe acute respiratory distress syndrome pattern, opposing 
main-stem intubation, and apnea [3]. Rarely pneumothorax is complicated by the 
presence of pneumomediastinum (Figs. 8.16a, b, 8.17, 8.18, and 8.19).

8.7  Interstitial Syndrome

This entity is caused by pulmonary edema, interstitial pneumonia or pneumonitis, 
pulmonary fibrosis, ARDS, and diffuse parenchyma lung disease. Interstitial syn-
drome is a condition where alveolar aeration is impaired due to an increase in fluids 
in the pulmonary interstitium with some lung aeration preserved. B-lines are found 
in “interstitial syndrome” where excess fluid in the alveoli is adjacent to the pleural 
surface and creates linear artifactual vertical lines also called “comet tails or rock-
ets” originating from the pleural line and extending to the bottom of the scan field 
which tend to move with the lung sliding. Multiple lines (greater than 2 per field are 
considered pathologic) correlate with the presence of extravascular lung water and 
disappear when fluid is removed by diuretics or dialysis and obliterate the normal 
A-line pattern.

a b

Fig. 8.16 Follow-up examination of the same patient two days later in the ICU. In M-mode (a), 
the absence of motion is documented as a static pattern of horizontal lines (“stratosphere sign”). In 
comparison to the M-mode (b), the seashore sign is clearly visible
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8.7.1  B-Line Pattern Recognition

In pulmonary edema, the B-lines tend to be diffusely homogeneous, usually bilat-
eral, take up most of the lung surface and do not have skip areas when imaged. The 
distribution of B-lines also correlates with CT signs of fibrosis and lung sliding may 
be decreased due to the restrictive pulmonary process. B-lines in parenchymal lung 
disease are associated with pleural line abnormalities and subpleural abnormalities. 
ARDS images include anterior subpleural consolidations, reduction of lung sliding, 
“spared” areas of normal pulmonary parenchyma, nonhomogeneous B-line distri-
bution and pleural line abnormalities. In severe cases, the confluence of B-lines may 
produce a white out effect that must be differentiate from lung consolidation. 
Diffuse interstitial pneumonia shows nonhomogenoeous B-line distribution, areas 
of spared lung and subpleural consolidations, foci of frank pulmonary consolidation 
and pleural line abnormalities.

8.8  Atelectasis

Collapsed lung is seen in many conditions but is uncommon in Covid without pleu-
ral effusion. This is more common in patients who are postoperative, bedridden or 
debilitated from diabetic or oncologic disorders. Lung sliding may be absent 

Fig. 8.17 Covid-19 
pneumonia. Follow-up 
examination in the ICU 
using a curved transducer. 
Ultrasound findings 
including pleural 
thickening and irregularity. 
Additionally, 
consolidations of the lung 
with B-lines are detected

Fig. 8.18 Covid-19 
pneumonia. Follow-up 
examination in the ICU 
using a sector transducer. 
Ultrasound findings 
including pleural 
thickening and irregularity. 
Additionally, 
consolidations of the lung 
with B-lines are detected
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because the alveoli are not ventilated due to decreased or compressed lung volume 
and upward diaphragmatic dome displacement. The echogenicity is like liver (“lung 
hepatization”) or splenic parenchyma in the case of complete atelectasis except for 
hyperechoic foci from partially aerated bronchioles. In infants, dystelectasis from 
partial collapse is more common. The clinician may be able to differentiate between 
atelectasis and pneumonia causing the consolidation process. This is a clinical dis-
tinction, but the presence of mobile/dynamic air bronchograms indicates a bronchus 
that is patent [9] (Fig. 8.20).

8.9  Pleural Effusion

Pleural effusions may be examined for size, complexity, and accessibility. The com-
plexity of the fluid in hemothorax depends on the age of the collection. Complex 
effusions have stranding and debris indicative of inflammatory, infectious or malig-
nant process. Diagnosis of a pleural effusion requires identification of anechoic or 
echogenic fluid with typical anatomic boundaries (chest wall, lung surface, and dia-
phragm) with associated dynamic findings (e.g., lung flapping, plankton sign, and 
diaphragmatic movement). In the supine patient, using a coronal view in the 

Fig. 8.19 Covid-19 
pneumonia. Follow-up 
examination in the ICU 
using a curved transducer. 
Ultrasound findings 
showed large areas of 
consolidation in the left 
posterior upper area and an 
air bronchogram sign

Fig. 8.20 Pleural effusion 
and slight dystelectasis of 
the left lower lobe
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posterior axillary line, the spine sign should be sought to ensure that the anechoic 
region above the diaphragm is not erroneously present due to refraction artifacts. 
The pleural line should be examined for thickness, irregularity, and lung sliding in 
multiple rib interspaces [10]. Quantification or estimation of pleural effusion may 
be performed by using the methods of Balik et al. [11–14] or Remerand et al. using 
the formula V = ME + DLX70 ME = maximum effusion height, DL = distance from 
diaphragm base to the lung line of the visceral pleura. The “spine sign” is frequently 
present if the probe penetration depth is posterior, the fluid collection is posteriorly 
located and volume is sufficient to allow for higher through transmission of the 
sound waves. The “quad sign” is observed when the sagittal positioned probe 
images the appearance of a quadrangular space defined by the pleural line of the 
chest wall, the shadows of the ribs and the lung line of the visceral pleura (Figs. 8.21, 
8.22, 8.23, 8.24, 8.25, 8.26, and 8.27).

8.10  Rib Cage

When scanning for pulmonary pathology, the ribs may be scanned for fracture (dis-
placed or nondisplaced), chest wall adenopathy (malignant or inflammatory) and 
the presence of boney metastases which often accompanies malignant effusions that 
may be found in the elderly or patients with co-morbidities. Muscle abnormalities 
such as hematoma, fascial tear, and reduced contraction are observable. This is par-
ticularly true in anterior imaging where the echo free or echo poor costal cartilage 
may mimic a fluid collection or consolidation. M-mode and real-time video is use-
ful in dynamically tracking the contraction and relaxation of the intercostal muscles 
during chest expansion with or without diaphragmatic assistance. Elastography may 
elicit the extent of fibrosis or fatty atrophy from prolonged ventilatory assistance. 
The pleural line is the starting location for lung diagnosis and the presence of arti-
facts from other acute or chronic pulmonary disorders may appear as comet tail 
artifacts, which arise from pleural pathologies. These may be difficult to distinguish 
from B-lines but are usually associated with parietal or visceral pleural thickening 
best appreciated with the linear probe or the higher resolution 3D/4D volumetric 
transducers.

Fig. 8.21 Pleural effusion 
right side
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8.10.1  Probe Selection

Lung US ultrasound may be performed with a variety of probes since the mecha-
nism of diagnosis is related to artifact generation and lesion location. The phased 
array “cardiac” transducer has low frequency and deep penetration. Doppler capa-
bility is an adjunct to performing cardiac flow analysis, IVC status observation and 
investigating blood flow in areas of consolidation. The curvilinear “abdominal” 
transducer is low frequency with greater depth penetration. This general purpose 
probe affords rapid evaluation of many areas with good accuracy. The linear “vas-
cular” transducer is high frequency with greater resolution and shallower penetra-
tion. Wireless probes are useful and single focal point with focus on the pleural line 
is optimal for pleural imaging. A low mechanical index (MI) for starting and lower-
ing if possible while optimizing a low gain setting. High frame rate while avoiding 
settings such as harmonics, Doppler and contrast (unless indicated) and compound-
ing is suggested. Video storage clips are 2–4  s in each zone should accompany 
B-scan documentation.

The differences in acoustic impedance between air and water layers generate 
characteristic artifactual echo patterns. Normal lung is almost entirely air and the 

Fig. 8.22 Pleural effusion 
left side and adherent 
nodular structure to the 
diaphragm is detected

Fig. 8.23 Covid-19 
pneumonia. Follow-up 
examination in the ICU 
using a curved transducer 
(5–1 MHz). Ultrasound 
findings including pleural 
thickening and irregularity. 
Additionally, 
consolidations of the lung 
with B-lines are detected
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artifacts are generated at the pleural–lung interface. A-lines are repetitive horizontal 
echoes appearing as hyperechoic (bright) lines starting about 5 mm below the rib 
line and diminish in brightness as the depth increases which retaining the even inter-
spacing. The normal pleural line is thin, homogeneous, and flat with sliding notice-
able during respiration appearing as dots or interruptions in the smooth surface. 
Below the normal pleura is the typical artifact on M-mode that shows the lung slid-
ing as inhomogeneous mid-level echoes often termed the “sandy beach sign.”

Fig. 8.24 Covid-19 pneumonia. Follow-up examination in the ICU using a curved transducer 
(5–1 MHz) and the image fusion technique. Ultrasound findings showed large areas of consolida-
tion and an air bronchogram sign

Fig. 8.25 Covid-19 
pneumonia. Follow-up 
examination in the ICU 
using a linear (12–3 MHz) 
transducer. Ultrasound 
findings including pleural 
thickening and irregularity 
are seen
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8.10.2  Triage Imaging

Probe(s) selection may be based on the analysis of lung sliding normally visible 
during physiologic respiration as a to and fro movement. The margin of the pneu-
mothorax (point of visceral pleural separation from the parietal pleura) with the 
normal lung is called the lung point at which location the sliding motion ceases. 
Presence of a lung point indicates that air or pneumothorax is absent in the scanned 
region. On M-mode a characteristic echo pattern that looks like a bar code and has 
been called the “stratosphere sign.” Emergency image interpretation based on the 
presence of lung sliding starts with the presence or absence of this sign. If present 
uniformly we look at the B-line profile for pulmonary edema or the A-line profile to 
see if deep vein imaging is called on to find thrombosis leading to pulmonary embo-
lism. Normal venous imaging suggests presence of pneumonia or COPD or asthma. 
Abolished lung sliding indicates observation of the B-line profile for pneumonia or 
the A-line profile to check for a lung point indicating pneumothorax. Absent sliding 
without lung point needs further diagnostic modalities. Pneumonia may show 
A-lines, B-lines, C-lines in any pattern depending on the area insonated by a par-
ticular probe. Lung pulse is the rhythmic pulsation of the pleura with adjacent car-
diac contraction, which may be observed with greatly diminished respiratory 

Fig. 8.26 Covid-19 
pneumonia. Follow-up 
examination in the ICU 
using a linear (12–3 MHz) 
transducer including 
M-mode and B-mode 
ultrasound findings 
detected pleural thickening 
and an additional small 
pleural effusion

Fig. 8.27 Follow-up after 
artificial respiration of 
Covid-19 pneumonia on a 
patient in the ICU. An 
indirect sign for recovering 
is the appearance of 
A-lines during the recovery 
phase
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excursion. The presence of intermittent C-lines indicates absence of 
pneumothorax.

8.11  Pitfalls in Scanning

Lung ultrasound relies on the images produced by artifacts. Many of the radiologic 
units and some of the newer point of care portable devices use advanced features to 
reduce artifactual generation such as compound imaging, speckle reduction and 
harmonics. These applications mask artifact generation and imaging is often 
improved by turning off these presets. Reduction of gain and dynamic range is use-
ful for all probes. Curved, linear and phased array probes are optimized by custom-
izing personal scan parameters to adjust to the clinical setting. Scan depth for curved 
and phased array probes is usually 8–14  cm while linear probes are optimized 
between 6 and 10 cm for adults. Scan depth is optimized by the area under investi-
gation with the focus adjusted for example 5–9 mm depth for the anterior chest. A 
clear pleural line and appropriate A-line or B-line artifacts ensures proper probe 
position. A nonperpendicular plane scan produces anechoic regions that may be 
mistaken for a deep pleural effusion or a pneumothorax. In emergency scanning, the 
presence of a “bat sign” is a starting point to ensure the white horizontal lines are 
truly the rib-pleural–lung interface. The sonic shadow of the ribs with pleural echoes 
sandwiched in between may be likened to bat-wings with the echogenic chest wall 
as the body of the bat.

Absence of lung sliding may be due to COPD with or without emphysema, lung 
bullae, apnea, status post-pleurodeisis, high ventilator settings, mainstream intuba-
tion, and similar conditions such as severe asthma. Check for a subtle lung pulse to 
rule out pneumothorax and make sure the transducer is not placed over a rib. Tension 
pneumothorax with no pleural sliding will not disclose the important lung point 
artifact necessitating further imaging. A pseudo lung point occurs where the peri-
cardium intermittently touches the visceral pleura. Misinterpreting situational find-
ings such as expected conditions in a specific patient population, like small posterior 
effusions and dependent B-lines in the bedbound patient. In thin patients, the costal 
cartilage is often echo poor and may simulate subpleural consolidation. Higher fre-
quency probes will show the true pleural line immediately adjacent to the rib margin 
and may differentiate the cartilaginous homogeneous echo pattern with increased 
through transmission.

8.12  Limitations of Lung Ultrasound

Ultrasound may be limited in the dyspneic, febrile, or trauma patient because of 
obesity, subcutaneous emphysema, patient positioning, the degree of injury, adhe-
sions from prior surgery, and often patients who are either in pain, uncooperative or 
combative. The main limitation of the point-of-care thoracic examination is that the 
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operator must be knowledgeable in its clinical use and aware of antiviral 
precautions.

Limitations of a point-of-care thoracic examination in the evaluation for pneu-
mothorax include main-stem bronchus intubation, failure to recognize the lung 
pulse (subtle cardiac pulsation of the parietal pleura at the lung periphery) as 
cardiac- induced movement, patients after pleurodesis, and patients with severe 
chronic obstructive pulmonary disease or other lung pathology inhibiting adequate 
visualization of lung sliding. Although sensitivity in the detection of pneumothorax 
is very high, it is important to note that small apical pneumothorax or small local-
ized pneumothoraces may not be visualized even in a carefully targeted thoracic 
ultrasound examination.

Limitations in the evaluation of the B-line pattern include the ability to differen-
tiate between cardiogenic and noncardiogenic pulmonary edema producing a simi-
lar appearance. Limitations in the evaluation of a consolidation pattern include body 
habitus and failure to place the transducer in the posterior thorax to detect a poste-
riorly located consolidation. Limitations in the evaluation of Doppler flow in the 
consolidation include patient motion (body and diaphragmatic) and lack of B flow 
capability.

Ultrasound may be limited in the dyspneic, febrile or trauma patient because of 
obesity, subcutaneous emphysema, patient positioning, the degree of injury, adhe-
sions from prior surgery, and often patients who are either in pain, uncooperative or 
combative. The main limitation of the point-of-care thoracic examination is that the 
operator must be knowledgeable in its clinical use and aware of antiviral 
precautions.

Limitations of a point-of-care thoracic examination in the evaluation for pneu-
mothorax include main-stem bronchus intubation, failure to recognize the lung 
pulse (subtle cardiac pulsation of the parietal pleura at the lung periphery) as 
cardiac- induced movement, patients after pleurodesis, and patients with severe 
chronic obstructive pulmonary disease or other lung pathology inhibiting adequate 
visualization of lung sliding. Although sensitivity in the detection of pneumothorax 
is very high, it is important to note that small apical pneumothorax or localized 
pneumothoraces may not be visualized even in a carefully targeted thoracic ultra-
sound examination.

Limitations in the evaluation of the B-line pattern include the ability to differen-
tiate between cardiogenic and noncardiogenic pulmonary edema producing a simi-
lar appearance. Limitations in the evaluation of a consolidation pattern include body 
habitus and failure to place the transducer in the posterior thorax to detect a poste-
riorly located consolidation. Limitations in the evaluation of Doppler flow in the 
consolidation include patient motion (body and diaphragmatic) and lack of B flow 
capability.

The many cosmetic procedure on the breast and surrounding areas may cause 
artifacts by: Unrecognized subdermal cysts or subdermal calcific foci especially in 
people following cosmetic procedures such and fillers and reconstructive surgeries. 
Postop seromas, misplaced cosmetic filler or relocated silicone deposits, air spaces 
from surgical trauma present obstacles to image interpretation. The rare 

8 Multimodality 3D Lung Imaging



116

complication of pneumomediastinum with or without pneumothorax in one or more 
sites would be a further limitation to correct image analysis. Air collections in 
resolving pulmonary hematoma or pneumomediastium (with or without pregnancy) 
cause unexpected scan images [15–17]. In cases of confusing findings, correlation 
with other imaging modalities is useful.

8.13  Limitations of Radiography

Since most cases will need to be correlated with X-ray or CT findings, it is impor-
tant to note the limitations of X-ray and CT findings. X-ray misses most early Covid 
disease but is useful in finding the more advanced pneumonic consolidation pro-
cess. Typical chest CT findings in Covid-19 pneumonia include bilateral, peripheral 
and basal-predominant ground glass opacities (GGOs) and/or consolidation, fol-
lowed later by a mixed pattern of crazy paving, architectural distortion and peril-
obular abnormalities superimposed on GGOs that slowly resolve.

