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Preface

I remember the first time I met Dr. Soldati. He came into my lab and started talking about

resonance and bridges collapsing when soldiers passed by. You can imagine my disorientation; I told

Soldati that I had already taken several projects on board and could not commit to a new one. This

was not true; I had just finished the analysis of a convincing mathematical model of retinal vision

and was looking for new ideas to develop. However, the premises were not good and I declined

the offer of collaboration. Obviously, Soldati did not give up and, over the following days, returned

several times until he succeeded. I do not remember what clicked in my head, but, surely, curiosity

got the better of me and his farfetched idea began to translate into more understandable engineering

language. An engineer, however, is a bit like a doubtful St. Thomas, where seeing is believing.

Therefore, the first thing to do was to reproduce those strange acoustic signs that Soldati observed

in LUS (lung ultrasound) images. Imagine my surprise when, after a few attempts, I managed to

reproduce those signs with simple objects (a steel rod and two aluminum blocks) immersed in water.

Since that time, we have never stopped investigating this phenomenon and the latter has slowly

revealed its physical nature. Acoustic traps exist in pathological conditions that trap part of the energy

of US pulses and gradually return it over time. Ultrasound scanners interpret what comes next as

echoes of more distant structures, and this simple fact explains the nature of vertical signs: they

are the visible representation of acoustic energy emitted from isolated, non aerated spaces located

beneath the pleura. Since then, it has opened up new avenues of investigation because the shape

of vertical signs (more appropriately, the response of acoustic traps) varies as the shape, size, and

distribution of subpleural, non-aerated spaces vary. In short, a vertical sign is a bit like the signature

of an acoustic trap that generates it, similar to footprints left by animals in the woods—we just have

to learn to recognize these signs. When we began our collaboration, lung ultrasound was a tool with

limited application by pulmonary physicians. Even the physicians at our institute (a medical research

institute that is certainly on the cutting edge) practically ignored LUS. Today, the application of LUS

is widespread, and medical and nonmedical doctors are collaborating to provide scientific answers

to many questions that still arise when observing the aforementioned phenomenon. For this reason,

we readily accepted the proposal of Diagnostics to be the Guest Editors of a Special Issue on lung

ultrasound. We must never get tired of reiterating the importance of collaboration between medical

and nonmedical doctors in the development of new diagnostic devices.

xi

Marcello Demi

Editor
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Lung Ultrasound: A Leading Diagnostic Tool
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Thoracic ultrasound is an important diagnostic tool employed by many clinicians
in well-defined applications. Over the last ten years, many technical, methodological,
and clinical questions have been clarified, even though some problems await a response
from the scientific medical and non-medical community. Its use is prominently clinical;
that is, thoracic ultrasound is a diagnostic tool that combines classical semiotics and
diagnostic reasoning. Equally evident is the content of the information provided by this
tool, constituting a mix of classical anatomical information and information on the presence,
distribution, and shape of acoustic traps that alter the physical state of the lung’s surface.
There is no doubt that the ultrasound manifestations of so-called interstitial syndrome
represent a new field yet to be fully explored given the relationship between the superficial
density of the lung when still aerated and under pleural histopathology.

Six research papers and two review papers on the clinical applications of lung ul-
trasound are presented in this Special Issue. In [1], 101 unselected pulmonary patients
were evaluated blindly with ultrasound chest examinations. The obtained results show
how chest ultrasound is an effective complementary diagnostic tool for pulmonologists.
However, some discordances regarding the usefulness of LUS must also be considered. For
example, the value of B-Line scores (BLSs) in guiding fluid management during critical
illness [2] showed that daily BLS monitoring did not lead to a different cumulative fluid
balance in surgical ICU patients compared to standard care. The B-line score, i.e., the simple
counting of B lines, may not be a significant parameter. In [3], the authors show how a
simple pulmonary assessment using LUS provides relevant information about pulmonary
congestion in hemodialysis patients (outperforming chest radiography) and identifies
patients at risk of complications. The authors suggest that dialysis units adopt LUS in
their daily clinical practice as a bedside tool not only for fluid status assessment and dry
weight prescription but also to prevent intradialytic hypotension and drive ultrafiltration
prescription during the whole hemodialytic session. The authors of [4] show how US offers
good sensitivity in the detection of pleural abnormalities localized in the costo-phrenic
angle (CPA) and how an accurate ultrasound examination of CPA in patients affected by
pleural effusion or suspected malignant pleural effusion could assess even millimetric
pathological lesions not easily detectable by chest CT scan. In [5], the role of ultrasound in
the diagnosis of pulmonary infection, caused by intracellular fungal pathogens or mycobac-
teria, is analyzed through a systematic review. Lung ultrasound can also be successfully
used to examine children [6,7] and newborns [8]. The authors of [6] describe protocols for
LUS examinations of children, discuss diagnostic criteria, and introduce methods for the
diagnosis and classification of pulmonary diseases commonly encountered in pediatric car-
diology. According to the authors’ judgement, US is an easy, accurate, rapid, inexpensive,
and radiation-free tool for the diagnosis and follow-up of major pulmonary complications
in pediatric cardiac surgery, and they strongly encourage its use in routine practice. Cystic
fibrosis (CF) lung disease is analyzed in [7]. The aim of the study was to evaluate a newly
conceived LUS score by comparing it to the modified Bhalla CT score. The results show
that LUS score can be used in the diagnosis and monitoring of CF lung disease in children.
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In [8], the use of lung ultrasonography and the LUS score is suggested not only for the
initial diagnosis but also for the monitoring of newborns with respiratory problems. Lung
ultrasonography appears to be a valuable tool for the real-time assessment of improvement
in lung status after starting respiratory support. Therefore, it is an aid for the clinician
to adjust management and subsequent support accordingly, increasing or decreasing the
latter as needed.

