
April, 2020

Volume: 4

Issue: 2

Pages: 027-111

Advanced U
ltrasound in D

iagnosis and Therapy
 Volum

e 4  Issue 2                                                                                                                     April 2020

A Special Issue

Insights from China

LA

AAO
LV



Invited Editors

In December 2019, an unexplained viral pneumonia gradually determined to be caused by a new 
coronavirus. On January 12, 2020, the World Health Organization (WHO) named the virus 2019-novel 
coronavirus (2019-novel coronavirus, 2019-nCoV). On February 7, 2020, the National Health 

Commission of China referred to pneumonia caused by 2019-nCoV as a novel coronavirus pneumonia 
(NCP). On February 11, 2020, the WHO announced that the disease caused by the virus was officially 
named COVID-19 and designated it as a pandemic.

In the past several months, hundreds of thousands of cases have been confirmed in China and 
worldwide. The incidence of severe illness is above 10% or higher.  Severely ill patients are often 
affected by damage to multiple organ systems due to disruption of cardiopulmonary oxygen transport. 
Intensive care of these severe patients has become a major problem and urgently needs to be solved. 
In recent years, application of ultrasound to critical care is one of the most representative advancements 
in this field of medicine. During this global event, critical care ultrasound has played an important role 
in the monitoring and evaluation of multi-organ abnormalities based on cardiopulmonary assessment. 
The advantages of using ultrasound in this setting include its ability to provide dynamic, real-time, 
non-invasive, and repeatable measurements. It can be used not only for initial disease assessment 
and timely detection of problems, but also for integrated longitudinal evaluation, together with other 
monitoring methods, to allow for timely and accurate guidance for the adjustment of diagnosis and 
treatment. 

As we have all realized, we are facing a great challenge in dealing with such an unprecedented 
emergency outbreak in China and across the world. This pandemic is a disease without borders that will 
require us to work together to overcome. At the moment, there are more questions than answers, but 
collaboration and communication within the global medical community will be critical to finding solutions to 
these unknowns moving forward. With that in mind, we have decided to publish this special issue of AUDT. 

Organized and written by frontline ultrasound experts who are involved in fighting against the 
epidemic of COVID-19 in China, this special issue of AUDT aims to share the knowledge and 
experiences of these physicians with the international medical community with the hope that it may 
serve as a resource to others and also promote further discussions as the fight against the pandemic 
continues. The information in this issue includes the Chinese consensus on critical ultrasound 
applications for patients with COVID-19 pneumonia and the recommendations for the treatment of 
severe NCP patients based on critical ultrasound.

Most importantly, we want to express our appreciation and gratitude to all of the frontline ultrasound 
physicians and medical staff around the world for their dedication, hard work, and contributions during this time. 

Xi Liu, MDFaqin Lv, MDMingxing Xie, MD Huixiong Xu, MD

Foreword for a Special Issue of AUDT
Ultrasound applications  in coronavirus pandemic
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Abstract: Ultrasound has developed as an invaluable tool in diagnosis and proper management in the intensive care unit (ICU). 
Application of critical care ultrasonography is quite distinct from the routine comprehensive diagnostic ultrasound exam, 
because the urgent setting mandates a goal-directed approach. Performing accurate and efficient critical care ultrasound requires 
ultrasound providers to first understand the pathophysiology of the disease and related imaging findings, and then follow the 
protocols to perform a focused ultrasound exam. In the ongoing coronavirus disease 2019 (COVID-19) pandemic, ultrasound 
plays an essential role in diagnosing and monitoring critically ill COVID-19 patients in the ICU. Our review focuses on the 
basics and clinical application of critical care ultrasound in diagnosing common lung disease, COVID-19 pulmonary lesions, 
pediatric COVID-19, and cardiovascular dysfunction as well as its role in ECMO and interventional ultrasonography.  
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COVID-19 is an infectious disease caused by 
a novel coronavirus known as severe acute 
respiratory syndrome coronavirus 2 (SARS-

CoV-2). The disease has been declared a pandemic 
by World Health Organization (WHO) due to its 
highly contagious nature, rapid transmission, swift 
clinical course, profound worldwide impact, and high 
mortality among critically ill patients. Like previous 
coronavirus epidemics (SARS and MERS) infection 
from coronaviruses family, SARS-CoV-2 mainly cause 
pulmonary damage like pneumonia and acute respiratory 
distress syndrome (ARDS), which may further lead 
to multi-organ failure and disseminated intravascular 
coagulation (DIC) in certain groups of patients [1–4]. 
Some patients with mild symptoms can rapidly and 
unexpectedly become critically ill. 