Upper lobe or peribronchovascular distribution of GGOs, cavitation, lymphade-
nopathy, and pleural thickening are found atypically and frank pneumonic consoli-
dation is extremely rare in the pediatric population.

It is impossible to differentiate Covid-19 typical image findings from other dis-
eases. For example, bacterial pneumonia can present with focal segmental or lobar 
pulmonary opacities without lower lung predominance, but other common findings 
(cavitation, lung abscess, lymphadenopathy, and so on) can usually differentiate it 
from Covid-19.

Other viral pneumonias are more challenging to distinguish from Covid-19. For 
example, ground glass opacities (GGOs) can be seen in up to 75% of adenovirus 
cases, more than 75% of cytomegalovirus and herpes simplex virus cases, and up to 
25% of measles and human meta-pneumovirus cases.

GGOs can be widespread in pneumocystis pneumonia, but, unlike in Covid-19, 
they tend to predominate in the upper lobes. Similarly, various interstitial lung dis-
eases can present with GGOs, but the predominant location differs by diagnosis, 
and other clinical factors are useful for differentiating them from Covid-19.

GGOs can also be common in hypersensitivity pneumonitis, lung injury from 
use of electronic cigarettes or vaping products, pulmonary edema, diffuse alveolar 
hemorrhage, pulmonary alveolar proteinosis, and eosinophilic pneumonia. But clin-
ical features and GGO patterns are generally useful for differentiating these condi-
tions from Covid-19.

CT is valuable in identifying underlying cardiopulmonary abnormalities in 
patients with moderate to severe disease. CT can help clinicians triage resources 
toward patients at risk of disease progression and may identify a cause in case of 
clinical worsening. CT may also identify alternate diagnoses.

Dr. Marcello Migliore of the University of Catania, in Italy, who recently 
reviewed the management of GGOs in the lung cancer screening era, told Reuters 
Health by email, “CT is not useful to diagnose Covid-19, but it is certainly useful to 
follow-up patients with preexisting lung pathology who go rapidly worse. However, 
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GGOs are also a presenting picture of early lung cancer and therefore it should be 
taken into account.”

8.13.1  Best Practices

Adequate documentation is essential for high-quality patient care. Ultrasound 
images that contain diagnostic information and/or direct patient management (both 
normal and abnormal) should be recorded in accordance with the AIUM Practice 
Parameter for Documentation of an Ultrasound Examination [18].

8.13.2  Equipment Specifications

All studies should be performed at the point of care.

• For abdominal studies, phased array or curvilinear transducers are preferred; 
however, a higher-frequency linear transducer may be used. For adults, mean 
frequencies between 2 and 5 MHz are most commonly used. For most preadoles-
cent pediatric patients, mean frequencies of 5 MHz or greater are preferred, and 
in neonates and small infants, a higher-frequency linear transducer is often nec-
essary. For cardiac studies, phased array transducers are preferred. For pediatrics 
and adults, mean frequencies between 2 and 5 MHz are most commonly used. 
For DVT studies, equipment must be capable of real-time imaging for compres-
sion of the veins. In most cases, a linear or curvilinear transducer is preferable, 
but phased array scanners can be helpful for difficult patients. Transducers should 
transmit at a frequency of 5 MHz or greater, with the occasional need for a lower- 
frequency transducer. Color Doppler imaging and spectral Doppler flow analysis 
can be used to augment the examination.

• For thoracic studies, phased array, curvilinear, and higher-frequency linear trans-
ducers are preferable; all may be used, with the preference varying based on the 
clinical question to be answered. For adults, mean frequencies between 2 and 
5 MHz are generally used.

The equipment should be adjusted to operate at the highest clinically appropriate 
frequency, realizing that there is a trade-off between resolution and beam penetra-
tion. When Doppler studies are performed, the Doppler frequency may differ from 
the imaging frequency. Image quality should be optimized while keeping total ultra-
sound exposure as low as reasonably achievable. Phased array, curvilinear, and 
higher-frequency linear transducers are preferable; all may be used, with the prefer-
ence varying based on the clinical question to be answered. For adults, mean fre-
quencies between 2 and 5 MHz are recommended.

The equipment should be adjusted to operate at the highest clinically appropriate 
frequency, realizing that there is a trade-off between resolution and beam penetra-
tion. When Doppler studies are performed, the Doppler frequency may differ from 
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the imaging frequency. Image quality should be optimized while keeping total ultra-
sound exposure as low as reasonably achievable (ALARA).

8.14  Image Fusion

Cross-sectional interventional procedures are performed under CT, ultrasound, flu-
oroscopy, or MRI guidance and include fluid aspiration, (thoracentesis, paracente-
sis, and fluid collections), drainage catheter placement, percutaneous biopsy, and 
tumor ablation. Fusion applications make advanced treatments clinically viable. 
Image fusion for biopsy of the prostate combining ultrasound and MRI images has 
been widely adapted since 2012 in the United States. In Europe, chest fusion studies 
began in 2005 and become widely used about 10  years later. Fusion of MRI, 
PET-CT, PET-MRI or MS-CT chest images may be facilitated in the ICU by access-
ing previous radiology department data and merging this with the current ultrasound 
images to see if the consolidation existed in the past. The possible contraindication 
is a cardiac pacemaker for since the fusion process involving the placement of mag-
netic markers used as sensors for the transducer motion placement. DICOM data 
from the past CT exam (or possible previous MRI) is downloaded into the fusion 
system for comparison with the current US study. Linear or curved probes may be 
used to create the field of US scan that is generated from the CT image and then 
fused. These findings may be compared with 3D/4D US volumetric imaging as 
well. Recovering patients have decreased blood flow in areas of improving lung 
consolidation. Artificial intelligence and advanced algorithms are being developed 
to generate a real-time scoring system and segmentation of LUS data. However use-
ful in the future, given the rapidly dynamic changes with this disease and multior-
gan involvement, the best clinical use is to document either a normal lung scan or 
imaging findings that are improving or accelerating at given time intervals that may 
be based on changes in oxygen saturation levels [19, 20].

Fusion of medical imaging involves combining multiple images from either the 
same patient or multiple patients. These images may be MRI, CT, and ultrasound, 
or various parameters from different MRI or CT scans of a single patient. Since each 
different image may offer orthogonal information, fusing these images allows clini-
cians to make a more informed diagnosis (in the case of fusing CT/MRI parame-
ters), or in using an MRI or CT to more precisely guide an ultrasound biopsy toward 
a tumor target or to use a sonogram to guide a CT image guided procedure. For 
example, fusion could allow clinicians to take advantage of previously captured 
images, merged with real-time ultrasound, to gain enhanced information about sus-
pected tumors or focal inflammatory processes with a precision that transcends 
ultrasound or CT alone. However, fusion requires that these various images be 
brought into spatial alignment, a process referred to as computerized “registration.” 
Several device manufacturers offer registration systems, but registration algorithms 
are still an area of active research. The sheer number of images being acquired daily 
by clinicians such as radiologists is staggering. These include Magnetic Resonance 
Imaging (MRI), Transrectal Ultrasound (TRUS), and Computerized Tomography 
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(CT) to name a few. Frequently, multiple imaging sequences are acquired from the 
same patient. In the case of MRI, multiple different parameters are acquired in the 
same scanning session, resulting in a plethora of images acquired within minutes of 
each other. Each type of imaging sequence may contain orthogonal information. For 
example, a T2-weighted MRI contains structural information, while Dynamic 
Contrast Enhanced (DCE) MRI contains the rate of contrast dye uptake by various 
vascularized regions within the body.

The amount of imaging information being acquired opens up an exciting possi-
bility for doctors, as information from multiple sources can be used to make a more 
informed diagnostic or treatment decision. For example, a solid organ tumor may 
not be clearly visible on T2-weighted MRI, and yet can appear vivid on an Apparent 
Diffusion Coefficient (ADC) MRI image. However, a problem arises in that the 
various images are not necessarily spatially aligned. To make an informed decision 
as to whether a tumor is visible in a certain region of the prostate, the corresponding 
region must be realized on all the images. The process of bringing multiple images 
(from the same patient or different patients) into spatial alignment is the task known 
as “registration” and performed with the help of sophisticated computer vision 
algorithms.

8.14.1  Registration Overview

As stated previously, registration is the process of bringing multiple images into 
spatial alignment. The images are typically either 2D or 3D, although 4D time- 
series data is sometimes available. The goal of any registration algorithm is to deter-
mine a transformation which best aligns the images. This transformation can be as 
simple as translating the image (moving up/down, or left/right), or as sophisticated 
as warping certain spots within the images (called “deformable registration”). A 
computer algorithm essentially tries various transformations and finds the “optimal” 
one which best aligns the images. There is always a reference “fixed” image which 
does not move, and a “moving” image, to which the transformations are applied. 
Various transformations are tried, and an “interpolator” generates a “moved” image 
for each of those transformations. The “moved” image which most closely matches 
the “fixed” image is chosen (via the use of an “optimizer”) and output. The follow-
ing sections describe each of these processes in detail [21–24].

8.14.2  Transformations

A transformation is an integral component to any registration algorithm. It defines 
how to move, or deform, a given image. The two general categories of transforma-
tions are “linear” and “deformable” transformations. A linear transformation is any 
translation, rotation, scaling, or shearing which is applied to the image as a whole. 
A transformation which only allows translation and rotation is considered “rigid”. 
When incorporating scaling and shearing, the transformation is considered “affine.” 
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Rigid registration was used to fuse MRI and CT prostate images in Greene et al.  A 
deformable registration allows warping of an image at specific locations. Essentially, 
in its most general form, every single pixel (or tiny location within the image with 
an intensity value) is allowed to move anywhere else in the image. There are various 
types of deformable transformations including B-Splines, Thin Plate Splines, and 
Finite Element Model transformations. Using a linear or deformable registration, a 
series of numbers is used to represent the given transformation. In the case of linear 
transformations, these numbers may represent the amount to translate the image (in 
mm), or the magnitude of rotation (in degrees). In the case of deformable registra-
tion, these numbers may represent how certain regions of the image should warp 
relative to other regions [25–29].

8.14.3  Interpolators

A given transformation is defined by a set of numbers, and an interpolator uses 
those numbers to generate a “moved” image. When stretching the image, for exam-
ple, you don’t want “holes” or “tears” to appear in the moved image. As such, the 
computer algorithm needs to decide how to stretch two adjacent regions of the 
image, and how to deal with regions, which lie between two pixels or result from 
stretching a pixel.

The following are the most common interpolators:

• Nearest Neighbor: The “nearest neighbor” interpolator is the simplest (and fast-
est) interpolator, in which the closest point on the moving image is chosen when 
deforming the image.

• Linear: The “linear” interpolator uses a linear blending of nearby pixel values to 
decide the color.

• Spline: A “spline” interpolator, similar to a linear interpolator, performs a blend-
ing of nearby pixel values. However, it fits a curve to the pixels and uses that to 
decide “how gray” to make the interpolated pixels. A spline interpolator may 
consider not just neighboring pixels, but also pixels a few mm away to make a 
more informed decision of the color. This interpolator typically takes much lon-
ger to compute than a linear interpolator, and may not necessarily yield a more 
accurate interpolation.

There are more sophisticated interpolators, but a tradeoff between computational 
time and accuracy leads most algorithms to employ a linear interpolator, as the mar-
ginal benefit of sophisticated interpolators rarely lead to a significant increase in 
registration accuracy [30–35].
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8.14.4  Metrics

After interpolating a “moved” image, the algorithm then needs to compare this to 
the reference “fixed” image. This is done using a similarity metric, which yields a 
large number in the case of high similarity, and a low number in the case of a low 
similarity. This similarity is used to evaluate the correctness of a transform in regis-
tering the images. There are a plethora of similarity measures, which could be 
employed, and merits and issues with each. The most common ones in use for image 
registration are outlined below, although additional, more sophisticated measures 
have been developed for prostate registration [36–40].

• Intensity Differences: The differences in image intensity values are computed 
and summed over the entire image, or a region of the image [45]. For example, 
black may be given a value of 0, and white may be given a value of 1. If two 
pixels are spatially aligned and both have a value of white, then the difference 
could be 0. The algorithm typically will sum the absolute differences over all the 
pixels to output a final value, and negate that value (since we want to maximize, 
not minimize, the similarity). A value of 0 would indicate a perfectly spatially 
aligned image, and a large negative value would indicate an extremely dissimilar 
pair of images.

• Normalized Cross Correlation (NCC): Using intensity differences is subject to 
various imaging artifacts such as changes in brightness and contrast, which could 
throw off the accuracy of the measure. In addition, one image may represent 
black with a value of 0, while another image may represent black with a value of 
50, and as such the intensity differences may not be an accurate measure. The 
NCC between two images is a normalized measure calculated by fitting a line 
through a collection of pixel values in two images. Essentially if one image had 
intensity values of {20, 30, 40} at 3 pixels, and a second image had intensity 
values of {80, 90, 100} at those same 3 pixels, that would be considered perfectly 
aligned. This is mathematically similar to the intensity differences, but less prone 
to artifacts such as brightness and contrast.

• Mutual Information (MI): MI is a more sophisticated measure derived from 
information theory. It essentially models how well the intensity values in one 
image can “predict” the intensity values in another image. MI quantifies the 
information content shared between two images, such that two images which 
share a lot of “information” get a high value (such as two prostate images from 
the same patient) and two images which share no information (such as a prostate 
and breast image) get a low value [41–44].

8.14.5  Optimizers

After computing the similarity of the moved and fixed images, and calculating the 
accuracy of the given transformation via the similarity metric, the algorithm must 
decide whether to try another transformation, or output the result.
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The role of the optimizer is to (a) decide when the transformation is “good 
enough,” and (b) decide what new transformation to try next. There are many differ-
ent types of optimizers, and optimization is an area of active research. A few com-
mon optimizers employed in image registration are described below [45–47].

• Simplex: A simplex optimizer takes the previous transformation, and slightly 
modifies it based on the magnitude of the similarity error. It is one of the simplest 
optimizers, and may be useful in honing in on a transformation, but may not 
perform well in choosing an initial transformation.

• Genetic Algorithm (GA): A GA optimizer for image registration considers each 
transformation as an “individual” in a population. It decides the relative “fitness” 
of each individual by the image similarity. Individuals (i.e., transformations) 
with low image similarity have a higher chance of dying out. Individuals with a 
high image similarity will mate and evolve over several generations. The under-
lying hypothesis is that only the fittest individuals (i.e., transformations with 
high image similarities) will remain after several generations.

• Particle Swarm: A particle swarm optimizer for image registration considers 
each transformation as a particle in space. A collection of particles represent 
various transformations and will have velocities proportional to their image simi-
larities, and ideally converge on the optimal transformation.

Several common problems with optimizers is that (a) they may require a lot of 
parameters to tune, (b) may not necessarily know when to stop, and (c) can take a 
significant amount of computational time to arrive at a solution. This last issue is 
extremely important when one needs real-time registration, as in the case of MRI–
TRUS fusion biopsy. Current research is attempting to address these issues in terms 
of both algorithmic improvements, and properly utilizing increases in computa-
tional power.

8.15  Acute Care Considerations

Imaging of the lung is divided into outpatient, noncritical patients and acutely ill 
patients and patients suspected of infectious disorders. Potentially contagious con-
ditions require equipment that is easily sanitized or disposable. Handheld units are 
preferred and disposable gel packets are useful in potentially contaminated circum-
stances. Obtaining a previous or baseline scan is essential for managing the out-
come. The optimum initial scan for acute respiratory distress syndrome (ARDS) 
includes IVC and cardiac sonography. If pulmonary embolus is suspected, evalua-
tion of the deep venous system may be included. Imaging of the lung is clinically 
divided into outpatient, noncritical patients and acutely ill patients and patients sus-
pected of infectious disorders. Potentially contagious conditions require equipment 
that is easily sanitized or disposable. Handheld units are preferred and disposable 
gel pacs are useful in potentially contaminated circumstances. Obtaining a previous 
or baseline scan is essential for managing the outcome. The optimum initial scan for 
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acute respiratory distress syndrome (ARDS) includes IVC and cardiac sonography. 
If pulmonary embolus is suspected, evaluation of the deep venous system may be 
included. Prognostication of severity and mortality risk may be based on a CT scor-
ing system of time from disease progression to resolution and percentage of pulmo-
nary parenchyma involved with Grade 1 less than 5% to Grade 5 more than 75% for 
the GGO, crazy paving pattern and consolidation. Idiopathic pulmonary fibrosis 
presents with sub pleural consolidations, nonhomogeneous B-line distribution and 
areas of frank pulmonary consolidation.