Given the temporal context in which this Special Issue has been proposed, contribu-
tions regarding COVID-19 were expected. Three review papers and three research papers
were submitted and accepted after revision. COVID-19-associated pneumonia can give
rise to a variety of pathological pulmonary changes ranging from mild diffuse alveolar
damage (DAD) to severe acute respiratory distress syndrome (ARDS), with the latter being
characterized by peripheral bilateral patchy lung involvement. These findings have been
well described in CT imaging and anatomopathological cases. Consequently, ultrasound
artifacts and consolidations are expected signs in COVID-19 pneumonia because edema,
DAD, lung hemorrhage, interstitial thickening, hyaline membranes, and infiltrative lung
diseases, when they arise in a subpleural position, generate ultrasound findings. In [9], the
structure of the ultrasound images in the normal and pathological lung is analyzed. Lung
ultrasound is suggested to play an important role in this context due to its high diagnostic
sensitivity, low cost, and simplicity of execution. Despite computed tomography being
the gold standard of imaging, lung ultrasound is essential in every situation where CT is
neither readily available nor applicable. In [10], the role of lung ultrasound (LUS) in the
diagnosis and prognosis of SARS-CoV-2 pneumonia is discussed through a comparison
with High-Resolution Computed Tomography (HRCT). In [11], the considerable versatility
of LUS in diagnosis, the framing of the therapeutic route, and follow-up for SARS-CoV-2
interstitial syndrome is highlighted. In [12], the presence of LUS artifacts after SARS-CoV-2
infection in children were evaluated, and the associations between the time elapsed since
infection and symptomatology during acute infection were analyzed. In a pilot study [13] of
post-COVID syndrome patients, the usage of lung ultrasound in a follow-up was evaluated
by identifying the variation of reverberation artifacts over the course of approximately
one year. In [14], the utility of lung ultrasound with respect to neonates diagnosed with
COVID-19 is assessed. The authors suggest that lung ultrasound is a useful diagnostic
tool that offers a non-invasive, easy-to-use, and reliable method for lung lesion detection
in neonates.

The challenges and potentialities correlated with the use of LUS as a leading diagnostic
tool are also addressed by one research paper and two review papers. In [15], hospitalist
perceptions of barriers to lung ultrasound adoption in diverse hospital environments are
analyzed. The hospitalists interviewed perceive LUS as a tool offering important benefits
for patients, clinicians, and health systems. However, the time required to master and
perform LUS was perceived to be an important barrier to its adoption. In [16], the authors
reveal how hand-held ultrasound devices, which are accessible and comparatively easy to
decontaminate, could constitute a reliable tool for evaluating peripheral lung diseases. The
study highlights how this tool can be successfully employed as an alternative to repeated
X-ray examinations for peripheral lung disease monitoring. In [17], the authors show how
current communication technologies can be exploited to allow patients to perform US
assessments of their lung status.

Moreover, four research papers and two review papers focused their attention on the
analysis and understanding of the acoustic information provided by LUS. A preliminary
attempt to overcome the oversimplified B-Lines score uniquely based on the number of
observed B-lines is illustrated in [18]. This study concerns the application of lung ultrasound
for the evaluation of the significance of both vertical artifact changes with frequency and
pleural line abnormalities in differentiating pulmonary edema from pulmonary fibrosis.
The mechanisms underlying vertical artifacts in lung ultrasound and their potential use for
differentiating cardiogenic pulmonary edema from lung diseases are discussed in [19] and
in [20]. In [19], the authors recount the theory of the acoustic trap and the basic research
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studies supporting the theory. In their contribution, the authors underline how published
studies and pilot experiments indicate that the clarification of the relationship between the
length and intensity of vertical artifacts and the physical or acoustic composition of sources
may be useful for differentiating cardiogenic pulmonary edema from lung diseases. In [20],
the author stresses a similar problem. This study highlights an important point: in order to
derive further information from the visual inspection of vertical artifacts, the mechanisms
that control artifact formation must be identified. In this paper, the link between the
visual characteristics of the vertical artifacts (the observed effect) and the distribution
of the aerated spaces at the pleural level (the cause) is addressed. Vertical artifacts are
frequently seen in a variety of lung diseases, and they vary in length, width, shape, and
internal reverberations. The reason for this diversity is still partially unknown and has
generated debates between clinicians and physicists. In [21], the most common clinician
observations are summarized and explained. The paper underscores the importance of
the visual analysis of vertical artifacts along with the importance of strong collaboration
between clinicians and physicists. In [22], a finite-element numerical model is proposed to
simulate the radio frequency (RF) signals received by a probe when an US pulse is reflected
by an acoustic trap that affects a normal lung surface. The RF signals give rise to images
of horizontal A-lines and vertical B-lines that are reasonably similar to those observed
in real images. The proposed model is useful for studying the impact of a specific lung
infiltration on the appearance of LUS images. The authors of [23] describe a systematic
working method that was used to comprehend the genesis of the vertical artifacts and their
relationship with the surface histopathology of the lung. In this study, the acoustic trap
theory is summarized, and the acoustic traps are seen as secondary sources of ultrasound.
Moreover, the authors relate that they disagree with the term artifact since it does not
adequately represent the informational content of acoustic signs, which, in their opinion,
are not artifacts but pathological footprints and anatomical information.

When this Special Issue was proposed, the expected content was stratified into
eight topics: (1) the essential physics of lung ultrasound imaging; (2) diagnostic signs
provided by lung ultrasound; (3) guidelines in clinical care practice; (4) the biological
effects of pulsed ultrasound; (5) theoretical and physical lung modeling; (6) visual and
computer-aided image analysis; (7) spectral analysis of radiofrequency (RF) signals; and
(8) clinical and open ultrasound platforms. Aside from biological effects and computer-
aided image analysis, the received contributions address almost all these topics to varying
degrees. On the one hand, many studies warn of the potential biological damage induced
by the ultrasound-based examination of the lungs. However, on the other hand, physicians
perform lung ultrasound examinations daily, and—to the best of our knowledge—lung
damage has never been reported. In most papers reporting damage during lung ultra-
sound exams, hemorrhages were locally provoked on the lungs of small animals via static
long expositions and often by locating the probe directly on the parietal pleura, i.e., by
adopting working conditions that are never met in standard lung ultrasound exams. The
submitted contributions have demonstrated the solid confidence of physicians to be using a
safe [1,3,8,10,13,14] and harmless [8,10,13] imaging device that is free of adverse effects [5]
and produces no side effects [12,17]. Computer-aided image analysis is a wide topic ranging
from simple algorithms for the detection and counting of vertical artefacts in single-lung
US images to convolutional neural networks for an explicit diagnosis of a pathology. Even
though many papers in the literature follow this direction, in our opinion, the diagnostic
utility of these tools is modest. The manuscripts published in this Special Issue strongly
highlight the necessity of understanding the genesis of artefactual information as a unique
method of completely and efficiently exploiting this information.