Radiology departments play a crucial role in early 
diagnosis, appropriate management, and close follow-
up of COVID-19 patients. Although chest computerized 
tomography (CT) and chest x-ray are currently the main 
imaging modality of evaluating COVID-19, ultrasound 

has a role in the course of COVID-19 prompt diagnosis 
and treatment due to its portability and non-invasiveness. 
In the intensive care unit (ICU), ultrasound could be 
effectively performed at bedside to avoid transferring 
a sick patient out of the ICU which would delay 
proper treatment [5]. In addition, the bedside real-time 
ultrasound evaluation of multi organ systems can be 
repeated as many times as necessary, which is helpful to 
timely monitor the dynamic disease course. The clinical 
value of using ultrasound in ICU for COVID-19 patients 
has been proven [6].  

In China, ultrasound has shown promise for helping 
to monitor patients with COVID-19, especially in ICU 
settings. Beyond pulmonary evaluation, ultrasound 
can also evaluate multiple organs and systems that 
may be affected in patients with COVID-19, including 
heart, blood vessels, and kidneys, etc. [3,6–9]. Further, 
ultrasound examination in the ICU is goal-directed, 
rapid and focused.  Our review focuses on the basics 
and clinical application of critical care ultrasound in 
diagnosing common lung disease, COVID-19 pulmonary 
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lesions, pediatric COVID-19, and cardiovascular 
dysfunct ion  as  wel l  as  i t s  ro le  in  ECMO and 
interventional ultrasonography.  

Physiology Basics of Pulmonary Ultrasonography
Lung ultrasonography is based on the analysis 

of echogenic sonography and the differentiation of 
artifacts. The ultrasound imaging of different pulmonary 
pathologies is mainly determined by the "gas-liquid 
ratio" of lung parenchyma and interstitial tissue. 
Different pathological tissues have different gas-liquid 
ratios, resulting in different images, which could be 
further categorized into: 

(1) normal A-line: the lung tissue with normal 
ventilation will show transverse artifacts (A-line) parallel 
to the pleural line. The pleural line is the echo reflection 
of the pleura formed by the interface of the pleural lung 
surface. It is smooth and uniform in normal condition, 
with the thickness of less than 0.5mm. The A-line is 
parallel to and equidistant from the pleura, and the 
distance between the pleural line and the A-line is equal 
to the distance between the skin and the pleural line (Fig. 
1). The appearance of A-line in a lung region means that 
the area under inspection is inflated normally. In this 
normal situation, the gas-liquid ratio is about 0.98 [2]. 

liquid ratio is about 0.1. As more fluid leaks out, severe 
pleural effusion is seen (Fig. 4), and the gas-liquid ratio 
could be 0.

Figure 1 (A) Normal lung sonography by linear probe. The pleura line 
is a linear reflection formed by the interface echo between pleura and lung 
surface (blue arrow). A-line (red arrow) is parallel to and equidistant from 
the pleura line, and the distance between the pleural line and the A-line is 
equal to the distance between the skin and the pleural line. (B) Intercostal 
longitudinal section by convex array probe shows hyperechoic upper and 
lower ribs and the shadow behind (yellow arrow), the linear hyperechoic 
pleural line in between. Together with the parallel A-line artifacts beneath 
pleural line, a “bat sign” is displayed.

(2) The lung tissue with increased liquid content 
and partial ventilation will form a longitudinal artifact 
(B-line), which radiates perpendicularly from the pleural 
line (Fig. 2). The B-line has long been recognized as 
the sign of pulmonary interstitial syndrome [10]. In this 
situation, the gas-liquid ratio is about 0.95. 

(3) A further increase in liquid content will lead to 
complete disappearance of gas, making the sonogram 
of lung tissue look similar to solid organs like liver and 
spleen (hepatization) (Fig. 3). In this situation, the gas-

Figure 2 B-line radiates perpendicularly from the pleural line, reaching 
the deep echo of the lung field. (A) linear array and (B) convex array probe 
images show B line (arrows).