8.15.1  Bedside IVC Imaging

In critical cases where pulmonary emboli is suspected, CT angiography may be 
performed. As an alternative, ultrasound imaging of the IVC inferior vena cava and 
right ventricular (RV) volume overload may be utilized at the bedside. The addition 
of AI artificial intelligence automated cardiac imaging analysis (recently cleared by 
the FDA and European CE mark authorities) is important since the RV is difficult to 
evaluate due to its unique structure and location. Regarding Covid-19 mortality, 
recent studies show a significant link between right heart failure and a Mt. Sinai 
Medical Center (New York City) study showed 31% of patients hospitalized with 
Covid-19 had right ventricle failure and 41% of this subset who died had findings of 
right ventricular dilation or enlargement. Since bedside diagnostics are currently 
normalized worldwide, it is useful to differentiate acute pulmonary disease from 
acute heart failure (AHF) during the routine lung ultrasound exploration. Point of 
care ultrasound (POCUS) of the inferior vena cava (IVC) is accepted as a quick and 
useful modality for diagnosis and determination of prognosis of patients with 
AHF. A study of the IVC using IVC expiratory diameter and/or IVC collapsibility 
index demonstrated a IVC expiratory dimension greater than 2.0 cm and an IVC 
collapsibility index of less than 30% suggest that acute dyspnea is likely to be due 
to AHF [48].

8.16  Image Guided Procedures

CT, CT-LUS fusion, and sonography-guided punctures have a low rate of complica-
tions. The rate of pneumothorax is 2.8%; 1% require drainage. Hemorrhage or 
hemoptysis is observed in 0–2%. Data concerning air embolism or even death are 
not available so far. Tumor dissemination through the procedure of puncture is of 
little clinical significance and very rare, in less than 0.003% of cases. In cases of 
malignant pleural mesothelioma, it is slightly more common. When surgery is per-
formed, the site of puncture is also resected.
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8.16.1  Pneumothorax After Puncture

If the focus of the procedure is no longer visible after the puncture, the likelihood of 
a pneumothorax is high. This can be reliably detected by sonography, through the 
absence of respiration-dependent gliding movement of the pleura. The quantity of 
free air can only be measured by obtaining a chest radiograph or limited CT scan. A 
pneumothorax usually reaches its maximum dimensions after 3 h, so the decision 
regarding a therapeutic procedure is made thereafter, when the pneumothorax is 
smaller. If the patient is symptomatic or if a larger volume is present, the patient is 
initially given protracted thoracocentesis. The success rate within the first 10 h is 
90%. In the event of renewed collapse, the clinician may use a percutaneous drain 
and a catheter with a small lumen. A routine chest radiograph or follow-up CT scan 
is not required after routine CT or sonography-guided puncture.

8.16.2  Pulmonary Fibrosis

As mentioned earlier, survivors are experiencing either new organ system disorders 
or complications of ventilator dependency and pulmonary fibrosis. CT and ultra-
sound are useful in the investigation of these disorders and useful in follow up of 
potentially chronic conditions. While lung CT abnormalities attain greatest severity 
approximately 10 days after onset of symptoms and tend to reduce after 14 days 
during the absorption phase with patients achieving normal living ability by about 
2 months after onset, CT findings may remain apparent. CT images in the early 
recovery phase show reduction of GGO and reduced consolidation but pulmonary 
fibrosis appears as fibrous shadows such as fibrous stripes, subpleural lines and trac-
tion bronchiectasis in multiple lung lobes. This finding has been documented previ-
ously in SARS patients discharged after treatment. One can follow up fibrosis with 
nonradiation imaging such as chest wall elastography and diaphragmatic ultrasound 
to compare with clinical respiratory evaluation [48].

8.16.3  High Resolution Pleural Imaging

In the months following patients with very minimal CT images, the clinical 
symptoms in some progress due to a chronic fibrotic response even as the imag-
ing findings improve. This makes the pleural findings an important parameter 
and suggests initial and serial follow-up with noninvasive high resolution 3D 
ultrasound with elastographic scanning (Fig. 8.28) The normal pleural thickness 
at 18 MHz linear transducer imaging is 0.3–0.5 mm and the normal pleural echo 
may be inhomogeneous due to the expected respiratory motion. Similarly, the 
expected A-lines have the same features. A pathologically thickened pleura line 
is optimally imaged with a 3D 17 MHz linear probe or 18 MHz convex probe. 
The diaphragmatic pleural interface is important since most of the pathology is 
found in this area which has some B-line activity in recumbent positions or in 
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elderly patients so the pleural thickness is helpful in determining disease aggres-
sion. A thin pleural line with good respiratory excursion (Fig.  8.29) suggests 
healthy tissues. Inflammatory or neoplastic hepatic or splenic disorder may cause 
attenuation through the glands and abnormal findings at the parenchymal-pleural 
interface (Fig. 8.30).

8.16.4  Tissue Elastography

Tissue density imaged by elastography has been performed on the liver (Fig. 8.31a, b) 
breast, prostate, thyroid and skin for many years with high accuracy. Desmoplastic 
tumors and inflammatory fibrosis alter the elastic modulus and are measured on the 
color-coded side bar. Since the degree of pleural thickening is roughly proportional 
to the length of recovery, a study may be performed using this technology as a sur-
rogate marker for future treatment assessment. Tissue calcium deposition is observed 

Fig. 8.28 CT of right 
upper lobe with very early 
ground glass opacity (red 
square). Patient developed 
increased dyspnea after 
infiltrate cleared on 
CT. (Figure courtesy Dr. 
John Melnick, Lenox Hill 
Radiology, New York)
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in some malignant processes and chronic inflammatory disorders therefore elastog-
raphy imaging is combined with ultrasound and radiographic studies.

8.17  Future Directions

8.17.1  Algorithm Advances

Overall, the task of computerized registration for medical image fusion is a non- 
trivial task which has gained much traction in the computer vision community over 
the past several decades. Yet it is still very much an unsolved problem, and significant 

Fig. 8.29 Fibrotic liver 
tissue producing artifactual 
diaphragmatic pleural 
outline

Fig. 8.30 Elastography 
normal liver with blue soft 
tissue density of benign 
tissue
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research is still required. The wide range of clinical problems with Covid-19 lung 
disease supports escalating platforms of technology and algorithms, since stable 
patients at home require imaging and treatment options different from acutely ill ICU 
patients. A problem arises when one wishes to (a) evaluate registration accuracy, and 
(b) decide is an algorithm “good enough.” To evaluate registration, one may wish to 
use manual fiducials identified within the image and evaluate the displacement, 
determine the overlap of the objects of interest, or determine how well an algorithm 
performed in a specific task, such as accurately sampling a tumor in the case of MRI 
TRUS fusion biopsies. In terms of commercial systems, “good enough” may also 
require consideration of the cost of development, ease of application and the speed of 
the system. A real-time registration algorithm which has an error of 3 mm may be 
sufficient to consistently sample a tumor in terms of a biopsy, and may be considered 
“better” than an algorithm which takes 1 h yet has an error of 1 mm. It truly depends 
on one’s goal for the registration algorithm, and in the future many more fusion sys-
tems will likely employ more sophisticated and advanced registration algorithms.

8.17.2  Volumetric Imaging

3D volumetric image reconstruction generates a data set that commonly registers 
color-coded images useful for histogram analysis in vessel density studies. This 
same algorithm may be used to map the gray level density in non-Doppler images. 
The so-called “white lung” appearance of massive B-line aggregation volume may 
be semi-quantified by measuring the mean gray level which is an indirect represen-
tation of the amount of “white” lung or multiple, confluent B-lines. Additional use 
for noninvasive imaging is documentation of adverse affects of treatment (allergic 
response) and exposure to the widely used sanitization procedures (toxicity). 
Allergy has been widely studied with patch testing but this dermal elevation may be 
examined with high-resolution ultrasound for depth, Doppler ultrasound and confo-
cal microscopy for neovascularity quantitative measurements. Regarding toxicity, 

Fig. 8.31 Elastography 
breast tumor (left) red 
indicates high density of 
malignant tissue
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the recent massive personal and commercial distribution of recent sanitizing options 
has not been evaluated for short- and long-term effects on the lung, skin and eyes. 
This is a future role for advanced imaging technologies for evaluation of new and 
potentially harmful technologies.

8.17.3  Clinical Testing

• Early risk stratification in Covid-19 remains a laboratory and clinical challenge. 
A recent Lancet article demonstrated a clear relationship between high viral load 
and mortality. Transforming qualitative testing into a quantitative measurement 
of viral load will assist clinicians in risk-stratifying patients but is time consum-
ing and not useful for emergency triage. Using cutaneous imaging ultrasound 
and optical technologies is real time and may be used for choosing among avail-
able therapies and trials. Imaging may become a surrogate marker for viral load 
used at triage to affect isolation measures on the basis of potential infectivity. 
Future studies could address SARS-CoV-2 viral load dynamics and the quantita-
tive relationship with neutralizing antibodies, cytokines and quantitative imaging 
technologies such as 3D/4D Doppler Histogram analysis, reflective confocal 
microscopy (RCM) and optical computed tomography (OCT) [49].

8.18  Summary

Characteristic Lung US findings in Covid-19 patients: Covid foci are mainly noted 
in posterior lung fields-often bilaterally. Thickened pleural lines with rare pleural 
effusions are expected. 3D histogram analysis shows pleural irregularity. Small con-
solidations are nonlobar and translobar. Decreased blood supply on vascular 
Doppler imaging in consolidated areas and diminishing regional B-lines suggests 
clinical improvement. Multimodality imaging encapsulates the use of A-mode, 
B-mode, 3D and 4D, Doppler, vascular histogram, elastography, micro-optical 
imaging, image guided fusion and interventional radiologic techniques. Robotic 
diagnostics and image guided robotic treatment ensure staff protection during pro-
cedures and avoid cross contamination of regional facilities and adjacent personnel. 
Telemedicine options offer at home bedside self-scanning assistance as remote 
diagnostic service with state of the art ultrasound devices. Underserved regional 
areas participate in real-time communication with expert radiologists via compre-
hensive virtual overreading through web-based partnerships.
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9Respiratory Dynamics: Function 
and Breath Management

Linda Carroll

9.1  Introduction

Oral communication requires a coordination of respiratory function, laryngeal func-
tion, and resonance/articulatory function. Therefore, compromise of respiratory 
function directly impacts overall health as well as the ability to communicate needs/
wants and actively participate in society. Good respiratory function is also essential 
for overall systemic health, transporting oxygen to the blood stream, helping main-
tain adequate circulation for physical and cognitive demands.

There are three main body types—ectomorph, mesomorph, endomorph—with 
each utilizing slightly different respiratory kinematics. Somatotypes were devel-
oped by William Sheldon in the 1940s, and have remained a focus research area in 
respiration and breath management. Ectomorphs have high relative linearity fea-
tures, mesomorphs have high relative musculoskeletal features, and endomorphs 
have high relative fatness. Anecdotal reports include lower breathing patterns and 
potential for some paradoxic movements among endomorphs, while mesomorphs 
and ectomorphs tend to involve more rib cage expansion during stronger breath 
demands. Chatterjee et al. [1] did find significant influence of body type for avail-
able lung capacity, with endomorphs having poorest lung capacity. This may 
become an important factor when developing treatment plans for individuals with 
respiratory deficits.

During inhalation, the breath volume for all body types depends on the intended 
task. Tidal breathing is approximately 400–500 mL (or 7 mL/kg) for an adult, with 
adjustments for sex, age, height and overall health. During heavy exercise and/or 
projected voice demands (speaking or singing), increased respiratory volumes are 
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required. Vital capacity in adults is greater for males (4500  mL) than females 
(~3500 mL) and affected age, height and sex. Vital capacity is determined by the 
sum of inspiratory reserve volume, tidal volume, and expiratory reserve volume, as 
measured by spirometry. Other respiratory measures of importance include minute 
ventilation, or the volume of gas exchange per minute, which is affected by physical 
conditioning and exercise demand.

Inhalation begins with contraction of the diaphragm and expansion of the tho-
racic cavity (vertical, anteroposterior, and transverse), with a pressure change occur-
ring in accordance with Boyle’s Law. Exhalation is a passive event, but more active 
contraction of the expiratory muscles is employed for many tasks such as louder 
speech and singing. During respiration, the air flows from regions of higher pressure 
to regions of lower pressure. Because of pleural linkage, an increase in thoracic 
volume stretches the lungs, expands the alveolar air, and causes a decrease in alveo-
lar pressure.

During normal respiration, air flow is mostly laminar, but disease states can 
cause air flow to be predominately turbulent. During a disease state, there are 
changes in manner and number of breaths per minute, and changes in breath vol-
ume, which affect respiration for life purposes and phonation purposes. Increased 
respiratory effort has been reported to increase with higher demands on expiration 
and inspiration [2, 3]. Unless performing whole body exercise at a very high inten-
sity, chronic changes in respiratory function or a perception of dyspnea does not 
occur even with repeated respiratory challenges in normal subjects [4–6].

From a respiratory standpoint, phonation requires a steady pressure head against 
the vocal folds. In addition, respiratory drive must be strong enough to protect the 
airway from foreign bodies. When respiratory skills, or respiratory control, inhibit 
the ability to access inhalation and exhalation on demand, phonation and protection 
of the airway becomes challenged and patients can become fearful.

9.2  Impact of Diseases on Respiratory Function

There are a myriad of diseases and conditions that can affect respiratory function. 
This chapter addresses a subset of the more frequent or concerning diagnoses. The 
impact on function and communication is included for each diagnosis.

Asthma is a chronic inflammation and narrowing of the airways, and may begin 
in childhood or may arise due to exercise. Impact of asthma includes restrictions for 
some physical activities. Symptoms include chest tightness, difficult access inhala-
tion, presence of wheezing and coughing. Severe attacks can be fatal, and patients 
with asthma need to have a rescue inhaler or bronchodilator available to soothe the 
constricted bronchi and re-establish easy airway. Although breathing exercises may 
be helpful, it is essential that medical management be present. Fluticasone can 
improve ease of breathing but does have some risk of accompanying dysphonia and/
or yeast infection [7]. Other oral medications can be helpful, and patients should 
always discuss their voice vs. respiratory needs with their pulmonologist prior to, 
and during use of, any asthma medication. When an inhaler is used, it is important 
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for patients to rinse with mouth/posterior oropharynx to remove any irritant from 
the propellant (this can lower the risk for yeast infection). Diagnosis of asthma may 
be confirmed through pulmonary function testing (PFT), examining control of exha-
lation and inhalation. It is important to note that PFT and bronchodilators can be 
used to determine if dyspnea is due to asthma or laryngospasm. PFT has a flattened 
inspiratory loop for laryngospasm, but not for asthma. In addition, asthma patients 
experience improved lung function with bronchodilators, but this is not always the 
case for patients with laryngospasm. Due to difficulty with inhalation, patients with 
asthma (and with laryngospasm) typically experience inability to access voice to 
call for help and often rely on nonverbal communication to request help.

Allergies create inflammation and changes in secretion balance in the all phona-
tory subsystems. While nasal congestion can affect ability to project the voice, and 
laryngeal inflammation can limit ability to achieve normal voicing features, the 
respiratory impact undermines ease of phonation and non-phonatory tasks. 
Diagnosis of allergies varies depending on whether the allergy is to a food item or 
environmental irritant. Food allergies may be identified through skin test, known 
response to ingestion of a particular food, or through visible reactions (such as rash, 
hives, etc.). While allergy shots may desensitize environmental allergies, food aller-
gies are managed by avoidance of exposure until there is strong suspicion for safe 
ingestion of that food items. Environmental allergies (seasonal allergies) are com-
mon and can create difficulty with respiration, phonation, resonance, and can cause 
eye irritation and increase risk for chronic rhinosinusitis. Allergy sensitivity may 
change over the years, but many allergies present prepuberty, or any allergies to 
drugs often stay for a lifetime. Medical management (for environmental allergies) 
and use of nasal wash can dramatically improve the patient’s quality of life. 
Individuals with food allergies may have severe compromise, including anaphy-
laxis. Food allergies require ready access to an Epi-pen or Benadryl to rapidly 
reduce the risk of airway closure. It is important to note that continuous breathing 
resistance exercises may be quite beneficial while awaiting response to medical 
management. With allergies affecting access to resonance, humming on “n” with 
use of pitch change can help break up some congestion. Seasonal allergies affect 
clarity of speech, voice quality, ease of breathing, and may increase risk for devel-
opment of phonotraumatic lesions (due to imbalance of the subsystems of phona-
tion and resonance/articulation).

Bronchitis and Pneumonia affect the health of one or both lungs, and is marked 
with elevated fever, chronic coughing (particularly if longer than 3 weeks), short-
ness of breath, rapid breath patterns, and generalized fatigue. These infections of the 
lungs may be viral or bacterial. Risk factors for both bronchitis and pneumonia 
include viral exposure, exposure to air pollution, and/or a history of smoking or 
chronic disease (asthma, COPD, heart disease), as well as age (younger than age 
2 years, or older than 65 years). Diagnosis can be confirmed with chest X-ray, pulse 
oximetry, sputum test, or through auditory sounds (cracking or bubbling) heard with 
a stethoscope. Due to difficulty with accessing breath, patients may find themselves 
confined to bedrest, and often have difficulty avoiding coughing throughout the day 
and night. The impact of fever further affects low energy, and triggers difficulty with 
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activities of daily living. Following pneumonia, it is important for the patient to use 
inhalation and exhalation respiratory exercises to re-establish adequate breath man-
agement for functional activities. While it is traditional for patients to use an incen-
tive spirometer and other exercises to help inhalation strength and volume 
post-pneumonia, it is equally important to re-establish strength and endurance of 
exhalation and breath support. Expiratory exercises include repeated /ph/ and /ʍ/ 
exercises, as well as prolonged stable exhalation with pursed lips. For professional 
voice users, it may take 4–6 months to recover normal and comfortable access to 
those respiratory demands following pneumonia. Patients with bronchitis typically 
need greater attention on control of chronic cough.