Author Contributions: Conceptualization, M.D. and G.S.; methodology, M.D.; formal analysis, M.D.
and G.S.; investigation, M.D. and G.S.; writing—original draft preparation, M.D.; writing—review
and editing, M.D and G.S.; supervision, G.S. All authors have read and agreed to the published
version of the manuscript.
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Abstract: For over 15 years, thoracic ultrasound has been applied in the evaluation of numerous
lung diseases, demonstrating a variable diagnostic predictive power compared to traditional imag-
ing techniques such as chest radiography and CT. However, in unselected pulmonary patients,
there are no rigorous scientific demonstrations of the complementarity of thoracic ultrasound with
traditional and standardized imaging techniques that use radiation. In this study 101 unselected
pulmonary patients were evaluated blindly with ultrasound chest examinations during their hospital
stay. Other instrumental examinations, carried out during hospitalization, were standard chest
radiography, computed tomography (CT), and, when needed, radioisotopic investigation and cardiac
catheterization. The operator who performed the ultrasound examinations was unaware of the
anamnestic and clinical data of the patients. Diffuse fibrosing disease was detected with a sensi-
tivity, specificity and diagnostic accuracy of 100%, 95% and 97%, respectively. In pleural effusions,
ultrasound showed a sensitivity, specificity and diagnostic accuracy of 100%. In consolidations,
the sensitivity, specificity and diagnostic accuracy were 83%, 98% and 93%, respectively. Low values
of sensitivity were recorded for surface nodulations of less than one centimeter. Isolated subpleural
ground glass densities were identified as White Lung with a sensitivity of 72% and a specificity of
86%. Only the associations Diffuse ultrasound findings/Definitive fibrosing disease, Ultrasound
Consolidation/Definitive consolidation and non-diffuse ultrasound artefactual features/Definitive
vascular pathology (pulmonary hypertension, embolism) were statistically significant with adjusted
residuals of 7.9, 7 and 4.1, respectively. The obtained results show how chest ultrasound is an effective
complementary diagnostic tool for the pulmonologist. When performed, as a complement to the
patient’s physical examination, it can restrict the diagnostic hypothesis in the case of pleural effusion,
consolidation and diffuse fibrosing disease of the lung.

Keywords: diagnosis; lung; respiratory medicine; sonography; ultrasound

1. Introduction

Thoracic ultrasound (US) is a recently developed diagnostic tool [1,2]. Most literature
deals with cardiogenic pulmonary edema, ARDS, bronchiolitis in children and pneumonia
in adults [3–5]. Few studies, however, are aimed at studying focal, multifocal and diffuse
lung diseases providing information on pleural signs, pulmonary artifacts morphology
and pathological changes such as nodules and consolidations along with their surface
distribution. Moreover, many works in the past based their attention on the artifacts
numerical estimate for scoring the severity of a pathological state, but, to our knowledge,
a rather limited number of clinical and technical papers investigated the meaning of
their morphology [6–13].
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This limits the ability to characterize and differentiate cardiac from pleuro-pulmonary
pathological conditions, especially when these disorders overlap. It is worth noting that
both pulmonologists and cardiologists hold the same view as regards thoracic ultrasound se-
meiotics in that it is mostly based on the classical “wet and dry” lung dichotomy. This work
aims to clarify the diagnostic role of thoracic ultrasound on an unselected population of
patients with pulmonary diseases and to provide clinical support to the hypotheses on
the genesis of pulmonary ultrasound artifacts recently suggested [9,14,15]. The following
points will be discussed: (1) the practical role of thoracic ultrasound, seen as a specific tool
of the pulmonologist for “visiting” the patient and to restrict the field of the diagnostic
options; (2) the associations between artefactual and anatomic ultrasound signs and CT
findings; (3) the semeiotics and meaning of pulmonary artifacts based on the potential
genesis of pleuro-pulmonary signs.

2. Materials and Methods

2.1. Clinical and Instrumentale Evaluation

We evaluated 101 subjects who had been admitted from November 2017 to December
2018 to the Pulmonary Medicine Unit of the Gabriele Monasterio Tuscany Foundation of
Pisa, with 103 ultrasound chest examinations. Patients were studied in the Pulmonology
Unit, either as an emergency or as a programmed hospitalization, on the basis of their
pathological conditions and/or the onset of respiratory symptoms, such as recent dyspnea
and chest pain in order to complete a diagnostic and therapeutic work-up. The exclusion
criteria were pulmonary or cardiac acute decompensation during the evaluation, acute
respiratory distress syndrome, heart and valvular diseases, fever, myocardial infarction,
pneumothorax and thoracic trauma. All other pulmonary pathological conditions in
patients older than 18 years were included. During the ultrasound examination all patients
were in stable clinical conditions.

Every patient was informed in advance about the research content, and they pro-
vided signed informed consent. The investigation was authorized by the Institute’s Ethics
Committee CEAVNO (study number 1089, approved on 30 January 2017). All patients
completed a thorough respiratory and cardiac evaluation by spirometry, gas exchange,
single breath diffusion capacity, chest X-ray, CT scan, and perfusion lung scan evaluation.
Chest CT findings were considered the gold standard for the anatomic evaluation of pleura
and lung parenchyma. All chest high-resolution CT examinations were performed at our
hospital’s Department of Radiology using standard protocol. No intravenous contrast
material was administered. CT images were evaluated by experienced radiologists and by
a chest physician (RP) who is board certified in Radiology, using the traditional radiological
lexicon. Discordance between radiologists and the chest physician were resolved by a
consensus CT reading. The final diagnosis was drawn up by the chest physician following
a thorough examination of the clinical and instrumental data.

The ultrasound examination was carried out by a single operator (GS) with more than
twenty years’ experience in chest ultrasound. The operator who performed the ultrasound
examinations was unaware of the anamnestic and clinical data of the patients. We used
a Toshiba Aplio V machine, equipped with convex (3.5–5 MHz) and linear (5–9 MHz)
probes. Harmonic imaging was not used. With patients in a sitting position, posterior,
basal, paravertebral and apical scans were obtained. Frontal and lateral scans, including
supraclavicular regions were obtained in a supine position. Findings such as artifacts,
consolidations, nodules, effusions, diaphragmatic position and kinetics were defined ac-
cording to semeiotics described in the literature [1–3,5,8]. Table 1 lists the findings and the
possible generic diagnoses which can be expected with the ultrasound and CT examination,
respectively. These characteristics were recorded and stored in a database. The location of
ultrasonographic findings on the thoracic surface was described for each patient through
a graphic scheme with differently colored landmarks (Figure 1), to obtain a topography
comparable to CT images.
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Table 1. Observed/registered findings and possible generic diagnoses expected with the ultrasound
and CT examination.