BA

BA

Common Ultrasound Findings in Lung Disease
For peripheral lung diseases, ultrasound can help 

diagnose diseases caused by altered gas-liquid ratio, 
including interstitial inflammation, alveolar edema, 
subpleural consolidation, and tumor. The degree of gas-
liquid ratio alteration in the lung can be categorized into 
normal, moderate, severe, and consolidation using semi-
quantitative analysis of the density and distribution of 
B-lines. It is generally believed that the distance between 
two B-lines greater than 7mm (B7 line) indicates 

Figure 3 (A) Further increased liquid content will lead to complete 
disappearance of gas, making the sonography of lung tissue look similar 
to solid organs like liver and spleen (hepatization). The hyperechoic in the 
lung parenchymal is unabsorbed air in bronchi (arrows).  (B) Linear high 
frequency probe is recommended to pediatric examination. It is helpful to 
show more details of solid lung (L) with blood flow distribution.

Figure 4 More fluid exudation or leaking out cause pleural effusion 
(arrow). Pulmonary effusion often appears in the gravity dependent area, 
where consolidation of lung tissue can be seen in the liquid dark area with 
hyper echo of unabsorbed gas.

BA
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interstitial edema, and the distance between B-lines 
less than 3mm (B3 line) indicates alveolar edema [11]. 
In fact, it can be generally understood that the higher 
the density of B line, the more advanced the degree 
of pulmonary edema. As the disease progresses, the 
B line fusion occurs and the distance between B-lines 
becomes indistinguishable. With further aggravation, 
all the B-lines within the intercostal lung field appear 
hyperechoic, white and fused, and some even covering 
the costal acoustic shadow, which is called "white lung" 
(Fig. 5). 

of ARDS: (1) Uneven B-line distribution; (2) Abnormal 
pleura line (thickening or interruption); (3) Subpleural 
consolidation near anterior chest wall; (4) Normal and 
diseased lung parenchyma co-exist; (5) Weakened or 
absent pulmonary gliding sign. In clinical practice, we 
found that the distribution of diseased area of lungs from 
ARDS are often gravity-dependent, that is, consolidation 
areas are more likely to appear in the dorsal segment of 
the lower lobe of both lungs. 

Another use of pulmonary ultrasound in the ICU is to 
evaluate pulmonary edema. The differential diagnosis of 
cardiogenic pulmonary edema should be considered in 
combination with cardiac function index. If wide-spaced 
B-lines (B7 line) are found in all areas, echocardiography 
should be considered to check whether for signs of 
heart failure. The evaluation of heart function includes 
systolic and diastolic function, and the filling pressure 
index should also be used. One clinical shortcut is to 
consider echocardiography when B7 lines are found in 
the bilateral anterior chest wall. 

I n  a d d i t i o n ,  c a r d i o p u l m o n a r y  c o m b i n e d 
ultrasonography and diaphragmatic ultrasound can help 
with recruitment maneuver, prone position ventilation, 
selection of autonomic respiratory intensity, and the 
whole process of mechanical ventilation including 
determining the causes of ventilation failures and the 
timing of ventilator wean-off. Previous studies have also 
discussed the application of ultrasound in these aspects 
[18–21].

Limitations of Pulmonary Ultrasound
There are several limitations of ultrasound: (1) 

Lesions can be displayed by ultrasound when the edema 
and consolidation reach the pleura. On the contrary, if the 
lesions do not reach the pleura, the center of the lesion 
cannot be identified and evaluated by ultrasound, making 
ultrasonography inaccurate for quantifying the extent 
and location of some pulmonary lesions compared to 
CT. (2) Because B-line and consolidation are frequently-
appearing signs in various lung diseases, the specificity 
of using ultrasound alone for diagnosis is not high. Thus, 
an accurate diagnosis often needs information from other 
imaging modality, clinical manifestations, and laboratory 
tests. (3) Conditions like obesity and subcutaneous 
emphysema will cause significant sound attenuation, 
which affects the image quality, especially for deep 
lesions. (4) Any overlap with scapula, rib, or dressings 
can cause blind area of sonography. (5) Ultrasound 
is highly operator-dependent. The experience of the 
operator and the cooperation with clinicians will affect 
the interpretation of ultrasound images. 

Figure 5 With further aggravation, all the B-lines within the intercostal 
lung field appear hyperechoic, white and fused, and some even covering 
the costal acoustic shadow, which is called "white lung" (WL). (A) linear 
array image; (B) convex array image.