The COVID-19 pandemic suddenly alerted the general public on the risks of 
pulmonary compromise and the rapid demise of health. The inflammatory process 
of COVID-19 can gradually accumulate, often affecting the respiratory system first, 
with the impending severity not noticed by many patients in the early stages of 
infection. Severe cases of COVID-19 can lead to Acute Respiratory Distress 
Syndrome [8]. Gradual changes in lung volume are easily measured with pulse 
oximetry, but prior to COVID-19, few individuals routinely measured their oxygen-
ation levels when feeling “slightly under the weather.” Due to changes in the lung 
epithelium from COVID-19 infection [9], the bronchi and bronchioles have diffi-
culty transporting air and the necessary rapid diffusion of oxygen and carbon diox-
ide through the walls of the squamous epithelium of the alveolar ducts and alveoli. 
The inflammation of the lung tissue creates progressive compromise of breathing, 
which attributes to the patient awareness of decline of oxygen control. The compro-
mise of oxygenation (hypoxemia) can be easily measured using pulse oximetry. A 
simple pulse oximeter device may be used by subjects at home, allowing them to 
determine if an underlying infection affecting the lungs may be present. If pulse 
oximetry is less than 90%, medical assessment is essential. Dysphonia has been 
found in 27% of patients with mild to moderate COVID-19, with greater risk for 
females. Severity of dyspnea, dysphagia, ear pain, face pain, throat pain and nasal 
obstruction was higher in the dysphonic COVID-19 group compared with non- 
dysphonic group [10].

Following COVID-19, patients need to follow many of the same respiratory 
exercise program commonly used with patients who have had pneumonia. Use of 
resistance breathing exercises (see Appendix 1) is essential for patients with known 
or suspected COVID-19. With frequent use of inhalation and exhalation resistance, 
the patient can strengthen access to breath control. Some patients with confirmed 
COVID-19 have anecdotally reported ability to avoid use of a respirator with hourly 
resistance breathing exercises. Research is warranted to determine the extent of 
improvement with self-exercise however due to the severity of respiratory distress 
with COVID-19. There is increasing evidence for risk of long-term effects from 
COVID-19 for the lungs (scarring) as well as circulatory, renal, hepatic, and hema-
tological systems [11]. Any patient who has a history of COVID-19 should be moni-
tored with greater attention to respiratory, circulatory and inflammatory changes.

Chronic Obstructive Pulmonary Disease (COPD) has a common etiology of 
emphysema and chronic bronchitis, but may also be related to alpha-1-antitrypsin 
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(AAt) deficiency. COPD is more common at age 40+. Smoking and long-term expo-
sure to gases or particulate matter are the highest risk factors. Hardin and Silverman 
[12] did report females to have a higher genetic risk. COPD results in difficulty 
accessing adequate breath for speech and exercise. Patients may also report chest 
tightness, wheezing, stridor and coughing. Because COPD is a long-term illness, 
patients experience permanent changes and limitation in functional activities, and 
remain at higher risk for other diseases. Speech may be labored in COPD patients 
due to poor respiratory function.

Collagen vascular disease has been found to affect respiratory function in chil-
dren, with most common effect of pulmonary restriction, and may also be present 
for adults with collagen disease [13]. Limited research is present, but suggests the 
need to investigate collagen disease when vital capacity is less than 80% of pre-
dicted and to ensure that idiopathic interstitial pneumonia is not due to underlying 
collagen vascular disease [14, 15]. Medical/surgical management is essential.

Mixed connective tissue disease (MCTD) is known to affect respiration, and 
early detection (particularly in children) improves the ability to design targeted 
therapies to reduce overall morbidity and mortality [16]. Individuals diagnosed with 
chronic heart failure are at greater risk for restricted respiration, which is visible in 
pulmonary function testing [17]. There is some evidence that lung function can 
serve as a differential diagnosis for various connective tissue diseases [18]. Team 
management of cardiac and respiratory is needed for these patients.

Polymyositis/dermatomyositis (PM-DM) is an inflammatory disease of muscle 
and skin causing muscle weakness. PM-DM can increase risk for pneumonia, simi-
lar to other autoimmune disease, and these patients may suffer more severe infec-
tion and slower recovery rates [19]. PM-DM can lead to respiratory failure, 
aspiration and dysphagia, and can cause cardiac complications [20, 21]. Ji et al. [22] 
found patients with a fever tended to have a higher frequency of PM-DM associated 
Interstitial lung disease.

Pregnancy impacts ease of breath control in the third trimester as the fetus 
expands and limits lung expansion for inhalation and contraction of abdominal- 
diaphragmatic support for phonation, rather than only for support of the fetus (and 
fetal movements). As the fetus grows, at-rest breath control becomes shallower and 
projected voice use becomes more difficult. While respiration may be more effort-
ful, pregnant women are able to access both speech and singing right up to labor 
contractions. Following delivery of the newborn, patients are typically recom-
mended to rest for 7–10 days before returning to respiratory and physical activities, 
gradually increasing to their pre-pregnancy routine.

Rheumatoid arthritis (RA) commonly affects the laryngeal structures and is also 
recognized to trigger inflammation in the lungs which may lead to scarring. RA 
primarily affects joints (especially synovial joints), but can lead to long-term inflam-
mation and interstitial lung disease). RA contributes to shortness of breath, chronic 
dry cough, fatigue, weakness and loss of appetite [23]. Environmental and occupa-
tional factors, particularly exposure to dust and/or tobacco smoke, has been found 
to increase risk for RA [24, 25]. This questions the relationship between mucosal 
irritation and inflammation of the joints. RA is more common in women, and is 
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more likely to be diagnosed due to voice or swallow changes due to laryngeal 
involvement. Patients with RA may report globus sensation, hoarseness, dyspnea, 
stridor, dysphagia, odynophonia, and/or odynophagia. Laryngeal findings include 
ankylosis of the cricoarytenoid joint, arytenoid erythema, and rheumatoid nodules 
(“Bamboo nodes”) on vocal folds. There is no cure for RA, and patients with RA 
report frustration with sudden exacerbation of symptoms despite medical manage-
ment. While vocal and respiratory range-of-motion exercises may help access to 
respiratory and laryngeal demands for oral communication, medical management 
and lifestyle accommodations are considered the primary management for RA.

Sarcoidosis is a multisystem autoimmune system disease, more common in 
females aged 20–40 years and more common in African-Americans. When sarcoid-
osis is present in the lungs, there is a persistent cough with shortness of breath, 
wheezing and chest pain. There is no cure, but medical management can be helpful. 
In severe cases, organ transplant may be considered. While breathing resistance 
exercises and physical range-of-motion exercises may produce short-term benefits, 
the chief limitation of inflammation across organs is not easily managed and directly 
impacts access to projected voice and activities of daily living. Sarcoidosis typically 
triggers effortful breathing and phonation, and inflammation may cause reduced 
labial movements for clear speech.

Sclerosis is an autoimmune disease causing skin thickening from excessive col-
lagen production, with fibrosis, blood vessel disease, and inflammation. This dis-
ease is more common among younger males of African-American ethnicity [26]. 
The vast majority of scleroderma patients exhibit abnormal pulmonary function 
testing. Sclerosis may affect numerous organs, but direct involvement of interstitial 
lung disease (ILD) and pulmonary hypertension (PH) is the leading cause of death 
for these patients [27]. Patients with scleroderma are more susceptible to respira-
tory/pulmonary infections and this contributes to morbidity and excess mortality 
[28]. Because of difficulty accessing easy breath management as well as common 
laryngeal findings (inflammation of vocal fold mucosa, submucosal nodules), scle-
rosis patients may present with hoarse voice with reduced projection and endurance. 
Reduced access to normal respiratory function causes shortened communication 
phrases, and a sense of breathlessness. Medical/surgical management is essential in 
these patients, but respiratory and physical exercises can improve some access to 
better respiratory skills.

Sjögren’s syndrome causes dryness of the oral cavity, larynx and eyes, but can 
also trigger interstitial lung disease and overall joint pain. Sjögren’s is a common 
chronic systemic autoimmune disease that affects the exocrine glands necessary for 
healthy tissue. Patients commonly complain of a dry cough, hoarseness, and dry 
eyes. Pulmonary involvement may not be a common initial feature of this disease, 
but is common in later stages, and can be a cause of death [29]. Lung involvement 
is an important prognostic indicator in Sjögren’s. Medications are the common 
management for sicca affecting the mouth, larynx and eyes, but there is hope in the 
future for gene therapy [30]. Dysphonia and vocal fatigue associated with laryngeal 
sicca may be reduced with vocal range-of-motion exercises (improved prosody), but 
lubrication of the tissues remains a key component to successful management.
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Systemic lupus erythematosus (SLE) is more common in women of child- bearing 
age and is a chronic autoimmune disorder that may affect several organs. Patients 
typically report symptoms of arthritis, fever, malaise, and a “butterfly” facial rash, 
and have hoarseness, throat pain, and dyspnea. Patients characteristically experi-
ence periods of remission and relapse. When the disease is active, hyperactivity of 
immune system triggers inflammation, damage to joints, skin, blood, and organs 
(kidneys, heart, lungs). Nielepkowicz-Gozdzinska et al. [31] found a significant dif-
ference in the concentration of interleukin-8 (IL-8) for SLE patients compared to 
healthy control subjects, as well as lower lung capacity in SLE patients due to pul-
monary fibrosis. Management includes immunomodulators (hydroxychloroquine 
and vitamin D), immunosuppressants, avoidance of ultraviolet light, prevention of 
comorbidities, as well as general recommendations on sun protection, diet and 
nutrition, smoking cessation, exercise and appropriate immunization [32, 33]

9.3  Probes for Respiratory Function

9.3.1  Medical Assessment

The gold standard for medical assessment is pulmonary function testing (PFT). A 
spirometer permits measurement or Forced Vital Capacity (FVC) and Forced 
Expiratory Volume in the first second of exhalation (FEV1) which serve as critical 
measures of respiratory function. Reduced FVC is an indicator of pulmonary com-
promise, loss of lung plasticity, and risk to other organs. Reduced FEV1 suggests 
the patient may have difficulty generating sufficient aerodynamic drive to protect 
the airway with cough reflex. Flow volume measures require a pneumotachometer 
which can then determine the lung volumes and capacities during exhalation and 
inhalation. When more information on mechanics of speech respiration are needed, 
more elaborate instrumentation such as volume-pressure body plethysmography, 
body-surface measurements, and strain gauge measures may be indicated. 
Spirometry and Flow Volume measurements assist with assessment of respiratory 
diseases, response to respiratory treatments/therapy, and can serve as baseline mea-
sures for employment examinations. These tests are simple to perform, but the 
equipment does require regular calibration, cleaning/disinfection, and training for 
the examiner to accurately instruct the subject during the pulmonary testing.

Objective respiratory measures compare observed values against predicted val-
ues during the exhalation portion of pulmonary function testing. When %predicted 
falls below 90%, it may warrant further investigation. If the midflow 50% (forced 
expiratory flow from 25% to 75% of the exhalation) falls below 80%, there is con-
cern for underling respiratory disease (COPD) or compromise of respiratory func-
tion (asthma, allergy, recent bronchitis or pneumonia). A flattened inspiratory loop 
is strongly suggestive of a laryngospasm, where the vocal folds fail to remain 
abducted during sudden inhalation.

Aerodynamic measures are valuable to determine efficiency of conversion of 
respiration to phonation. These measures are common in a speech laboratory and 
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allow measurement of subglottal pressure, transglottal flow, and phonation thresh-
old pressure. Reduced subglottal pressure may signal vocal fold weakness. Increased 
transglottal flow is a strong indicator of vocal fold insufficiency (common with 
vocal fold paralysis or presbyphonia). Variable transglottal flow (during sustained 
vowel) suggests loss of steady pressure head (necessary for speech) and also ques-
tions the ability to generate a strong, protective cough. Elevated phonation threshold 
pressure is consistent with vocal fold stiffness and/or vocal fold mass. Although 
maximum phonation time (MPT) does yield some information, a reduced MPT may 
be due to inadequate breath support or laryngeal status. In contrast, exceedingly 
longer MPT signals laryngeal hyperfunction. It is important to determine if deficits 
are due to the respiratory component (lungs) or source subsystem (larynx).

9.3.2  Clinical Assessment

There are some clinical observations however, that can lead the clinician and the 
patient to determine the need for formal testing of respiratory measures. Some 
observations may be tracked by the patient, while others need skills by a trained 
professional.

During calm, slow breathing through the nose (for both inhalation and exhala-
tion), adults who are seated typically use 6–8 breaths/min. Breath rates may increase 
for oral breathing patterns, but a breathing rate of greater than 15 breaths/min and a 
report of shortness of breath warrants investigation. It is not uncommon for patients 
to report dyspnea when they have more than 15 breaths/min using nasal breathing, 
and/or breathing patterns that are more clavicular or thoracic rather than abdominal- 
diaphragmatic. Interestingly, singing activities have been noted to make many 
patients feel “better.” This may be due to the typical length of sung phrases, which 
coaxes the subject into 6–12 breaths/min.

During nasal inhalation, there is increased resistance to the airflow at the filter 
(resonance/articulation) subsystem, which then triggers reduced resistance to air-
flow at the source (laryngeal) subsystem, which then triggers an increased resis-
tance to the airflow in the lower portions of the lung cavity. Understanding the 
change in resistance during inhalation/exhalation can improve breathing skill, as 
well as improving vocal clarity. The subsystems of power, source, and filter work 
together, compensating and balancing the workload.

Use of aerodynamic resistance exercises (see Appendix 1) can be invaluable 
when a patient senses sudden laryngeal closure (laryngospasm, anaphylaxis) or 
when significant shortness of breath arises. Increased resistance during both inhala-
tion and exhalation will reduce laryngeal tension and permit the air to move rather 
than be trapped. Aerodynamic resistance is easily accomplished for many patients 
during nasal breathing, but can also be achieved with deflection of the airflow dur-
ing oral inhalation. Deflection may be achieved through use of a cupped hand, 
finger(s) against the lips, pursed lips, or articulatory postures (such as “f” or “s” 
posture). Use of aerodynamic resistance within the oral cavity can be particularly 
helpful to stop a laryngospasm, or to protect against a sudden odor or airborne 
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debris. Aerodynamic resistance exercises can also strengthen pulmonary drive and 
respiratory control.

Use of the aerodynamic resistance and use of improved balance of posture can 
orient the patient to sensing the lower breath patterns. This can be invaluable for 
patients experiencing dyspnea due to respiratory deficits. Posture, however, remains 
the most contributor to poor breathing patterns.

When the shoulder blades are balanced in a narrower position, the sternum and 
upper thoracic cavity do not compress downward, and the floating ribs are more 
dynamic, allowing for easier breathing. Alexander training [34] focuses on balanced 
posture of the upper and lower torso for both standing and sitting, and can be benefi-
cial for those patients who have difficulty finding a balanced upper torso posture to 
improve access to abdominal-diaphragmatic breathing patterns. Patients who have 
sedentary lifestyle patterns throughout their day, or those who spend a great deal of 
time focusing on computer monitors need improved monitoring of their upper body 
tensions. Use of simple physical stretches (Appendix 2) focused on upper torso 
range-of-motion during the day can improve ease of access to good breath manage-
ment, allowing the “floating ribs” to strengthen. There should be no appreciable 
movement of the shoulders during inhalation or exhalation, but you should see (or 
sense) rib cage expansion and compression.

During inhalation, there should be no audible breath noises (stridor). Audible 
stridor suggests the need to rule out obstruction and/or glottic flaccidity.

During exhalation, there should be adequate conversion of respiration to phona-
tion to permit speaking the numbers 1–20 on one breath when using a fairly rapid 
rate of speech. Similarly, adults should be able to sustain “ah” at a comfortable pitch 
and loudness level for a minimum of 15 s. Deficits in either of these probes suggest 
the need for laryngeal examination, and to rule out glottic incompetence from vocal 
fold immobility or a vocal fold mass.

Any sudden change in respiratory skill, phonatory skill, or access to resonance 
warrants medical evaluation. Likewise, increased effort in access to any subsystem 
is of concern, whether sudden or gradual. Through responsible self-monitoring of 
function on the part of the individual, and regular annual medical assessments, 
respiratory skills vital for multisystem health and adequate access to functional 
communication can be achieved and maintained throughout the lifespan.