Ecographic Findings and Assumed
Diagnosis

CT Findings and Assumed Diagnosis

Vertical artifacts Septal thickening
B-lines Reticular thickening
Hypermirror Consolidation
Consolidation Tree-in-bud
White Lung Ground glass
Pleural effusion Pleural thickening
Micronodules Pleural effusion
Pleural thickening Surface micronodules
Diaphragm kinetics

Emphysema Lung cancer
Focal interstitial syndrome Pleural cancer
Diffuse interstitial syndrome Diffuse interstitial syndrome
Cardiogenic contribution Cardiogenic pulmonary edema

Emphysema

Figure 1. Example of the location of ultrasound (US) findings on the thoracic surface through a
graphic scheme with differently colored landmarks, to obtain a superficial topography comparable to
CT images. Three schemes of three different patients are shown in A, B and C.

Pleural effusions were identified on the basis of their classical ultrasound signs.
Patients with pleural effusion were not considered as belonging to a specific subgroup
since the effusion may be associated with different pathological conditions.

The distinction between pneumogenic and cardiogenic artifacts was made according
to their structure and relative distribution and homogeneity along the pleural line [16].
Only the brightest artifacts with characteristics of full screen extension, pleural-point origin
with or without internal modulation were considered “B-lines” [16,17]. All other artifacts
were generically referred to as “vertical artifacts”. White Lung [9,16] was identified as
a focal or multifocal artifact characterized by an undifferentiated echogenic background,
with the absence of A-lines and without evidence of vertical artifacts.
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The presence of subpleural nodularities (consolidations with relatively defined con-
tours with maximum size less than or equal to 1 cm) was simply reported. Subjects
with dominant consolidations, single or multiple, mono or bilateral consolidations with a
diameter greater than 1 cm, were assigned to a specific subgroup.

The term hypermirror, not mentioned in the literature, was arbitrarily introduced.
It indicates a finding that covers at least a third of a lung field characterized by a regular
pleural line and by the absence of vertical artifacts and B-lines. Its typical appearance is that
of a pronounced mirror effect with an artefactual replica of the pleural line (two replicas at
least). In presence of emphysema, the air content of the subpleural lung layers increases
and, as a consequence, the reflection coefficient at the pleural plane also increases giving
rise to more pronounced replica and mirror effects. Moreover, a suboptimal configuration
of the diaphragm occurs in emphysema and the demand imposed by the pathology on
this muscle increases due to both hyperinflation and air-flow obstruction. In certain types
of emphysema (e.g., panlobular emphysema), a lower position and reduced dynamics
of the hemidiaphragms is also expected. The hypermirror finding, along with both an
objective reduction of the maximum diaphragmatic excursion (less than 3.5 cm in the middle
axillary to the maximal inspiration in sitting position) and lowered hemidiaphragms, was
considered as a sign of emphysema.

Based on the results of the ultrasound examination, the sonographer blindly assigned
each subject to one of five groups (Table 2). This classification is based on the recognized
non-specificity of many ultrasound signs. Therefore, it is more useful to refer to ultrasound
patterns (typology and association of signs, topography, extension) rather than to single
uncoordinated signs. While the terms “consolidation” and “nodule” have a real meaning
(tissue without air), variable configurations of the artifacts assume a diagnostic power only
through their distribution (focal, multifocal and diffuse). The groups were as follows:

Table 2. Characteristics of patient’s subgroups.

Group Male
Mean Age
(y+/−sd)

Female
Mean Age
(y+/−sd)

Total

No pathological findings 3 66+/−10 4 53.5+/−8.3 7

Limited findings 18 70.8+/−7.4 18 71.7+/−12.8 36

Diffuse findings 11 75.9+/−8.9 6 72.8+/−9.6 17

Consolidations 16 73.6+/−11.4 8 76.5+/−4 24

Non-diffuse features 9 73.2+/−8.4 10 63.6+/−16.3 19

Group 1: No pathological findings.
Group 2: Limited findings. Monofocal or multifocal artifacts, with or without nodu-

larity (small consolidations abutting the pleura with a diameter ≤ 1 cm). This group was
characterized by focal or multifocal findings whose characteristics did not allow us to
hypothesize a specific pathological condition.

Group 3: Diffuse findings. Pathological artefactual signs (B-lines and/or vertical
artifacts) spread bilaterally over two thirds of the lung fields.

Group 4: Consolidations. Single or multiple, mono or bilateral consolidations with
a diameter > 1 cm, showing variable conditions of internal ventilation. The presence of
vertical artifacts or perilesional White Lung was considered a related finding. Patients from
other groups may present consolidations or nodules, but non-dominant with respect to
other findings.

Group 5: Non-diffuse features. Presence of pathological artifacts, with or without
nodularity (consolidations < 1 cm), configuring a pathological picture which extended up
to two thirds of a pulmonary field.
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2.2. Data Analysis

The anthropometric and clinical data of the patients including history, evolution and
outcome US, CT findings, and other instrumental findings were coded and saved in a
database. Descriptive statistics were expressed as mean +/− SD or as numbers with per-
centages. CT images with radiological descriptions were stored together with video clips
from the ultrasound examinations and with the surface maps (Figure 1). The sonogra-
pher (GS) was unaware of any clinical and instrumental data and had access only to the
ultrasound database. Both the clinical management and the organization and visualiza-
tion of the clinical and CT database was assigned to and carried out by a single operator
(RP). The attribution of patients to the US groups, described in Section 2.1, was carried
out independently and blindly by the sonographer. Sonographic signs were interpreted
and classified by the sonographer while the clinician was precluded from accessing the
ultrasound database.

The primary endpoint of this study was to investigate the role of pattern-based chest
ultrasound on an unselected population of patients admitted to a pulmonology department
and undergoing a blinded ultrasound examination.

The secondary endpoint was to evaluate potential associations between established
ultrasound findings and CT, and to discuss the role of selected findings as acoustic infor-
mation related to the subpleural structure of the lung as seen in CT [9].