WL WL

BA

Ultrasound Findings of COVID-19 Pulmonary 
Lesions

The SARS-CoV-2 particles enter the airway and 
lung by respiration, and it could reach the bronchioles 
and alveoli. Therefore, the COVID-19 lesions mostly 
distributed in the terminal pleura. The autopsy of 
COVID-19 lung tissue showed diffuse damage of the 
alveoli with mucus exudation, which further contribute to 
lung consolidation [12]. On CT, COVID-19 lungs usually 
display as ground-glass opacities on the periphery of the 
diseased lungs or near the pleura. Ultrasound can show 
the distribution of COVID-19 lesions, and also monitor 
the B-line density and areas of consolidation at different 
stages of the disease. Recently, several Chinese webinar 
presentations and publications have shown a high degree 
of consistency between ultrasound and CT findings in 
COVID-19 patients [13–16]. When medical resources 
are in shortage and CT scan cannot be implemented on a 
large scale during the outbreak, ultrasound can be applied 
for early and rapid diagnosis and triage.

Common Pulmonary Ultrasound Findings In 
ICU  

One particular use of pulmonary ultrasound in the 
ICU is to diagnose acute respiratory distress syndrome 
(ARDS). According to the international lung ultrasound 
consensus [17], the following signs suggest the existence 

Liu et al. Critical care ultrasonography in COVID-19
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Role of Ultrasound in Pediatric COVID-19 
Patients

Ultrasound is a very important imaging modality for 
pediatric patients because it poses no risk of radiation, 
and pulmonary ultrasound has demonstrated clinical 
value in neonatal pulmonary disease [22–25]. Pulmonary 
ultrasound can be used for continuous real-time bedside 
monitoring of children with dyspnea, cyanosis, or other 
suspected lung diseases. It is especially suitable for 
neonatal ICU, since newborns must always remain in the 
incubator and their clinical conditions such as neonatal 
respiratory distress syndrome, meconium aspiration 
syndrome, and pulmonary hemorrhage change very 
quickly. It is hard to keep the children remain the same 
body position during the exam, therefore, as long as it 
is suitable for exposing the examination area, patients 
can be examined in any body position. For example, if 
the scan was started in a supine position but the child 
does not cooperate, scanning may be performed from the 
back.

Requirements  of  Performing Fast  and 
Accurate Ultrasound in ICU 

In a disease outbreak, more clinical staff may be 
needed to perform ultrasound examinations, especially 
in ICU. We think that a certified cardiologist or RPVI 
qualified vascular sonologist/technologist are well-
positioned to help train staff who are not familiar with 
ultrasound. With the basic knowledge and experience of 
ultrasound, the identification of lung diseases, pleural 

effusion, and other conditions will become more doable. 
In our team doctors with more than 3-year experience 
of basic cardiac ultrasound can quickly master the basis 
of lung ultrasound after 1 hour of training and can 
perform cross-sectional imaging after 1 day of training. 
Experts working in ICU have developed many diagnostic 
protocols and consensus to ensure the rapid and effective 
implementation of critical care ultrasound, such as 
the bedside pulmonary ultrasound (BLUE) process to 
identify different causes of dyspnea [26], the focused 
assessment with sonography for traumas (FAST) process 
[27] to detect hemoperitoneum, and the Rapid Ultrasound 
in Shock (RUSH) process [28,29] to recognize distinctive 
shock etiologies in a short time. These protocols are 
used in emergent settings, and performing those types of 
ultrasound examination requires special training. 

It is also recommended that people who have the 
experience of echocardiography should learn pulmonary 
ultrasound. Bataille et al. reported the diagnostic 
accuracy, sensitivity, and specificity of integrated 
cardiopulmonary ultrasound are higher than that of 
a single pulmonary ultrasound in the diagnosis of 
cardiogenic pulmonary edema and pneumonia, but not in 
the diagnosis of pulmonary embolism and pneumothorax 
[30]. Nazerain et al. reported that the sensitivity of 
diagnosis of an acute large pulmonary embolism (PE) 
can be significantly improved by simultaneously 
evaluating multiple organs (heart, lung, and lower 
extremity vein) compared to a single organ evaluation 
[31]. Here we presented our own case of diagnosing a 
large PE by multi-organ evaluation in Figure 6. 

Figure 6  (A) A case of applying of multi-organ ultrasonography. A 72-year-old female suffered from cerebral infarction. She had dyspnea and decreased 
oxygen saturation on the second day after thrombolytic therapy. Ultrasonography found consolidation in two areas of lung field. (B) Echocardiography 
showed that there was notch on the blood flow spectrum of right ventricular outflow tract. (C) The right ventricular wall activity was abnormal, indicating 
pulmonary hypertension. Considering her medical history and suspicious cardio-pulmonary ultrasonography findings, the patient was most likely having 
pulmonary embolism. Then ultrasound of lower extremities verified the presence of thrombus in the femoral vein (arrow).