9.4  Exercises to Optimize Breath Management

Physical stretches are typically the first series of exercises to improve breath control, 
and allow the individual to explore an improved respiratory pattern. Physical exercises 
may encourage respiration to be more clavicular or thoracic, but optimum speech and 
singing requires abdominal-diaphragmatic breathing patterns. Some occupations 
(Broadway performers) require the individual to be able to quickly change from 
dynamic physical tasks (dancing, choreography) to delicate subsystem coordination 
for singing and speaking. This requires a rapid reset of breathing patterns, but the 
amount of rib cage vs. abdominal excursion does vary by body type [35]. Physical 
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stretches gently explore range-of-motion (ROM) of the upper torso, allowing the indi-
vidual to find the balance for their specific body type.

Respiratory drive and access to quick inhalation and exhalation can be explored 
with panting exercises. The simple /p/−50 panting exercise tasks the individual with 
a single unvoiced “p” (/ph/) with a small inhalation prior to each “p,” with 50 repeti-
tions. Following the initial warm-up of 50 quick pursed exhalations, the exercise 
goes immediately into a “p”–“la” sequence for 45 s, with the unvoiced strong “p” 
preceding a random pitched moderately soft, short in duration, sung “la,” incorpo-
rating the full vocal range (chest voice to falsetto). This exercise requires a fair 
degree of coordination with the strong unvoiced “p” and then a moderately soft 
sung “la.”

A more elaborate and lengthy exercise is the DEVT Panting exercise, [36] where 
the individual sings a short vowel (/i,e,a,o,u/) followed by 3 exhale/inhale pantings 
and continues through a series of other vowels before singing a 5-note ascending- 
descending scale using staccato, legato and marcato patterns. The DEVT panting 
exercise requires dynamic respiratory exchange (exhale, inhale) surrounding deli-
cate phonation control patterns.

Vibration therapy (Lip flutters, tongue trills, Lax Vox, Straw phonation) has been 
used for decades to improve subsystem coordination and balance resistive forces, 
particularly during voicing. Many of these exercises can be adapted to target only 
the respiratory system however. Lip flutters (a.k.a. tongue trills or “raspberries”) 
and tongue trills (the rolled “r”) may be done unvoiced, using only respiratory drive. 
With change of loudness in an unvoiced manner, breath support is strengthened.

Lax Vox (water-resistance therapy) and straw phonation may also be performed 
in an unvoiced manner [37, 38]. Both Lax Vox and Straw phonation use a straw to 
extend the vocal tract, causing the individual to use increased breath support. Most 
patients start with a 5 mm straw (children use a smaller diameter straw, and shorter 
length straw) and adapt to the size that creates the best respiratory drive and subsys-
tem coordination. During Lax Vox, the straw is immersed into water (typically 5 cm 
water depth immersion), which causes the patient to use stronger respiratory drive, 
and the straw diameter limits the amount of air flow, as the “bubbles” are sustained 
over a period of several minutes. Anecdotally, it is important to avoid straw exer-
cises in patients with micrognathia since they often extend the mandible to hold the 
straw in the bilabial position, causing muscle tension. Most patients however find 
marked improvement in voice quality and awareness of breath support throughout 
the vocal range with use of straw exercises.

9.5  Summary

Respiratory skill forms the basis for overall health as well as the ability to commu-
nicate needs and wants. Deficits in access to necessary respiration may arise from 
disease states, posture changes, or deconditioning following a medical event. 
Respiratory volumes are influenced by age, sex, height, and body type. Monitoring 
of respiratory function may be a vital indicator for prognosis in a disease state. 
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While use of some respiratory exercises can help individuals with dyspnea, medical 
evaluation and care is vital, and team management is often essential for best 
outcomes.

 Appendix 1: Aerodynamic Resistance Exercises

These exercises can be performed while sitting or standing.
Breathe in/out, slowly, trying to use 5–10 beats for inhalation and 5–10 beats for 

exhalation, with 2  cycles during each probe. You should sense the breath being 
driven low into the lung cavity. Avoid “starving” yourself for the breath, but seek to 
trust the breath as it fills and empties the lungs. Observe the sensations in the side 
ribs and lower ribs, as well as the sensation in the larynx.

Posture 1: cupped hand over mouth and nose (fingers tightly together, creating 
firm seal over mouth and nose).

Posture 2: pursed lips with three fingers (held together) occluding the lips.
Posture 3: pursed lips with two fingers (held together) occluding the lips (fake 

cigarette position).
Posture 4: pursed lips with one finger occluding the lips.
Posture 5: pursed, puckered lips (similar to sipping a thick shake or sucking 

spaghetti).
Posture 6: “f” position (upper teeth contacting lower lip).
Posture 7: tongue tip up behind upper front teeth, mouth fairly closed (“seething” 

position).
Determine the two posture resistance strategies that work the best for you each 

day. Use those two postures every 2–3 h, using five breath cycles for each posture.
Note: If you have a diagnosis of laryngospasm, do not pause at the end of the 

exhalation. If you have a diagnosis of chronic cough, do not pause at the top of the 
inhalation.

 Appendix 2: Physical Stretches: Perform While Standing

 1. Arching: Extend right arm and arc to opposite side (right arm extended, leaning 
over left shoulder, with body bent toward the left), and take a slow breath to 
maximally expand the right rib cage. Repeat, taking two breath inhalations with 
each arc position. Then change to opposite arc, expanding the left rib cage. 
Repeat sequence three to four times.

 2. Hangman: With arms extended and forearms at right angles (like a hangman), 
inhale and try to maximally expand movement in the front upper chest. Exhale 
as you bring forearms together in front of you, letting upper chest cave in a bit. 
Repeat 4×, then relax the shoulder joints. Now, reverse the inhale/exhale posture. 
With forearms together in front (bend slightly forward so that your back will be 
slightly rounded), take a breath and maximally expand upper back region. Exhale 
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as you bring your arms outward and open upper chest forward (like a hangman). 
Repeat 4 times.

 3. Ragdoll: Place hands at waist, thumbs forward and fingers touching posterior rib 
region, and bend over. Take a slow full breath, driving the breath into your hands 
(not up your back), and then hold the full inhalation for a few beats. Exhale and 
feel the ribs come inward. Repeat. When breath expansion feels secure in that 
position, while holding the breath at full inhalation, change posture to one that is 
closer to regular standing position. Exhale and repeat. Continue until standing 
upright. Take breath while standing straight, still feeling lower posterior rib 
expansion with breath.

 4. Discus Gumby: Twist to the left, extending arms behind you: inhale. Sense the 
transverse and lateral expansion. Repeat. Twist to the right, extending arms 
behind you: inhale. Repeat. Repeat sequence 3 – 4 times.

 5. Figure 8s: Place fists on shoulders, elbows forward; using elbows as “paint-
brush,” trace the number “8” high, wide and high/low, with 4 tracings clockwise, 
and 4 tracings counter-clockwise. Then stand, place hand at waist thumbs for-
ward, and sense expansion into your hands.

References

 1. Chatterjee P, Bandyopadhyay A, Chatterjee P, Nandy P. Assessment and comparative analy-
sis of different lung capacities in trained athletes according to somatotype. Am J Sports Sci. 
2019;7(2):72–7. https://doi.org/10.11648/j.ajss.20190702.14.

 2. Supinski GS, Clary SJ, Bark H, Kelsen SG. Effect of inspiratory muscle fatigue on perception 
of effort during loaded breathing. J Appl Physiol. 1987;62(1):300–7. https://doi.org/10.1152/
japp.1987.62.1.300.

 3. Suzuki S, Suzuki J, Ishii T, Akahori T, Okubo T.  Relationship of respiratory effort sensa-
tion to expiratory muscle fatigue during expiratory threshold loading. Am Rev Respir Dis. 
1992;145(2 Pt 1):461–6. https://doi.org/10.1164/ajrccm/145.2_Pt_1.461.

 4. Tiller NB, Turner LA, Taylor BJ. Pulmonary and respiratory muscle function in response to 
10 marathons in 10 days. Eur J Appl Physiol. 2019;119(2):509–18. https://doi.org/10.1007/
s00421- 018- 4037- 2.

 5. Dempsey JA, Babcock MA. An integrative view of limitations to muscular performance. Adv 
Exp Med Biol. 1995;384:393–9. https://doi.org/10.1007/978- 1- 4899- 1016- 5_31.

 6. McKenzie DK, Bellemare F. Respiratory muscle fatigue. Adv Exp Med Biol. 1995;384:401–14. 
https://doi.org/10.1007/978- 1- 4899- 1016- 5_32.

 7. DelGaudio JM.  Steroid inhaler laryngitis: dysphonia caused by inhaled fluticasone ther-
apy. Arch Otolaryngol Head Neck Surg. 2002;128(6):677–81. https://doi.org/10.1001/
archotol.128.6.677.

 8. Li X, Ma X.  Acute respiratory failure in COVID-19: is it “typical” ARDS? Crit Care. 
2020;24(1):198. https://doi.org/10.1186/s13054- 020- 02911- 9.

 9. Pérez CA. Looking ahead: the risk of neurologic complications due to COVID-19. Neurol Clin 
Pract. 2020;10(4):371–4. https://doi.org/10.1212/CPJ.0000000000000836.

 10. Lechien JR, Chiesa-Estomba CM, Cabaraux P, et al. Features of mild-to-moderate 
COVID-19 patients with dysphonia [published online ahead of print, 2020 Jun 4]. J Voice. 
2020;S0892-1997(20)30183–1. https://doi.org/10.1016/j.jvoice.2020.05.012.

L. Carroll

https://doi.org/10.11648/j.ajss.20190702.14
https://doi.org/10.1152/japp.1987.62.1.300
https://doi.org/10.1152/japp.1987.62.1.300
https://doi.org/10.1164/ajrccm/145.2_Pt_1.461
https://doi.org/10.1007/s00421-018-4037-2
https://doi.org/10.1007/s00421-018-4037-2
https://doi.org/10.1007/978-1-4899-1016-5_31
https://doi.org/10.1007/978-1-4899-1016-5_32
https://doi.org/10.1001/archotol.128.6.677
https://doi.org/10.1001/archotol.128.6.677
https://doi.org/10.1186/s13054-020-02911-9
https://doi.org/10.1212/CPJ.0000000000000836
https://doi.org/10.1016/j.jvoice.2020.05.012


143

 11. Li Y, He F, Zhou N, Wei J, Ding Z, Wang L, et al. Organ function support in patients with 
coronavirus disease 2019: Tongji experience. Front Med. 2020;14(2):232–48. https://doi.
org/10.1007/s11684- 020- 0774- 9.

 12. Hardin M, Silverman EK. Chronic obstructive pulmonary disease genetics: a review of the past 
and a look into the future. Chronic Obstr Pulm Dis. 2014;1(1):33–46. https://doi.org/10.15326/
jcopdf.1.1.2014.0120.

 13. Wada N, Fukunaga K, Obata T, Saito Y, Tamaki H, Kobayashi S, Ka et al. [The respiratory 
function in children with collagen disease]. Rymachi. 1991;31(5):488–92.

 14. Tachikawa R, Tomii K, Ueda H, Nagata K, Nanjo S, Sakurai A, et al. Clinical features and 
outcome of acute exacerbation of interstitial pneumonia: collagen vascular diseases-related 
versus idiopathic. Respiration. 2012;83(1):20–7. https://doi.org/10.1159/000329893.

 15. Nagao T, Nagai S, Kitaichi M, Hayashi M, Shigematsu M, Tsutsumi T, et al. Usual intersti-
tial pneumonia: idiopathic pulmonary fibrosis versus collagen vascular disease. Respiration. 
2001;68(2):151–9. https://doi.org/10.1159/000050485.

 16. Richardson AE, Warrier K, Vyas H.  Respiratory complication of the rheumatological dis-
eases in childhood. Arch Dis Child. 2016;101(8):752–8. https://doi.org/10.1136/archdischild-  
2014- 306049.

 17. Grzywa-Celinska A, Dyczko M, Rekas-Wojcik A, Szmygin-Milanowska K, Witczak A, 
Ostrowski S, et al. [Ventilatory disorders in patients with chronic heart failure]. Pol Merkur 
Lekarski. 2015;39(232):248–50.

 18. Vitali C, Viegi G, Tassoni S, Tavoni A, Paoletti P, Bibolotti E, et  al. Lung function abnor-
malities in different connective tissue diseases. Clin Rheumatol. 1986;5(2):181–8. https://doi.
org/10.1007/BF02032355.

 19. Dong X, Zheng Y, Wang L, Chen WH, Zhang YG, Fu Q. Clinical characteristics of autoim-
mune rheumatic disease-related organizing pneumonia. Clin Rhuematol. 2018;37(4):1027–35. 
https://doi.org/10.1007/s10067- 017- 3694- 6.

 20. Maclean J, Singh RB, Sayeed ZA. Polymyositis presenting with respiratory failure. Indian J 
Chest Dis Allied Sci. 2011;53(4):229–31.

 21. Belafsky PC, Mims JW, Postma GN, Koufman JA. Dysphagia and aspiration secondary to 
polymyositis. Ear Nose Throat J. 2002;81(5):316.

 22. Ji S, Zeng F, Guo Q, Tan G, Tang H, Luo Y, et al. Predictive factors and unfavourable prog-
nostic factors of interstitial lung disease in patients with polymysitis or dermatomyositis: a 
retrospective study. Chin Med J (Eng). 2010;123(5):517–22.

 23. Demoruelle MK, Solomon JJ, Fischer A, Deane KD. The lung may play a role in the pathogen-
esis of rheumatoid arthritis. Int J Clin Rheumtol. 2014;9(3):295–309. https://doi.org/10.2217/
ijr.14.23.

 24. Klareskog L, Padyukov L, Ronnelid J, Alfresson L.  Genes, environment and immunity in 
the development of rheumatoid arthritis. Curr Opin Immunol. 2006;18(6):650–5. https://doi.
org/10.1016/j.coi.2006.06.004.

 25. Klareskog L, Stolt P, Lundberg K, Kallberg H, Bengtsson C, Grunewald J, et al. A new model 
for an etiology of rheumatoid arthritis: smoking may trigger HLA-DR (shared epitope)-
restricted immune reactions to autoantigens modified by citrullination. Arthritis Rheum. 
2006;54(1):38/46. https://doi.org/10.1002/art.21575.

 26. Steen VD, Conte C, Owens GR, Medsgeer TA. Severe restrictive lung disease in systemic 
sclerosis. Arthritis Rheum. 1985;37:1283–9. https://doi.org/10.1002/art.1780370903.

 27. Solomon JJ, Olson AL, Fischer A, Bull T, Brown KK, Raghu G. Scleroderma lung disease. Eur 
Respir Rev. 2013;22(127):6–19. https://doi.org/10.1183/09059180.00005512.

 28. Tyndall AJ, Bannert B, Vonk M, Airo P, Cozzi F, Carreira PE, et  al. Causes and risk fac-
tors for death in systemic sclerosis: a study from the EULARR Scleroderma Trials and 
Research (EUSTAR) database. Ann Rhuem Dis. 2010;69:1809–15. https://doi.org/10.1136/
ard.2009.114264.

 29. Palm O, Garen T, Berge Enger T, Jensen JL, Lund M-B, Aaløkken TM, et al. Clinical pulmo-
nary involvement in primary Sjogren’s syndrome: prevalence, quality of life and mortality—a 

9 Respiratory Dynamics: Function and Breath Management

https://doi.org/10.1007/s11684-020-0774-9
https://doi.org/10.1007/s11684-020-0774-9
https://doi.org/10.15326/jcopdf.1.1.2014.0120
https://doi.org/10.15326/jcopdf.1.1.2014.0120
https://doi.org/10.1159/000329893
https://doi.org/10.1159/000050485
https://doi.org/10.1136/archdischild-2014-306049
https://doi.org/10.1136/archdischild-2014-306049
https://doi.org/10.1007/BF02032355
https://doi.org/10.1007/BF02032355
https://doi.org/10.1007/s10067-017-3694-6
https://doi.org/10.2217/ijr.14.23
https://doi.org/10.2217/ijr.14.23
https://doi.org/10.1016/j.coi.2006.06.004
https://doi.org/10.1016/j.coi.2006.06.004
https://doi.org/10.1002/art.21575
https://doi.org/10.1002/art.1780370903
https://doi.org/10.1183/09059180.00005512
https://doi.org/10.1136/ard.2009.114264
https://doi.org/10.1136/ard.2009.114264


144

retrospective study based on registry data. Rheumatology (Oxford). 2013;52(1):173–9. https://
doi.org/10.1093/rheumatology/kes311.

 30. Mavragani CP, Moutsopoulos NM, Moutsopoulos HM. The management of Sjogren’s syn-
drome. Nat Clin Pract Rheumatol. 2006;2(5):252–61. https://doi.org/10.1038/ncprheum0165.

 31. Nielepkowicz-Gozdzinska A, Fendler W, Robak E, Kulczycka-Siennicka L, Gorski P, Pietras 
T, et al. Exhaled IL-8 in systemic lupus erythematosus with and without pulmonary fibrosis. 
Arch Immunol Ther Exp. 2014;62(3):231–8. https://doi.org/10.1007/s00005- 014- 0270- 5.