In order to evaluate the endpoints in the simplest way, two different evaluations
were made:

(a) After a complete diagnostic work up, the subjects were divided into four groups of
definitive pathologies: consolidative pathology, diffuse fibrosing disease, COPD, and vas-
cular pathology (pulmonary hypertension, embolism). Descriptive analysis was performed
and expected frequencies were reported within the contingency table of the distribution
of “Group” by “Definitive pathology”. To evaluate the structure of the association of the
two variables, adjusted residuals were calculated for each cell, and p-values were adjusted
as described by Beasley and Schumacker [18] in order to take multiple comparisons into
account. A p-value < 0.00256 was considered statistically significant.

(b) Sensitivity and specificity of the ultrasound examination findings (vertical artifacts
and B-lines, White Lung areas, consolidations, nodules) were calculated versus interstitial
changes (septal and or reticular), ground glass density, consolidations and nodularities,
respectively, using CT as the reference test. The specificity of the tests was defined as
TN/(TN + FP), the sensitivity as TP/(TP + FN), the positive predictive value (PPV) as
TP/(TP + FP), and the negative predictive value (NPV) as TN/(TN + FN).

3. Results

A total of 101 subjects, 55 males and 46 females ranging in age from 33–90 years, with
an average age of 71, were evaluated with 103 ultrasound acquisitions. Two subjects had
two acquisitions each. The chest ultrasound was carried out within 4 days of admission.
Each ultrasound examination lasted no more than 15 min (range 8–15 min). A chest CT was
carried out within 2 days of the ultrasound examination. The patients’ subgroups are illus-
trated in Table 2. Seven subjects were free from pathological ultrasound findings and their
final diagnoses are listed in Table 3. Table 4 illustrates the associations between the groups
of the enrolled patients and the four groups of final pathologies described in Section 2.1.
Only the association Diffuse findings/Fibrosing disease, Consolidation/Consolidation
and Non-diffuse features/Vascular pathology (pulmonary hypertension, embolism) were
statistically significant with adjusted residual of 7.9, 7 and 4.1, respectively.
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Table 3. Final diagnosis in seven patients free from pathological ultrasound findings.

Patient Sex Final Diagnosis

1 F Pulmonary Hypertension

2 F Dyspnea in bronchial hyperreactivity

3 F Syncope in a patient with susceptibility to the development of
vaso-depressant syncopal episodes in response to prolonged orthostasis.

4 M Type 1 respiratory failure secondary to right-left shunt from patent
foramen ovale type ostium secundum

5 M Type 1 respiratory failure of a nature to be determined with right
saphenous small thrombophlebitis

6 F Bronchitic exacerbation in patient with bronchiectasis

7 M Respiratory insufficiency in pulmonary consolidations under diagnostic
definition, resolved at the time of examination

Table 4. Associations between the groups of the patients according to the initial sonographic selection
and the four groups of final pathologies described in methods.

Group

Definitive Pathology

Total
Consolidation COPD

Chronic Fibrosing
Disease

Vascular Pathology

Consolidations

Count 22 1 0 1

24
Expected Count 7.9 6.3 3.5 6.3

% Within Group 91.7% 4.2% 0.0% 4.2%

Adjusted residual 7.0 −2.8 −2.3 −2.8

Diffuse Findings

Count 0 3 13 1

17
Expected Count 5.6 4.5 2.5 4.5

% Within Group 0.0% 17.6% 76.5% 5.9%

Adjusted residual −3.2 −0.9 7.9 −2.1

Limited Findings

Count 8 15 2 11

36
Expected Count 11.9 9.4 5.2 9.4

% Within Group 22.2% 41.7% 5.6% 30.6%

Adjusted residual −1.7 2.6 −1.9 0.7

No pathological
ultrasound findings

Count 1 4 0 2

7
Expected Count 2.3 1.8 1.0 1.8

% Within Group 14.3% 57.1% 0.0% 28.6%

Adjusted residual −1.1 1.9 −1.1 0.1

Non-diffuse features

Count 3 4 0 12

19
Expected Count 6.3 5.0 2.8 5.0

% Within Group 15.8% 21.1% 0.0% 63.2%

Adjusted residual −1.8 −0.6 −2.0 4.1

Total
Count 34 27 15 27

103
% Within Group 33.0% 26.2% 14.6% 26.2%

Thirty-nine pleural effusions were identified in 28 subjects (27.1%), 19 of which were
minimal effusions (48.7%), i.e., only visible in the lateral costophrenic sinus. The effusions
were bilateral in 11 patients (39.2% of the subjects with pleural effusion). All subjects
without significant lung findings (Group 1) did not show any effusion. Among those
with limited or monofocal findings (Group 2), diffuse findings (Group 3), consolidations
(Group 4) and non-diffuse artefactual syndrome (Group 5), effusions were detected in 6, 2,
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14 and 6 patients (17%, 12%, 64% and 17% of the subjects of each group), respectively. In pleural
effusions, ultrasound showed a sensitivity, specificity and diagnostic accuracy of 100%.

Vertical artifacts and B-lines were detected in patients of all groups except in patients in
Group 1. Furthermore, when considering the entire population studied, while the artifacts
(B-lines and vertical artifacts) were present in 78 patients (75.7%), B-lines were present in
38 subjects only (36.8%). Only one patient showed B-Lines exclusively without vertical
artifacts. All the other subjects with B-lines also showed vertical artifacts. Vertical artifacts
in subjects without B-lines were present in 40 patients (52.2% of the entire population
with artifacts).

B-lines were detected in all six patients whose CT findings were compatible with
subpleural hydrostatic septal thickening. The sensitivity and specificity of B-lines in
subjects with pulmonary edema was 100% and 68% respectively, as 31 subjects showed
B-lines in the absence of CT findings of subpleural septal thickening.

Consolidations were detected in CT in 34 subjects and all subjects in Group 4 showed
confirmation of the findings (Table 3). Six patients in Group 2 with CT consolidations
turned out to be ultrasound false negative: three patients showed lesions which did not
reach the pleura (two neoplasms and one inflammatory lesion) and three subjects showed
findings which were compatible with atelectasis. Among the detected consolidations,
a total of 11 neoplasms were diagnosed (10 lung tumors and one mesothelioma), 9 of which
were visible on the ultrasound images. Mesothelioma was correctly detected.

In consolidations, the sensitivity, specificity and diagnostic accuracy were 83%, 98%
and 93% respectively. Four of the six false negatives occurred in patients with central
and non-subpleural lesions which were not visible on the ultrasound images. Sensitivity
increases to 88% by excluding these patients.