B CA

Role of Critical Care Echocardiography 
One of the most common tasks of critical care 

ultrasound is to evaluate volume state and fluid 
responsiveness, since both insufficient and excessive 

fluid resuscitation lead to poor prognosis. Critical care 
echocardiography has the unique ability to screen for 
cardiac morphological and functional changes while 
providing a quantifiable probability of a patient's 

Advanced Ultrasound in Diagnosis and Therapy 2020;02:043–049
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cardiovascular response to fluids. Common parameters 
used to describe cardiac function or fluid state include 
left ventricular end diastolic area (LVEDA), velocity of 
left ventricular outflow tract, the respiratory variation 
of  the superior vena cava (ΔSVC), and  the respiratory 
variation of the inferior vena cava (ΔIVC) [32–34]. The 
images of our own experience of assessing volume state 
using ΔIVC are shown in Figure 7. 

Due to the “cross-talk” between the heart and 
other organs, acute kidney injury, respiratory failure, 

hypoxia, and systemic inflammation could all cause left 
or right heart dysfunction, or even whole heart failure 
[35]. Therefore, we recommend combining critical 
care ultrasound and echocardiography to monitor 
patients with cardiopulmonary dysfunction preceded 
by failure in other organs. Besides, focused critical care 
echocardiography is also useful in rapidly assessing more 
urgent cases, such as cardiac tamponade, acute left heart 
failure, acute right heart failure, and severe low blood 
volume state.

Figure 7 The image of inferior vena cava (IVC) is usually obtained by subxiphoid view or subcostal view in supine position. The diameter of IVC 
and its variability between inspiration and expiration can reflect the pressure of left atrium, which could further be used to evaluate the volume state and 
liquid responsiveness. Sample volume is usually taken at a distance of 2cm from the right atrium entrance. The measurement is completed on M-mode 
sonography, to ensure the accuracy for identifying the breath phase. (A) Normal IVC with significant respiratory variability of inner diameter. (B) A patient 
on ventilator, and the IVC diameter is significantly widened with the respiratory variability reduced, indicating fluid overload.

IVC IVC

BA

Role of Ultrasound in ECMO
Patients with acute severe cardiac or pulmonary 

failure that is unresponsive to conventional management 
and potentially reversible should be initiated on 
extracorporeal membrane oxygenation (ECMO) [36]. 
Ultrasound plays a key role in the delivery and daily 
monitoring of ECMO. It not only guides the initiation of 
ECMO by identifying the intended vascular structure, but 
also help to prevent and detect some of the complications 
associated with ECMO [37]. 

Role of Interventional Ultrasound in ICU
Ultrasound has proven beneficial in guiding 

interventional procedures under a lot of circumstances. 
In the ICU, ultrasound-guided procedures can expedite 
waiting times and increase the safety, accuracy, and 
efficacy of many procedures. A number of ultrasound-
guided procedures can be performed for critical care 
patients when necessary, including central venous 
catheter placement, catheterization and biopsy of 
inferior airway, paracentesis, thoracentesis, drainage 
of abscesses, and inferior vena cava filter placement, 

etc. [38]. Of note, when performing the interventional 
procedure, medical staffs always wear secondary or even 
tertiary personal protective equipment, which make the 
interventional operation even more complex. This is 
another great example of using ultrasound as a guide can 
significantly improve outcomes, shorten the operation 
time, and reduce occupational exposure. 

Ultrasound for Acute-On-Chronic Conditions
Critical care ultrasound also plays a role of evaluating 

patients’ basic diseases that could worsen their current 
condition, which is especially useful for elderly patients 
with chronic diseases, tumors, immunosuppression, and 
atypical inflammatory reaction. Critical care ultrasound 
also has flow-based recommendations for the screening 
for patients' basic diseases [16,39].

Summary
Ultrasound is an invaluable imaging modality in 

critical care to diagnose and guide the treatment of 
multiple life-threatening conditions including shock, 
respiratory failure, and multi-organ failure. The use of 

Liu et al. Critical care ultrasonography in COVID-19
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ultrasound in ICU has been shown to increase diagnostic 
accuracy, provide more efficient real-time monitor, and 
allow for more widespread, less expensive interventions 
for specific indications. In order to cope with the 
COVID-19 pandemic and provide better treatment for 
patients in need, clinicians should acknowledge and 
understand that a structured ultrasound training in critical 
care programs is of great importance.
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