 32. Fava A, Petri M.  Systemic lupus erythematosus: diagnosis and clinical management. 
Autoimmunity. 2019;96:1–13. https://doi.org/10.1016/j.jaut.2018.11.001.

 33. Fortuna G, Brennan MT. Systemic lupus erythematosus: epidemiology, pathophysiology, man-
ifestations, and management. Dent Clin N Am. 2013;57(4):631–55. https://doi.org/10.1016/j.
cden.2013.06.003.

 34. Alexander FM. The use of self. London: Methuen; 1932.
 35. Hoit JD, Hixon TJ. Body type and speech breathing. J Speech Hear Res. 1986;29(3):313–24. 

https://doi.org/10.1044/jshr.2903.313.
 36. Carroll LM. The role of the voice specialist in the non-medical management of benign voice 

disorders. In: Rubin J, Sataloff RT, Korovin GS, editors. Diagnosis and treatment of voice 
disorders. 2nd ed. Clifton Park, NY: Delmar Learning; 2003.

 37. Mailander E, Muhre L, Barsties B. Lax Vox as a voice training program for teachers: a pilot 
study. J Voice. 2017;31(2):262.e13–22. https://doi.org/10.1016/j.jvoice.2016.04.011.

 38. Guzman M, Laukkanen AM, Krupa P, Horacek J, Svec J, Geneid A. Vocal tract and glottal func-
tion during and after vocal exercising with resonance tube and straw. J Voice. 2013;27(4):523.
e19–34. https://doi.org/10.1016/j.jvoice.2013.02.007.

L. Carroll

https://doi.org/10.1093/rheumatology/kes311
https://doi.org/10.1093/rheumatology/kes311
https://doi.org/10.1038/ncprheum0165
https://doi.org/10.1007/s00005-014-0270-5
https://doi.org/10.1016/j.jaut.2018.11.001
https://doi.org/10.1016/j.cden.2013.06.003
https://doi.org/10.1016/j.cden.2013.06.003
https://doi.org/10.1044/jshr.2903.313
https://doi.org/10.1016/j.jvoice.2016.04.011
https://doi.org/10.1016/j.jvoice.2013.02.007


145© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
R. L. Bard (ed.), Image-Guided Management of COVID-19 Lung Disease, 
https://doi.org/10.1007/978-3-030-66614-9_10

A. N. Hasan (*) 
Division of Bone Marrow Transplantation, Memorial Sloan Kettering Cancer Center,  
New York, NY, USA
e-mail: hasana@mskcc.org

10Respiratory Disease with SARS-COV2 
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10.1  Etiologic Agent, Disease Burden, Transmission, 
and Clinical Course

The outbreak of coronavirus disease 2019 (COVID-19) due to SARS-CoV-2 infec-
tion, with initial cases described in China, has now spread to over 180 countries 
worldwide since January 2020. The World Health Organization (WHO) declared 
COVID-19 a pandemic on March 11, 2020 [1].

As of April 30th, globally 3,759,967 cases and 259,474 deaths due to COVID 19 
have been reported. The US has reported 1,248,040 confirmed cases and 75,477 
deaths as of May 8th, and the rates of infection continue to rise in parts of the 
country.

SARS-CoV-2 is a single stranded RNA virus belonging to the betacoronavirus 
genus, and has 79% genetic homology to the closely related human coronavirus 
SARS-CoV, and 98% homology to bat coronavirus RaTG13 [2]. Bats and birds 
serve as the typical coronavirus hosts, with zoonotic spread and a long-documented 
history of animal-animal-human transmission [3]. In humans, three pathogenic 
coronaviruses (severe acute respiratory syndrome coronavirus (SARS-CoV), 
Middle East respiratory syndrome coronavirus (MERS-CoV) and SARS-CoV-2) 
can replicate in the lower respiratory tract and cause pneumonia, which can be fatal.

Like the other respiratory coronaviruses, SARS-CoV2 is transmitted primarily 
via aerosolized respiratory droplets, or direct contact through droplets deposited on 
surfaces, with a possible, but unproven, fecal–oral transmission route [3].

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-66614-9_10&domain=pdf
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10.2  Pathogenesis and Clinical Course

10.2.1  Viral Entry Through Cell Surface ACE-2 Receptor 
and Predilection for Respiratory Infection

The envelope of the SARS-CoV-2 virus is covered by a surface glycoprotein layer, 
giving it the characteristic corona appearance on electron microscopy [2]. The 
peplomers within the glycoprotein layer are known as spike proteins, or S protein, 
which are likely responsible for the tropism displayed by the virus, as it only engages 
with specific cell surface receptors; the host cell ACE2 [4]. Previous work on SARS- 
CoV has established that the virus gains entry into host cells by engaging with the 
target receptor; the angiotensin-converting enzyme 2 (ACE2). Binding of the virus 
to a host cell through its target receptor ACE2 is the first step in SARS-Cov2 infec-
tion. The virus specifically infects the respiratory tract epithelium since these cells 
express the target receptor ACE2. The virus enters the airway and alveolar epithelial 
cells, lung macrophages, and vascular endothelial cells by binding to ACE 2 
expressed on the cell surface. SARS-Cov2 is a cytopathic virus which induces death 
and injury of virus-infected cells as part of the virus replicative cycle [5].

Infection with the SARS-CoV-2 induces an aggressive inflammatory response, 
which is characterized by release of inflammatory cytokines, elevated acute phase 
reactants and a cytokine release syndrome (CRS) clinically marked by high fevers, 
hypoxemia, and hemodynamic instability [6]. This acute inflammation and CRS has 
been strongly implicated in the resulting damage to the airways [7]. Viral entry 
activates the targeted resident alveolar macrophages, which then initiates a cascad-
ing inflammatory response (Fig. 10.1), that culminates into pathological changes 
creating ARDS [8]. Activated resident alveolar macrophages leads to release of 
potent proinflammatory mediators and chemokines which facilitate the accumula-
tion of neutrophils and monocytes. Activated neutrophils further contribute to injury 
of lung tissue by releasing toxic mediators. The resulting injury disrupts the barrier 
function of the alveolar epithelium, and also leads to interstitial and intra alveolar 
flooding. Tumor necrosis factor (TNF)–mediated expression of tissue factor pro-
motes platelet aggregation and microthrombus formation, as well as intraalveolar 
coagulation and hyaline-membrane formation [8] (Table 10.1).

The degree of inflammation is dependent on the host immune response to viral 
infection, which determines the severity of respiratory disease.

In addition, after SARS-CoV-2 infection, the ACE 2 expression is reduced in infected 
lung epithelium. Since loss of pulmonary ACE2 function is associated with acute lung 
injury, virus-induced ACE2 downregulation may be critical for disease pathology [10].

10.2.2  Role of ACE 2 Expression in Other Vital Organs in Overall 
Severity of Infection

The ACE2 receptor, which is the main binding site for SARS-CoV-2, is also 
expressed in the kidney, potentially higher than the lungs [11]. ACE 2 is also 
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Fig. 10.1 Infection-induced pathogenesis of lung Inflammation and progression to exudative 
ARDS (L = healthy Lung, R = ARDS). (Adopted from: B. Taylor Thompson et al. N Engl J Med 
2017;377:562–72)

Table 10.1 Pneumonia severity index (American Thoracic Society) [9]

Minor criteria Respiratory rate ≥30 breaths/min

Pa FIO O2 2
/ ≤250

Multilobar infiltrates ✓
Confusion/disorientation ✓
Uremia (BUN level) ≥20 mg/dL
Leukopenia (WBC) <4000 cells/μL
Thrombocytopenia (platelet count) <100,000/μL
Hypothermia (core temperature) <36 °C

Major criteria Hypotension Requiring aggressive fluid resuscitation
Septic shock With need for vasopressors
Respiratory failure Requiring mechanical ventilation
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involved in regulation of the renin-angiotensin system (RAS). The cytopathic effects 
instigated by the virus in the kidney tubules, and reduction in ACE2 function after 
viral infection could result in a dysfunction of the RAS, which can enhance airway 
inflammation and vascular permeability by influencing blood pressure and fluid/
electrolyte balance. Concurrent vascular damage mediated by direct cytopathic 
viral invasion of the endothelial cells, can further perpetuate and intensify the ongo-
ing inflammatory cascade.

Inflammation resulting from the viral infection can also lead to small vessel 
microangiopathy that can directly cause myocardial injury that mimics myocardial 
infarction [12].

Overall, concurrent intra alveolar inflammation, with increased vascular perme-
ability, and increased cardiac preload due to myocardial injury lead to fluid over-
loaded lungs with severely limited respiratory gas exchange leading to ARDS.

10.2.3  Inflammatory Immunopathogenesis and Coagulopathies

SARS-CoV-2 infection is a cytopathic virus, which triggers an immune response 
upon invasion into the cell. Although this process is capable of resolving the infec-
tion in most cases, an occasional dysfunctional immune response can cause severe 
respiratory and even systemic pathology. In severe cases, catastrophic outcomes 
result from an intense surge of systemic immune-inflammation. This highly inflam-
matory form of programmed cell death due to the cytopathic effects of the virus is 
called pyroptosis, and when it occurs in lung epithelial cells, the resulting immune 
response leads to recruitment of macrophages and monocytes, release of cytokines 
and priming of adaptive T and B cell immune responses [13]. IL-1β, an important 
cytokine released during pyroptosis, is elevated during SARS-CoV-2 infection.

In a proportion of patients, coagulation abnormalities develop from the profound 
inflammatory response with SARS-Cov-2 infection. In the early phases of infection, 
these COVID-19 associated coagulopathies consist of isolated test abnormalities 
and do not satisfy true criteria of a clinical coagulopathy where impaired ability to 
clot results in bleeding. The typical abnormalities in early infection include elevated 
D-dimer and fibrin degradation products, while abnormalities in prothrombin time, 
partial thromboplastin time, and platelet counts only occur later with further clinical 
deterioration. In a recent series from china of severely ill ICU patients, factors asso-
ciated with mortality were increasing D-dimer (>1), lymphopenia, and renal dys-
function, with evidence of DIC [14].

Patients with severe COVID-19 disease admitted to the ICU have been reported 
to have a higher incidence of venous thromboembolism (VTE) despite standard 
VTE prophylaxis, compared to historic ICU rates. In a French study of 195 ICU 
admitted patients with ARDS, there was a significantly higher incidence of life- 
threatening venous thromboembolism (16.7%) in COVID-19 positive patients com-
pared to non-COVID patients. Among the thrombotic complications, pulmonary 
embolism was the most commonly observed [15], with an incidence ranging from 
11.7% to 20.6% vs. 2.1% to 6.1% in non-COVID patients [16].
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10.2.4  End Organ Damage with Evidence 
of Complement Activation

In severe disease with vascular compromise from microangiopathy, autopsy exami-
nations have demonstrated manifestations of microangiopathy in several organ sys-
tems, such as the spleen with splenic infarctions, cardiac muscle, as well as cerebral 
infarctions.

Recent clinical and autopsy reports of COVID-19 from China and the United 
States confirm increased clotting and disseminated intravascular coagulation with 
small vessel thrombosis and pulmonary infarction.

10.2.5  Clinical Symptoms and Signs

The median incubation period for SARS-Cov2 is approximately 4–5 days before 
evidence of clinical symptoms [2, 17, 18], and the vast majority of symptomatic 
patients manifest symptoms within 10–12 days of infection [18–20].

Infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
in humans is associated with a broad spectrum of clinical respiratory syndromes, 
ranging from mild upper airway symptoms to progressive life-threatening viral 
pneumonia [19, 20].

Patients with coronavirus disease 2019 (COVID-19) present with clinical symp-
toms of lower respiratory tract illness with fever, dry cough, and dyspnea. The clini-
cal features in patients confirmed to be infected with SARS-CoV-2 include lower 
respiratory tract illness with fever, dry cough, and dyspnea [21–23], a manifestation 
similar to those of two other diseases caused by coronaviruses, severe acute respira-
tory syndrome (SARS) and Middle East respiratory syndrome (MERS) [24, 25]. 
Typically at the point of hospital admission, patients may also experience difficulty 
in breathing, muscle and/or joint pain, headache/dizziness, diarrhea, nausea, and the 
coughing up of blood [26–28]. Hypoxic respiratory failure and pneumonia coinfec-
tion have been the most common acute medical conditions during hospitalization 
[29]. In severe cases, labored breathing develops with progressive hypoxemia 
necessitating mechanical ventilatory support. Approximately 20–30% of cases with 
lower respiratory tract infection, may progress to develop acute respiratory distress 
syndrome (ARDS) [8], on average around 8–9 days after symptom onset [12, 23]. 
ARDS in severe COVID-19 disease is characterized by difficulty in breathing with 
poor alveolar oxygen exchange manifesting as low blood arterial oxygen saturation, 
progressing to ineffective gas exchange and requiring mechanical ventilation [30].

Some patients may succumb to secondary bacterial and fungal infections. ARDS 
may also directly cause respiratory failure, which is the cause of death in 70% of 
fatal COVID-19 cases [29, 30].

The immune response to the viral infection or secondary infection results in mas-
sive release of cytokines by the immune system causing a cytokine storm with clini-
cal symptoms of sepsis that are the cause of death in 28% of fatal COVID-19 cases. 
In such cases, the uncontrolled inflammation cascades into multi- organ damage 
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leading to organ failure, especially of the cardiac, hepatic and renal systems. 
Majority of SARS-CoV infected patients who progressed to renal failure eventually 
died [31].

In severe disease with vascular compromise from microangiopathy, patients may 
present with symptoms of loin pain and hematuria suggesting renal infarction, or 
with blood in the sputum [16], or symptoms of stroke [14]. The data indicates that 
elevated D-dimer and low platelet levels are correlated with worse Outcomes [32].

10.3  Clinical Assessment

Initial evaluation of patients is guided by clinical symptoms as well as the index of 
suspicion for complications based on the known pathophysiology of disease.

In addition to vital signs, a baseline assessment of respiratory status should be 
performed including oropharyngeal examination, chest examination including aus-
cultation, pulse oximetry, and samples should be obtained for a respiratory viral 
panel [9].

Frequent laboratory abnormalities with SARS-CoV-2 include leukopenia and 
thrombocytopenia with elevated levels of creatinine, aminotransaminases, and markers 
of inflammation [9, 22]. The baseline laboratory evaluation should therefore include a 
complete blood count with differential, electrolytes, transaminases, LDH, and acute 
phase reactants such as CRP, ferritin. In sicker patients, a sepsis workup is warranted 
with blood and sputum cultures as well as venous lactate level and procalcitonin [27, 
29]. Inflammatory markers may also be included in the baseline workup including IL-6 
(if available) and an ESR to serve as a guide for follow up (see Table 10.2).

10.3.1  Imaging

Radiographic evaluation of the chest is warranted in symptomatic patients. A chest 
CT should be performed in patients presenting with a high fever suspected to have 

Table 10.2 The calculator of CALL 
points [33]

Comorbidity
Without 1
With 4
Age (years)

≤60 1

>60 3
Lymphocyte (×109/L)
>1.0 1

≤1.0 3

LDH (U/L)

≤250 1

250–500 2
>500 3
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SARS-CoV-2, and in patients with respiratory symptoms and hypoxemia. In the 
largest reported series of COVID 19 pneumonia [34], all patients had abnormal CT 
imaging features, and the most common symptoms at onset were fever (73%) and 
dry cough (59%). Therefore, CT is important in the diagnosis and treatment of 
COVID-19 pneumonia, and the reported imaging features for this disease are 
diverse, ranging from normal appearance to diffuse changes in the lungs. Early rec-
ognition of the disease is essential for the management of these patients because the 
time between onset of symptoms and the development of acute respiratory distress 
syndrome (ARDS) can be as short 8–10  days among the initial patients with 
COVID-19 pneumonia. In addition, different radiological patterns are observed at 
different times throughout the disease course.

In order to facilitate early diagnosis of this newly emerging, life-threatening 
infection Shi et al. analyzed the evolution of chest CT imaging features in patients 
with COVID-19 pneumonia, and compared the imaging findings across the disease 
course [34]. Patients were grouped into 4 categories based on the time interval 
between onset of symptoms and the CT scan: CT scan before symptom onset (group 
1); ≤1 week after symptom onset (group 2); >1 to 2 weeks after symptom onset 
(group 3); and >2 weeks to 3 weeks after symptom onset (group 4). All patients 
imaged had abnormal CT scans, and although all lung segments can be involved, 
there was a slight predilection for the right lower lobe. Bilateral lung involvement 
was observed in 79% of the patients and 44% of patients had diffuse pattern of 
involvement on scans. The most common patterns seen on chest CT were ground- 
glass opacities (65%), with ill-defined margins (81%), and importantly, specific CT 
findings were observed during different phases of disease progression. In the earli-
est, preclinical stage, CT findings comprised unilateral and multifocal (60%) 
ground-glass opacification, and rarely included septal or pleural thickening, nod-
ules, cystic changes, pleural effusion, or lymphadenopathy. After the first week of 
symptom onset, CT lesions progressed to bilateral and diffuse lung involvement, but 
maintained the appearance of ground-glass opacity. At this stage, pleural effusion 
and lymphadenopathy could be detected. In the second week, as the disease pro-
gressed, the pattern of ground-glass opacity remained the predominant CT finding; 
however, consolidation patterns were also observed. In the third week after symp-
tom onset, ground-glass opacities and reticular patterns constituted the predominant 
imaging patterns, while thickening of the adjacent pleura, bronchiectasis, pleural 
effusions and lymphadenopathy could also be seen at this stage.