Nodules were detected in 23 patients. CT showed superficial nodules in 55 patients.
Sensitivity and specificity of ultrasound was 45% and 78%, respectively.

White Lung was detected in all groups except in Group 1. In order to compare isolated
White Lung with CT ground glass findings, we selected those subjects who showed the
White Lung artifact only (subjects without pleural effusion, consolidations or nodulations).
Subjects with CT findings of ground glass not surfacing the pleura were not considered due
to the limitation of ultrasounds to detect them. Among the 23 subjects whose CT showed
subpleural isolated ground glass, 18 of them had corresponding areas of ultrasound White
Lung. Sensitivity and specificity of ultrasound in detecting superficial ground glass were
72% and 86%, respectively. Positive and negative predictive values were 76% and 94%.

Of the forty-four subjects who were diagnosed with COPD or asthma, only 2 subjects
did not show ultrasound signs. Forty-two subjects showed a variety of signs and were
therefore included in the other groups (58.3% in Group 2, 29.4% in Group 3, 39.1% in
Group 4 and 26.3% in Group 5).

The tree-in-bud CT pattern was detected in 13 subjects belonging to Groups 2 (7 subjects),
3 (2 subjects), 4 (2 subjects) and 5 (2 subjects), respectively. Among them, 4 subjects showed
focal B-lines and vertical artifacts, 8 patients showed nodulations or microconsolidations.

The association of a hypermirror pattern with lowered hemidiaphragms and a reduc-
tion of the maximal diaphragmatic inspiratory excursion, showed a sensitivity, specificity
and diagnostic accuracy of 45%, 96% and 86%, respectively, for the identification of subjects
with pulmonary emphysema detected with CT.

Figures 2–6 show some examples of the main echographic signs which have been
evaluated in this study.

12



Diagnostics 2022, 12, 952

Figure 2. The image on the left shows vertical artifacts in a subject with idiopathic pulmonary fibrosis
with a strongly irregular pleural line (red arrow). The image on the right shows B-lines (red arrows)
with a regular pleural line in a subject with heart failure.

Figure 3. Ultrasound and CT scans of two patients with fibrosing lung disease. The black arrows
indicate the position of the probe on the chest. The two CT and ultrasound scans are coplanar.
In (a) a minor fibrotic involvement is present while in (b) a small nodulation (red circle) is evident.
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Figure 4. Image (a) shows an ultrasound scan of a patient with large pleural effusion and a coarse
vegetation on the diaphragmatic surface (metastatic carcinoma in red circle). Image (b) shows
lung consolidation with poor ventilation (pneumonia in red circle). Image (c) shows a large lung
consolidation (lung cancer). Image (d) shows pleural neoplasia (mesothelioma in red circle).

Figure 5. Image (a) shows lung consolidation with associated artifacts in a red circle (pneumonia).
Image (b) shows lung consolidation with associated pleural effusion (lung cancer in red circle).
The red arrow in image (c) shows a large finely corpuscular pleural effusion (mesothelioma). The red
arrow in image (d) shows a single nodule emerging on the pleural surface with a regular pleural line.
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Figure 6. Ultrasound scans of a patient with mesothelioma. On the left, the CT scan shows only
pleural effusion (red arrow). The upper right ultrasound scan clearly shows the pleural effusion (red
arrow) and diaphragmatic nodulations (red circle). The lower right ultrasound scan shows a parietal
pleural nodule (red circle).

4. Discussion

Pleuro-pulmonary ultrasound is widely reported in scientific literature. Although
ultrasound semeiotics of pleural effusion and pulmonary surface consolidations are widely
described and accepted [2], the sonographic patterns in non-consolidated pathological
conditions are still under investigation and, in general, limited to the description of A-lines
and (in quantitative terms) B-lines [19,20].

Most of the B-line literature regards cardiology patients with heart failure. In this
context, the results are generally unique, and the B-lines were found to correlate with the
increase of the extravascular pulmonary water and the severity of the pathology.

Recently, the increased interest in the ultrasound signs in ARDS, interstitial pulmonary
diseases and COVID-19 pulmonary involvement has raised the need for a better classifica-
tion of the artifacts to increase their specificity [15,16,21,22]. Some observations point out
the great variability of the artifacts and suggest the use of their morphology and distribution
pattern for a preliminary tissue characterization of the lung surface [10,11,23].

However, most of the published studies regard the settings of Emergency Medicine,
Intensive Care, Cardiology, Pediatrics and Rheumatology. Only a few studies are available
on Pulmonary Medicine patients [6,22,24]. Many patients have been selected according
to specific pathological conditions (pulmonary edema, ARDS, pneumonia, bronchiolitis,
collagen diseases) and to single sonographic findings. A few publications address the
application of ultrasounds as an initial blind test in patients with the several pleuro-
pulmonary pathological conditions encountered in a Respiratory Medicine Unit.

This paper evaluates an unselected series of non-critical patients admitted to a Pneu-
mology Unit, and endeavors to represent the clinical workload of a pulmonologist’s daily
diagnostic activity. The great majority of our patients had more than one pathological
condition, even though their prevailing clinical condition was of pulmonary origin.

By fixing an initial pattern evaluation of ultrasound findings (patient groups 1 to
5), it is possible to narrow down the diagnostic possibilities. This is particularly true for
diagnosing consolidations and fibrosing lung diseases, appearing as deaerated lesions and
diffuse pneumogenic artifacts, respectively [6,22].
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Conversely, the absence of ultrasound signs, or the presence of artifacts with limited
monofocal or multifocal distribution, with or without nodularity or non-diffuse artefactual
features, remains non-specific outside a clinical context [25].

The association between non-diffuse features and vascular pathology (pulmonary hy-
pertension, embolism) achieves statistical significance, but does not find a clear pathogenetic
explanation. This probably merely reflects the non-specificity of non-diffuse pulmonary
artifacts or the coexistence of multiple pathologies in the same patient.

When chest CT is used as a reference standard, pleuro-pulmonary sonography shows
high accuracy for the detection of pleural effusion and pneumonia (sensitivity and speci-
ficity of 93–94% and 96–98% respectively) [5,26–29].

Our experience agrees with these data. The best diagnostic accuracy of ultrasound,
compared with a set of diagnostic procedures including CT, was obtained for the detection
of pleural effusions. Moreover, ultrasound is a useful tool for the evaluation of lung
consolidations with a sensitivity of 83% and a high specificity (98%).

Its role is confirmed in pneumonia, atelectasis, inflammatory consolidations and
neoplasms when they surface the pleura. 11 cases of pneumonia in 12 patients (91.6%)
were correctly identified. Overall, 9 neoplastic lesions out of a total of 11 neoplasms
(10 pulmonary and one pleural neoplasia) were detected by ultrasound since two of them
(two pulmonary neoplasms) did not surface the pleura. Five neoplastic subjects presented
pleural effusion that was fibrinous in two cases and corpuscular in one. Atelectasis was
diagnosed by ultrasound in 9 cases, and all were confirmed by CT. Atelectasis was associ-
ated with neoplasia in two patients and to effusion or hypoventilation in the remaining
7 patients.

The performance of the US for cancer detection is limited only because US can show
only the neoplasms which surface the pleura. The same problem exists for the definition of
many pulmonary nodularities.

Lung artifacts (vertical artifacts and B-lines) were the most frequent pathological
findings observed [15] (Figure 1). This study confirms the distinction described in literature
between pneumogenic and cardiogenic artifacts based on their distribution and on the
characteristics of the pleural line [16]. Artifacts in focal position and/or limited in their
representation (Groups 5 and 2 respectively) appear non-specific outside a clinical context
and generically indicate a pneumogenic origin, often related to COPD/asthma.

Many studies in literature have addressed the diagnostic role of artifacts. The Blue
Protocol [30] applied to patients with acute dyspnea in the Emergency Room showed a
sensitivity of 88% and a specificity of 96% of B-lines for the diagnosis of acute cardiogenic
pulmonary edema. Moreover, if compared to chest radiography, ultrasound shows greater
sensitivity in differentiating the dyspnea due to cardiogenic pulmonary edema from the
dyspnea due to exacerbation of chronic obstructive pulmonary disease [31–33]. In a re-
cently published review of patients with acute heart failure [34], ultrasound showed better
diagnostic accuracy for pulmonary edema than chest radiography with a sensitivity of 88%
and a specificity of 90%, respectively.

Vertical artifacts and B-lines report a non-consolidating increase in subpleural density
which, through an interstitial expansion, opens acoustic channels which allow the transmis-
sion of acoustic energy to acoustic traps. Pairs of channels and traps with different shapes
and sizes highlight specific harmonics of the pulse power spectrum which are subsequently
represented visually by the scanner as artifacts with variable morphologies [14,15,20].

The evidence that three quarters of our patients showed pneumogenic artifacts associ-
ated with increased subpleural CT density (as in 17 cases with diffuse interstitial pathology)
increases the plausibility of the hypotheses set out above. On the contrary, 23 subjects
without vertical artifacts and B-lines had final diagnoses which excluded subpleural hyper-
density (12 patients with COPD/emphysema with pulmonary hypertension, 2 with heart
disease without pulmonary congestion, 2 with pulmonary embolism, 3 with neoplasia and
1 with collagen disease without pulmonary involvement).
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Vertical artifacts and B-lines have been described as being associated with consolida-
tions [35]. Our findings indicate that neoplastic growth, contrary to pneumonia, can pro-
duce consolidations which are not surrounded by vertical artifacts or B-Lines and, on the
other hand, that B-lines are more frequent in inflammatory consolidations where inflamma-
tory edema is present. An inflammatory consolidation is usually surrounded by edematous
tissue and, in this case, artifacts spreading from the borders of the consolidation are visible.
This characteristic is usually absent or less evident at the borders of the neoplastic processes.

Six patients had ultrasound signs compatible with cardiogenic lung interstitial edema
despite the absence of echocardiographic signs of heart decompensation. These subjects
had B-lines associated with other vertical artifacts, which were probably justified by the
concomitance of primary pulmonary pathology (COPD, interstitial lung disease and pneu-
monia). The wide distribution of the B-lines in the other groups and in subjects without heart
failure testifies the low specificity of this finding for pulmonary edema (68%) which is lower
than that mentioned in the literature in selected cases with low or no prevalence of primary
lung disease [36]. However, the sensitivity of B-lines for pulmonary edema is 100%.

The presence of B-lines is not strictly related to cardiogenic components, and in our
opinion, the presence of diffuse B-lines should be considered as a simple indication for the
evaluation of the systolic and diastolic function of the left ventricle.

Different groups of patients give rise to different patterns and may also require differ-
ent study protocols [37]. Different approaches to the patient may be required by critical
subjects in intensive care or in the emergency room or by subjects with chronic pleuro-
pulmonary pathologies. The pediatric and neonatal setting, although exploiting investigation
methodologies and semiotics which are the same as those of the adult, may require specific
methodologies. Finally, the recent COVID-19 pandemic, while validating some hypotheses on
the origin of the artifacts, has also required special methods of investigation [38,39].

Vertical artifacts are observed in lung interstitial diseases. In these pathologies,
the interstitium undergoes an irregular and dense expansion. Therefore, variable, irregular
vertical artifacts arising from a blurred pleura are expected because of the presence of
many different and irregular acoustic channels [11,14,15]. Diffuse fibrosing disease was
detected with a high sensitivity and specificity. According to the final outcome, 15 subjects
in group 3 (88.2%), and one subject in Group 5 were affected by interstitial fibrosis.

It has been speculated that the sonographic artifact called “White Lung” may represent
a subpleural condition of homogeneous increased density that may strictly anticipate
and progress to consolidation [15]. The most probable hypothesis of its genesis, echoes
radiated by a subpleural distribution of small scatterers [9], suggests a correlation between
the sonographic “White Lung” and the ground glass densities on CT. In our experience,
the positive predictive value of US to detect White Lung was low (76%) compared with the
detection of ground glass by CT, due to the limitation of ultrasound detection of artifacts
(including White Lung) beyond the surface of the lung.

While classical teaching states that subjects with COPD and asthma do not show
ultrasound changes [30,33], we rarely observed subjects with COPD or asthma without
aspecific mono or oligofocal sonographic findings. Similar conclusions can be drawn for
subjects with the tree-in-bud CT pattern. Patients with COPD, asthma and the tree-in-bud
CT pattern can show mono or oligofocal findings with non-specific characteristics, probably
related to hypoventilation, fibrosis, micro- consolidation or aspecific nodularities.