Figure 10.2 shows representative CT images of early pulmonary infection (a) 
and progression of COVID 19 pneumonia (b), (c) and (d).

In terms of laboratory parameters, patients with subclinical pneumonia (group 1) 
had significantly lower mean concentrations of C-reactive protein (6.9  mg/L, 
p = 0.0051) and aspartate aminotransferase (30.2 U/L, p = 0.0026) than patients 
with clinical manifestations of pneumonia (groups 2–4).

Identifying risk factors at presentation that predict the likelihood of disease pro-
gression would help the physicians to decide which group of patients can be man-
aged safely at district hospitals and who needs early transfer to tertiary centers. Age, 
comorbidities, lymphopenia, serum ferritin, D-dimer levels, cardiac troponin I, 
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lactate dehydrogenase, IL-6, subsets had been shown to be associated with poor 
prognosis and increased mortalities [22, 35, 36].

Overall, initially, patients with COVID-19 in the ICU develop increased alve-
olar capillary permeability and subsequent interstitial edema. The presence of 
edema is illustrated by ground-glass opacities of the lung parenchyma on lung 
CT.  Postmortem examination of patients with COVID 19 pneumonia, showed 
patchy involvement of the lungs on macroscopic examination, with congested 
and edematous lungs. Histological examination further revealed features sugges-
tive of exudative and early or intermediate proliferative phases of diffuse alveo-
lar damage (Fig. 10.3), with focal patterns of interstitial pneumonia (inflammatory 
lymphomonocytic infiltrate alongside thickened interalveolar septa), organizing 
pneumonia (alveolar loose plugs of fibroblastic tissue), and acute fibrinous orga-
nizing pneumonia (some alveolar spaces containing granulocytes and fibrin) 
[37]. Strikingly, there has not been any evidence of fibrotic phase of diffuse 
alveolar damage, such as mural fibrosis and microcystic honeycombing, 

a b

c d

Fig. 10.2 Transverse thin-section CT scans in patients with COVID-19 pneumonia. (a) Focal 
ground-glass opacity associated with septal thickening in the right lower lobes. (b) Bilateral, 
peripheral ground-glass opacity associated with septal thickening (crazy-paving pattern). (c) 
Bilateral and peripheral predominant consolidation pattern with a round cystic change internally 
(arrow). (d) Bilateral, peripheral mixed pattern associated with air bronchograms in both lower and 
upper lobes, with a small amount of pleural effusion (arrows). (Shi, H et al. Lancet Infect Dis 
2020;20:425–34)
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suggesting that patients typically do not progress to the fibrotic phase, possibly 
because of the short duration of the disease compared to long standing COPD 
or BOOP.

If patients require mechanical ventilation, oxygenation improves following 
prone positioning, higher PEEP, and restrictive fluid management. Subsequently, 
their condition might deteriorate suddenly, and pulmonary embolism can occur, 
detected by contrast-enhanced lung CT scan.

A retrospective analysis of 208 consecutive patients at 2 Chinese centers, eluci-
dated 4 key factors predictive of disease severity, including age, lymphocyte count, 
comorbidities, and serum LDH. A score of 10–13 points had greater than 50% prob-
ability of severe disease. Although these data need prospective validation in larger 
patient populations, it serves as a screening tool for initial risk assessment for guid-
ing clinical management [33].

In patients who develop disease, assessment of complications allows for predic-
tion of outcome. The sequential organ failure assessment score (SOFA) is a prog-
nostic tool used in the ICU setting [38]. In assessing risk factors contributing to in 
hospital death for patients with severe COVID-19 disease, an increasing odds of 

a

c

b

Fig. 10.3 Progression of COVID-19 Pneumonia. (a) Day 5 after symptom onset: patchy ground- 
glass opacities affecting the bilateral, subpleural lung parenchyma. (b) Day 15: subpleural 
crescent- shaped ground-glass opacities in both lungs, as well as posterior reticular opacities and 
subpleural crescent-shaped consolidations. (c) Day 20: expansion of bilateral pulmonary lesions, 
with enlargement and denser pulmonary consolidations and bilateral pleural effusions (arrows). 
The patient died 10 days after the final scan. (Shi, H et al. Lancet Infect Dis 2020;20:425–34)
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death was associated with older age, higher SOFA score, and D-dimer >1 μg/mL at 
the time of admission [12] (Table 10.3).

10.3.2  Therapies Under Evaluation for Managing Severe 
COVID-19 Disease

Insights gained from initial cases, including autopsy findings have been instrumen-
tal in understanding mechanisms responsible for the severe clinical course in this 
disease. The recognition of the rapidly escalating burden of infection, and rising 
death rates have galvanized efforts toward rapid initiation of clinical trials. A search 
for COVID-19-related clinical trials on clinicaltrials.gov as of May 11th, identified 
1358 studies worldwide, of which 808 were interventional studies. The list is 
exhaustive including novel agents as well as agents addressing pathogenesis of dis-
ease. The major pathology caused by viral infection is damage to the respiratory/
lung epithelium and inflammatory surge. Clinical assessment and management of 
patients presenting with pneumonia is guided by symptom severity guided by the 
ATS symptom score in Table 10.2.

Patients with lung disease are typically treated with broad-spectrum antibiotics, 
inhaled bronchodilators, and/or systemic steroids.

For symptomatic management of severe illness, respiratory support should be 
provided with prone positioning, supplemental oxygen and mechanical ventilation. 
Because the virus can infect monocytes and macrophages and cause aberrant cyto-
kine secretion, the resulting systemic inflammation is treated with immune modu-
lating agents such as systemic steroids such as dexamethasone [39], anti-IL-6 R 
(tocilizumab), anti-IL-1β (anakinra).

Table 10.3 The Sequential Organ Failure Assessment Score (SOFA)

Variables 0 1 2 3 4
Respiratory Pao2/Fio2 

mmHg
>400 ≤400 ≤300 ≤200a ≤100a

Coagulation Platelets × 103 >150 ≤150 ≤100 ≤50 ≤20
Liver Bilirubin, mg/

dL
<1.2 1.2–1.9 2.0–5.9 6.0–11.9 >12.0

Cardiovas-
cular

Hypotension No MAP  
< 70 mmHg

Dop ≤ or 
Dob (any 
dose)b

Dop > 5; 
Epi ≤ 0.1; 
or Nor 
epi ≤ 0.1b

Dop > 15; 
Epi > 0.1; or 
Nor epi > 0.1b

Central 
Nervous 
System

Glasgow 
Coma
Score Scale

15 13–14 10–12 6–9 <6

Renal Creatinine, 
mg/dL
or urine 
output, mL/dL

<1.2 1.2–1.9 2.0–3.4 3.5–4.9 or 
<500

>5.0 or <200

aValues are with respiratory support
bAdrenergic agents administered for at least 1 h (doses in μg/kg/min)
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In view of the adverse outcomes with development of coagulopathies, prophy-
lactic anticoagulants have been administered to patients with disease. Prophylactic 
doses of heparin in patients with D-dimer exceeding 3.0 μg/mL demonstrated a 20% 
reduction in mortality (32.8% vs. 52.4%, p = 0.017) [40].

In addition, antiviral agents including neutralizing antibodies are being investi-
gated for their therapeutic potential. The antiviral agent remdesivir has demon-
strated clinical benefit in patients with severe COVID 19 disease, and has been 
recently FDA approved for treatment of infected patients. In addition to remdesivir, 
other antivirals are also being used empirically for treatment.

In critically ill patients in the ICU, convalescent donor plasma is also being 
administered though the specific clinical benefit of this therapeutic modality has not 
been fully characterized in this disease.

10.4  Clinical Perspective on Available Data

The pandemic of SARS-CoV-2 is a historic event in modern times that is sure to 
reset norms. The abruptly imposed social distancing in an era embedded in social 
media, a society habituated to packed interactive schedules, cosmetic treatments 
and record high international travel, has disrupted life for the near term. The medi-
cal scientific community has demonstrated extraordinary innovative abilities in 
rapid initiation of clinical trials to overcome this gigantic health care crisis. In addi-
tion to developing novel agents, previously known agents used in other indications 
have been repurposed and applied to treatment of COVID-19 disease for manage-
ment of various associated clinical symptoms. For example, Tocilizumab, an IL-6 
receptor antagonist, is an anti-inflammatory agent that is approved for the treatment 
of rheumatoid arthritis, and also for the treatment of severe cytokine release syn-
drome (CRS) associated with CAR engineered T-cell therapies for cancer [41]. Its 
distinct efficacy in controlling CRS, was leveraged to enable use for severely ill 
COVID-19 infected patients. Similar innovations include the use of hydroxochloro-
quine and Ivermectin, which are both anti-parasitic agents, and the former also anti-
inflammatory, however, experimental observations of activity against the virus 
permitted initial clinical investigations.

In view of the poor outcomes of patients who develop ARDS, measures such as 
use of surfactant (typically used in preterm babies with hyaline-membrane disease), 
nitric oxide and high frequency ventilation, are all innovative approaches for man-
aging critically ill patients with this disease and enable survival.

On the technology side, novel approaches for infection tracking have been put in 
place using machine learning to estimate unobserved COVID-19 infections in North 
America [42].

In anticipation of an effective vaccine, and reliable testing methods, the medical 
community is focused on collecting data with the tested approaches. In the next few 
months, maturing data emerging from controlled trials will help consolidate treat-
ment algorithms that will improve outcomes with COVID-19 disease.

10 Respiratory Disease with SARS-COV2 Infection



156

References

 1. World Health Organization. Virtual press conference on Covid-19. 11 March 2020. https://
www.who.int/docs/default- source/coronaviruse/transcripts/who- audio- emergencies- 
coronavirus- press- conference- full- and- final- 11mar2020.pdf?sfvrsn=cb432bb3_2. Accessed 
23 Feb 2021.

 2. Coronaviridae Study Group of the International Committee on Taxonomy of V. The species 
severe acute respiratory syndrome-related coronavirus: classifying 2019-nCoV and naming it 
SARS-CoV-2. Nat Microbiol. 2020;5(4):536–44. https://doi.org/10.1038/s41564- 020- 0695- z.

 3. Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, et al. A pneumonia outbreak associ-
ated with a new coronavirus of probable bat origin. Nature. 2020;579(7798):270–3. https://doi.
org/10.1038/s41586- 020- 2012- 7.

 4. Walls AC, Park YJ, Tortorici MA, Wall A, McGuire AT, Veesler D. Structure, function, and 
antigenicity of the SARS-CoV-2 spike glycoprotein. Cell. 2020;181(2):281–92 e6. https://doi.
org/10.1016/j.cell.2020.02.058.

 5. Park WB, Kwon NJ, Choi SJ, Kang CK, Choe PG, Kim JY, et al. Virus isolation from the 
first patient with SARS-CoV-2  in Korea. J Korean Med Sci. 2020;35(7):e84. https://doi.
org/10.3346/jkms.2020.35.e84.

 6. Wang W, Liu X, Wu S, Chen S, Li Y, Nong L, et al. Definition and risks of cytokine release 
syndrome in 11 critically Ill COVID-19 patients with pneumonia: analysis of disease charac-
teristics. J Infect Dis. 2020;222(9):1444–51. https://doi.org/10.1093/infdis/jiaa387.

 7. Wong CK, Lam CW, Wu AK, Ip WK, Lee NL, Chan IH, et al. Plasma inflammatory cytokines 
and chemokines in severe acute respiratory syndrome. Clin Exp Immunol. 2004;136(1):95–103. 
https://doi.org/10.1111/j.1365- 2249.2004.02415.x.

 8. Thompson BT, Chambers RC, Liu KD. Acute respiratory distress syndrome. N Engl J Med. 
2017;377(6):562–72. https://doi.org/10.1056/NEJMra1608077.

 9. Metlay JP, Waterer GW, Long AC, Anzueto A, Brozek J, Crothers K, et al. Diagnosis and treat-
ment of adults with community-acquired pneumonia. An official clinical practice guideline of 
the American Thoracic Society and Infectious Diseases Society of America. Am J Respir Crit 
Care Med. 2019;200(7):e45–67. https://doi.org/10.1164/rccm.201908- 1581ST.

 10. Imai Y, Kuba K, Rao S, Huan Y, Guo F, Guan B, et al. Angiotensin-converting enzyme 2 pro-
tects from severe acute lung failure. Nature. 2005;436(7047):112–6. https://doi.org/10.1038/
nature03712.

 11. Jia HP, Look DC, Shi L, Hickey M, Pewe L, Netland J, et  al. ACE2 receptor expression 
and severe acute respiratory syndrome coronavirus infection depend on  differentiation 
of human airway epithelia. J Virol. 2005;79(23):14614–21. https://doi.org/10.1128/
JVI.79.23.14614- 14621.2005.

 12. Zhou F, Yu T, Du R, Fan G, Liu Y, Liu Z, et al. Clinical course and risk factors for mortality 
of adult inpatients with COVID-19  in Wuhan, China: a retrospective cohort study. Lancet. 
2020;395(10229):1054–62. https://doi.org/10.1016/S0140- 6736(20)30566- 3.

 13. Zheng M, Williams EP, Malireddi RKS, Karki R, Banoth B, Burton A, et al. Impaired NLRP3 
inflammasome activation/pyroptosis leads to robust inflammatory cell death via caspase-8/
RIPK3 during coronavirus infection. J Biol Chem. 2020;295(41):14040–52. https://doi.
org/10.1074/jbc.RA120.015036.

 14. Connors JM, Levy JH. COVID-19 and its implications for thrombosis and anticoagulation. 
Blood. 2020;135(23):2033–40. https://doi.org/10.1182/blood.2020006000.

 15. Helms J, Tacquard C, Severac F, Leonard-Lorant I, Ohana M, Delabranche X, et al. High risk 
of thrombosis in patients with severe SARS-CoV-2 infection: a multicenter prospective cohort 
study. Intensive Care Med. 2020;46(6):1089–98. https://doi.org/10.1007/s00134- 020- 06062- x.

 16. Poissy J, Goutay J, Caplan M, Parmentier E, Duburcq T, Lassalle F, et  al. Pulmonary 
embolism in patients with COVID-19: awareness of an increased prevalence. Circulation. 
2020;142(2):184–6. https://doi.org/10.1161/CIRCULATIONAHA.120.047430.

A. N. Hasan

https://www.who.int/docs/default-source/coronaviruse/transcripts/who-audio-emergencies-coronavirus-press-conference-full-and-final-11mar2020.pdf?sfvrsn=cb432bb3_2
https://www.who.int/docs/default-source/coronaviruse/transcripts/who-audio-emergencies-coronavirus-press-conference-full-and-final-11mar2020.pdf?sfvrsn=cb432bb3_2
https://www.who.int/docs/default-source/coronaviruse/transcripts/who-audio-emergencies-coronavirus-press-conference-full-and-final-11mar2020.pdf?sfvrsn=cb432bb3_2
https://doi.org/10.1038/s41564-020-0695-z
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.3346/jkms.2020.35.e84
https://doi.org/10.3346/jkms.2020.35.e84
https://doi.org/10.1093/infdis/jiaa387
https://doi.org/10.1111/j.1365-2249.2004.02415.x
https://doi.org/10.1056/NEJMra1608077
https://doi.org/10.1164/rccm.201908-1581ST
https://doi.org/10.1038/nature03712
https://doi.org/10.1038/nature03712
https://doi.org/10.1128/JVI.79.23.14614-14621.2005
https://doi.org/10.1128/JVI.79.23.14614-14621.2005
https://doi.org/10.1016/S0140-6736(20)30566-3
https://doi.org/10.1074/jbc.RA120.015036
https://doi.org/10.1074/jbc.RA120.015036
https://doi.org/10.1182/blood.2020006000
https://doi.org/10.1007/s00134-020-06062-x
https://doi.org/10.1161/CIRCULATIONAHA.120.047430


157

 17. Guan WJ, Ni ZY, Hu Y, Liang WH, Ou CQ, He JX, et al. Clinical characteristics of corona-
virus disease 2019 in China. N Engl J Med. 2020;382(18):1708–20. https://doi.org/10.1056/
NEJMoa2002032.

 18. Lauer SA, Grantz KH, Bi Q, Jones FK, Zheng Q, Meredith HR, et al. The incubation period 
of coronavirus disease 2019 (COVID-19) from publicly reported confirmed cases: estimation 
and application. Ann Intern Med. 2020;172(9):577–82. https://doi.org/10.7326/M20- 0504.

 19. Chen N, Zhou M, Dong X, Qu J, Gong F, Han Y, et al. Epidemiological and clinical character-
istics of 99 cases of 2019 novel coronavirus pneumonia in Wuhan, China: a descriptive study. 
Lancet. 2020;395(10223):507–13. https://doi.org/10.1016/S0140- 6736(20)30211- 7.

 20. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, et al. A novel coronavirus from patients 
with pneumonia in China, 2019. N Engl J Med. 2020;382(8):727–33. https://doi.org/10.1056/
NEJMoa2001017.

 21. Grasselli G, Zangrillo A, Zanella A, Antonelli M, Cabrini L, Castelli A, et al. Baseline char-
acteristics and outcomes of 1591 patients infected with SARS-CoV-2 admitted to ICUs 
of the Lombardy Region, Italy. JAMA. 2020;323(16):1574–81. https://doi.org/10.1001/
jama.2020.5394.

 22. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et  al. Clinical features of patients infected 
with 2019 novel coronavirus in Wuhan, China. Lancet. 2020;395(10223):497–506. https://doi.
org/10.1016/S0140- 6736(20)30183- 5.

 23. Richardson S, Hirsch JS, Narasimhan M, Crawford JM, McGinn T, Davidson KW, et  al. 
Presenting characteristics, comorbidities, and outcomes among 5700 patients hospitalized with 
COVID-19 in the New York City Area. JAMA. 2020;323(20):2052–9. https://doi.org/10.1001/
jama.2020.6775.

 24. Assiri A, Al-Tawfiq JA, Al-Rabeeah AA, Al-Rabiah FA, Al-Hajjar S, Al-Barrak A, et  al. 
Epidemiological, demographic, and clinical characteristics of 47 cases of Middle East respira-
tory syndrome coronavirus disease from Saudi Arabia: a descriptive study. Lancet Infect Dis. 
2013;13(9):752–61. https://doi.org/10.1016/S1473- 3099(13)70204- 4.

 25. Tsang KW, Ho PL, Ooi GC, Yee WK, Wang T, Chan-Yeung M, et al. A cluster of cases of 
severe acute respiratory syndrome in Hong Kong. N Engl J Med. 2003;348(20):1977–85. 
https://doi.org/10.1056/NEJMoa030666.

 26. Chan JF, Yuan S, Kok KH, To KK, Chu H, Yang J, et  al. A familial cluster of pneumonia 
associated with the 2019 novel coronavirus indicating person-to-person transmission: 
a study of a family cluster. Lancet. 2020;395(10223):514–23. https://doi.org/10.1016/
S0140- 6736(20)30154- 9.

 27. Chen G, Wu D, Guo W, Cao Y, Huang D, Wang H, et al. Clinical and immunological features 
of severe and moderate coronavirus disease 2019. J Clin Invest. 2020;130(5):2620–9. https://
doi.org/10.1172/JCI137244.

 28. Li Q, Guan X, Wu P, Wang X, Zhou L, Tong Y, et al. Early transmission dynamics in Wuhan, 
China, of novel coronavirus-infected pneumonia. N Engl J Med. 2020;382(13):1199–207. 
https://doi.org/10.1056/NEJMoa2001316.

 29. Price-Haywood EG, Burton J, Fort D, Seoane L. Hospitalization and mortality among black 
patients and white patients with covid-19. N Engl J Med. 2020;382(26):2534–43. https://doi.
org/10.1056/NEJMsa2011686.

 30. Zhang B, Zhou X, Qiu Y, Song Y, Feng F, Feng J, et al. Clinical characteristics of 82 cases 
of death from COVID-19. PLoS One. 2020;15(7):e0235458. https://doi.org/10.1371/journal.
pone.0235458.

 31. Chu KH, Tsang WK, Tang CS, Lam MF, Lai FM, To KF, et al. Acute renal impairment in 
coronavirus-associated severe acute respiratory syndrome. Kidney Int. 2005;67(2):698–705. 
https://doi.org/10.1111/j.1523- 1755.2005.67130.x.

 32. Tang N, Li D, Wang X, Sun Z. Abnormal coagulation parameters are associated with poor prog-
nosis in patients with novel coronavirus pneumonia. J Thromb Haemost. 2020;18(4):844–7. 
https://doi.org/10.1111/jth.14768.

10 Respiratory Disease with SARS-COV2 Infection

https://doi.org/10.1056/NEJMoa2002032
https://doi.org/10.1056/NEJMoa2002032
https://doi.org/10.7326/M20-0504
https://doi.org/10.1016/S0140-6736(20)30211-7
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1001/jama.2020.5394
https://doi.org/10.1001/jama.2020.5394
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1001/jama.2020.6775
https://doi.org/10.1001/jama.2020.6775
https://doi.org/10.1016/S1473-3099(13)70204-4
https://doi.org/10.1056/NEJMoa030666
https://doi.org/10.1016/S0140-6736(20)30154-9
https://doi.org/10.1016/S0140-6736(20)30154-9
https://doi.org/10.1172/JCI137244
https://doi.org/10.1172/JCI137244
https://doi.org/10.1056/NEJMoa2001316
https://doi.org/10.1056/NEJMsa2011686
https://doi.org/10.1056/NEJMsa2011686
https://doi.org/10.1371/journal.pone.0235458
https://doi.org/10.1371/journal.pone.0235458
https://doi.org/10.1111/j.1523-1755.2005.67130.x
https://doi.org/10.1111/jth.14768


158

 33. Ji D, Zhang D, Xu J, Chen Z, Yang T, Zhao P, et al. Prediction for progression risk in patients 
with COVID-19 pneumonia: the CALL score. Clin Infect Dis. 2020;71(6):1393–9. https://doi.
org/10.1093/cid/ciaa414.

 34. Shi H, Han X, Jiang N, Cao Y, Alwalid O, Gu J, et al. Radiological findings from 81 patients 
with COVID-19 pneumonia in Wuhan, China: a descriptive study. Lancet Infect Dis. 
2020;20(4):425–34. https://doi.org/10.1016/S1473- 3099(20)30086- 4.

 35. Wang D, Hu B, Hu C, Zhu F, Liu X, Zhang J, et  al. Clinical characteristics of 138 hospi-
talized patients with 2019 novel coronavirus-infected pneumonia in Wuhan, China. 
JAMA. 2020;323(11):1061–9. https://doi.org/10.1001/jama.2020.1585.

 36. Yang X, Yu Y, Xu J, Shu H, Xia J, Liu H, et al. Clinical course and outcomes of critically 
ill patients with SARS-CoV-2 pneumonia in Wuhan, China: a single-centered, retrospec-
tive, observational study. Lancet Respir Med. 2020;8(5):475–81. https://doi.org/10.1016/
S2213- 2600(20)30079- 5.

 37. Carsana L, Sonzogni A, Nasr A, Rossi RS, Pellegrinelli A, Zerbi P, et al. Pulmonary post- mortem 
findings in a series of COVID-19 cases from northern Italy: a two-centre descriptive study. 
Lancet Infect Dis. 2020;20(10):1135–40. https://doi.org/10.1016/S1473- 3099(20)30434- 5.

 38. Ferreira FL, Bota DP, Bross A, Melot C, Vincent JL. Serial evaluation of the SOFA score to pre-
dict outcome in critically ill patients. JAMA. 2001;286(14):1754–8. https://doi.org/10.1001/
jama.286.14.1754.

 39. Horby P, Lim WS, Emberson JR, Mafham M, Bell JL, Linsell L, et al. Dexamethasone in hos-
pitalized patients with covid-19—preliminary report. N Engl J Med. 2021;384(8):693–704. 
https://doi.org/10.1056/NEJMoa2021436.

 40. Tang N, Bai H, Chen X, Gong J, Li D, Sun Z. Anticoagulant treatment is associated with 
decreased mortality in severe coronavirus disease 2019 patients with coagulopathy. J Thromb 
Haemost. 2020;18(5):1094–9. https://doi.org/10.1111/jth.14817.

 41. Neelapu SS, Tummala S, Kebriaei P, Wierda W, Gutierrez C, Locke FL, et al. Chimeric anti-
gen receptor T-cell therapy—assessment and management of toxicities. Nat Rev Clin Oncol. 
2018;15(1):47–62. https://doi.org/10.1038/nrclinonc.2017.148.

 42. Vaid S, Cakan C, Bhandari M. Using machine learning to estimate unobserved COVID-19 
infections in North America. J Bone Joint Surg Am. 2020;102(13):e70. https://doi.org/10.2106/
JBJS.20.00715.

A. N. Hasan

https://doi.org/10.1093/cid/ciaa414
https://doi.org/10.1093/cid/ciaa414
https://doi.org/10.1016/S1473-3099(20)30086-4
https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.1016/S2213-2600(20)30079-5
https://doi.org/10.1016/S2213-2600(20)30079-5
https://doi.org/10.1016/S1473-3099(20)30434-5
https://doi.org/10.1001/jama.286.14.1754
https://doi.org/10.1001/jama.286.14.1754
https://doi.org/10.1056/NEJMoa2021436
https://doi.org/10.1111/jth.14817
https://doi.org/10.1038/nrclinonc.2017.148
https://doi.org/10.2106/JBJS.20.00715
https://doi.org/10.2106/JBJS.20.00715

	Foreword
	Acknowledgments
	Contents
	Abbreviations
	1: Covid-19 Safety Protocols and Protection
	1.1	 Introduction
	1.2	 Survivalism and the Global Demand for Disinfectants
	1.3	 Fighting Back with Bacteria-Killing Solutions
	1.3.1	 Types of Antimicrobial Sanitizers

	1.4	 Commercial Sanitizing for Prevention and Maintenance
	1.4.1	 Five Sanitizing Chemicals Identified Used in  Hospitals [18, 19]
	1.4.2	 Sterilants and High-Level Disinfectants [19]

	1.5	 Personal Protective Equipment (PPE)
	1.6	 Sanitizing with UVC Light
	1.6.1	 History of UVC Applications

	1.7	 Epilogue
	1.8	 Summary
	References

	2: CT Evaluation of COVID-19 Lung Disease
	2.1	 Introduction
	2.2	 Covid-19 Pneumonia
	2.3	 CT Data Image Acquisition
	2.3.1	 Radiologic Findings
	2.3.2	 Early Clinical Course
	2.3.3	 Comparison with Influenza Pneumonia

	2.4	 Image Guided Fusion Treatments
	2.4.1	 Bedside Lung and IVC Imaging

	2.5	 Image Guided Procedures
	2.5.1	 Pneumothorax After Puncture

	2.6	 Radiographic Limitations
	References

	3: Lung Ultrasound in COVID-19 Disease
	3.1	 Introduction
	3.2	 Basics of Lung Ultrasound Examinations
	3.2.1	 A-lines
	3.2.2	 B-lines

	3.3	 Transducer Selection and Settings
	3.3.1	 Convex Transducers
	3.3.2	 Linear Transducers
	3.3.3	 Phased and Microconvex Transducers

	3.4	 Examination Procedure and Pathologies
	3.5	 Image Fusion
	3.6	 Findings
	3.7	 Conclusions
	References

	4: Clinical Covid-19 Lung Imaging
	4.1	 Introduction
	4.2	 Findings
	4.3	 Approaches
	4.4	 Clinical Integration
	4.5	 Test Characteristics
	4.6	 Summary
	References

	5: Pediatric Covid-19 Lung Ultrasound
	5.1	 Introduction
	5.2	 Role of Imaging in Pediatrics
	5.3	 How to Perform Pediatric Lung Ultrasound in the Time of COVID-19
	5.3.1	 Ultrasonography Procedure 1 [40]
	5.3.2	 Ultrasonography Procedure 2 [31]

	5.4	 Ultrasonography Technique [29]
	5.4.1	 Other Specific Indications for the Images Acquisition Protocol

	5.5	 Lung Ultrasonography Findings
	5.6	 PIMS-TS and Point-of-Care Ultrasound
	5.7	 Conclusion
	References

	6: Remote Diagnostics
	6.1	 Introduction
	6.2	 Testing Parameters
	6.3	 Advancing the Remote Scan Movement and Pre-hospital Ultrasound
	6.4	 Initializing the Remote Self-Screening Concept and Process
	6.5	 Remote Ultrasound Benefits for All Patient Types
	6.5.1	 MI: The Mechanical Index
	6.5.2	 TIS: The Soft-Tissue Thermal Index

	6.6	 Remote CT and Sonogram Fusion Diagnostics
	6.6.1	 Data

	6.7	 Salscan Project: Statement of Conclusion
	References

	7: COVID-19 3D/4D Doppler Imaging
	7.1	 Introduction
	7.2	 Pathophysiology
	7.3	 Vascular Imaging Options
	7.3.1	 Microvessel Imaging
	7.3.2	 Chest Wall Imaging Limitations
	7.3.3	 Vascular Complications

	7.4	 Contrast-Assisted Sonography
	7.4.1	 Pleurisy
	7.4.1.1	 Color-Doppler Sonography of Focal Round Lesions


	7.5	 Large Lung Consolidation
	7.5.1	 Pneumonia
	7.5.1.1	 Color Doppler
	7.5.1.2	 Contrast-Assisted Sonography Pneumonia
	7.5.1.3	 Compressive Atelectasis
	7.5.1.4	 Obstructive Atelectasis

	7.5.2	 Space-Occupying Lesion of the Chest Wall
	7.5.2.1	 Color-Doppler Sonography


	7.6	 Quantifiable Digital Scanning and Image Guided Interventions
	7.6.1	 4D Imaging
	7.6.2	 3D/4D Doppler Histogram
	7.6.3	 Interventions in the Thorax: Indications
	7.6.4	 3D Lung Doppler

	7.7	 Summary
	References

	8: Multimodality 3D Lung Imaging
	8.1	 Introduction
	8.2	 Stethoscopic Accuracy (Table 8.1)
	8.3	 Lung Sonogram Indications
	8.3.1	 Normal Lung Exam
	8.3.2	 A-Line Artifacts
	8.3.3	 B-Line Artifacts
	8.3.4	 C-Line Artifacts
	8.3.5	 Lung Sliding
	8.3.6	 Lung Pulse

	8.4	 Pleural Ultrasound
	8.4.1	 Probe Positions

	8.5	 Consolidation
	8.5.1	 Pneumonia
	8.5.2	 Doppler Flow Patterns

	8.6	 Pneumothorax
	8.7	 Interstitial Syndrome
	8.7.1	 B-Line Pattern Recognition

	8.8	 Atelectasis
	8.9	 Pleural Effusion
	8.10	 Rib Cage
	8.10.1	 Probe Selection
	8.10.2	 Triage Imaging

	8.11	 Pitfalls in Scanning
	8.12	 Limitations of Lung Ultrasound
	8.13	 Limitations of Radiography
	8.13.1	 Best Practices
	8.13.2	 Equipment Specifications

	8.14	 Image Fusion
	8.14.1	 Registration Overview
	8.14.2	 Transformations
	8.14.3	 Interpolators
	8.14.4	 Metrics
	8.14.5	 Optimizers

	8.15	 Acute Care Considerations
	8.15.1	 Bedside IVC Imaging

	8.16	 Image Guided Procedures
	8.16.1	 Pneumothorax After Puncture
	8.16.2	 Pulmonary Fibrosis
	8.16.3	 High Resolution Pleural Imaging
	8.16.4	 Tissue Elastography

	8.17	 Future Directions
	8.17.1	 Algorithm Advances
	8.17.2	 Volumetric Imaging
	8.17.3	 Clinical Testing

	8.18	 Summary
	References

	9: Respiratory Dynamics: Function and Breath Management
	9.1	 Introduction
	9.2	 Impact of Diseases on Respiratory Function
	9.3	 Probes for Respiratory Function
	9.3.1	 Medical Assessment
	9.3.2	 Clinical Assessment

	9.4	 Exercises to Optimize Breath Management
	9.5	 Summary
	Appendix 1: Aerodynamic Resistance Exercises
	Appendix 2: Physical Stretches: Perform While Standing
	References

	10: Respiratory Disease with SARS-COV2 Infection
	10.1	 Etiologic Agent, Disease Burden, Transmission, and Clinical Course
	10.2	 Pathogenesis and Clinical Course
	10.2.1	 Viral Entry Through Cell Surface ACE-2 Receptor and Predilection for Respiratory Infection
	10.2.2	 Role of ACE 2 Expression in Other Vital Organs in Overall Severity of Infection
	10.2.3	 Inflammatory Immunopathogenesis and Coagulopathies
	10.2.4	 End Organ Damage with Evidence of Complement Activation
	10.2.5	 Clinical Symptoms and Signs

	10.3	 Clinical Assessment
	10.3.1	 Imaging
	10.3.2	 Therapies Under Evaluation for Managing Severe COVID-19 Disease

	10.4	 Clinical Perspective on Available Data
	References