Finally, simple observations related to the hemidiaphragms with the evidence of hy-
pernormal lung regions (hypermirror effect) can characterize subjects with emphysema.
Preliminary results support this hypothesis. However, the role of ultrasound in emphy-
sema has not been previously described and further studies are necessary to confirm
this suggestion.

Our study has some limitations. The heterogeneity of the diseases is a limit to the definition
of the ultrasound diagnostic accuracy for the single pathologies. Furthermore, the diagnostic
framework with ultrasound was carried out by a single expert operator, and our results cannot
be extended to all pneumology centers in the absence of skilled physicians.
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5. Conclusions

Chest ultrasound is a safe and effective complementary diagnostic tool for the pulmo-
nologist, and its role in an initial evaluation in unselected respiratory patients admitted to
a Hospital Pulmonary Medicine Unit is important. The fact of not using ionizing energies
and the simplicity of the US examinations makes this diagnostic tool directly accessible to
all physicians in every situation. The high sensitivity of US to density increases of the lung
surface is surely its most important strength. Another strength of US is its diagnostic accu-
racy in pleural pathology and lung consolidations. In these cases, a greater sensitivity than
the chest X-ray is demonstrated. However, we believe that other applications may benefit
from thoracic ultrasound. These include the screening and monitoring of diffuse interstitial
pathologies (which are often imperceptible in chest X-ray images) and the diagnosis and
monitoring of viral pneumonia. Finally, the interpretation of pulmonary hyperinflation
and specifically pulmonary emphysema is a completely unexplored field. Conversely,
the weaknesses of pulmonary ultrasound regard the limited field of view of the individual
scans, the existence of areas that cannot be explored, and the impossibility of detecting
lesions that do not affect the pleural surface. Moreover, the specificity of B-lines is still
under study but is believed to be low if they are not included in a clinical evaluation of the
patient. In patients with pleural effusion, consolidations, and diffuse interstitial diseases
ultrasound can sensitively identify the generic pathology, its location and characteristics,
thus achieving a higher diagnostic yield when compared with CT. In diffuse interstitial
diseases the main factor favorably affecting the diagnostic yield is the subpleural location
of the tissue hyperdensities, appearing in ultrasound as pneumogenic vertical artifacts.
Our observations confirm the hypothesis that vertical artifacts (to which the known B-lines
belong) are an extremely varied category of artifacts and we believe that an analysis of
the latter, based on their visual characteristics and distribution, may be more useful than
a mere quantitative count. In particular, recent evidence of the relationships between the
internal structure of the vertical artifacts and the geometry of the acoustic trap/channel
systems which have generated the artifacts opens new perspectives for increasing their
specificity [9–11,15]. However, independently of its specificity, the artefactual ultrasound
information of the lung must always be rationally integrated in a multiple district and
multi-instrumental clinical context.
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Abstract: The value of lung ultrasound (LU) in assessing extravascular lung water (EVLW) was
demonstrated by comparing LU with gold-standard methods for EVLW assessment. However, few
studies have analysed the value of B-Line score (BLS) in guiding fluid management during critical
illness. The purpose of this trial was to evaluate if a BLS-guided fluid management strategy could
improve fluid balance and short-term mortality in surgical intensive care unit (ICU) patients. We
conducted a randomised, controlled trial within the ICUs of two university hospitals. Critically
ill patients were randomised upon ICU admission in a 1:1 ratio to BLS-guided fluid management
(active group) or standard care (control group). In the active group, BLS was monitored daily until
ICU discharge or day 28 (whichever came first). On the basis of BLS, different targets for daily
fluid balance were set with the aim of avoiding or correcting moderate/severe EVLW increase.
The primary outcome was 28-day mortality. Over 24 months, 166 ICU patients were enrolled in
the trial and included in the final analysis. Trial results showed that daily BLS monitoring did
not lead to a different cumulative fluid balance in surgical ICU patients as compared to standard
care. Consecutively, no difference in 28-day mortality between groups was found (10.5% vs. 15.6%,
p = 0.34). However, at least 400 patients would have been necessary for conclusive results.

Keywords: lung ultrasound; B-line score; extravascular lung water; fluid management; intensive
care; randomised controlled trial

1. Introduction

Despite increasing awareness of the deleterious effects of fluid overload (FO) [1]
and the advances made in guiding fluid therapy [2–5], avoiding FO in intensive care
unit (ICU) patients remains challenging. Consequently, the number of patients with
positive fluid balance (FB) and FO during ICU stay is still worryingly high [6]. FO leads to
tissue and organ oedema [7] and has been associated with increased risk of postoperative
complications [8], acute kidney injury (AKI) [9], prolonged mechanical ventilation [10],
and prolonged ICU and hospital length of stay (LOS) [11,12]. Moreover, a meta-analysis
summarizing current evidence related to FO’s impact on mortality in 31 observational
studies reported an increased risk of mortality in the general ICU population with FO or
positive cumulative FB (CFB) [1]. FO is multifactorial [13], but the challenge of finding
the right moment to start fluid de-escalation is a major contributor; for instance, clinical
examination, FB, chest X-ray, and patients’ oxygen requirements are often used by clinicians
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to trigger fluid de-escalation over more reliable (but more invasive) volume assessment
methods [14]. In this context, the possible value of monitoring extravascular lung water
(EVLW) with lung ultrasound (LU) in order to individualise fluid management and improve
outcome has recently come into question [15].

EVLW increase is an early marker of pulmonary oedema [15]; thus, its assessment
may be used to limit fluid administration or trigger fluid de-escalation, as pulmonary
oedema may be further worsened in the context of a positive FB. Transpulmonary ther-
modilution is the method currently used for EVLW measurement [16]. This method
requires central venous and arterial cannulation, time, expertise, and resources [17,18],
and is usually reserved for the most complex ICU cases. Computed tomography (CT)
and nuclear magnetic-performed resonance imaging (MRI) may also be used for EVLW
assessment [19,20]. However, despite their great value in diagnosing several pulmonary
and extrapulmonary conditions, CT and MRI scans of the chest are impractical for daily
monitoring of EVLW as they are costly, time-consuming, and they expose patients to
transportation hazards or high doses of radiation. LU can detect increases in EVLW [21,22]
and its dynamic changes [23,24] noninvasively at the bedside, with minimal distress for
the patient and using minimal resources [25]. B-lines are the ultrasonographic signs of
EVLW increase [26]. The close correlation between the number of B-lines on LU and EVLW
volume has already been demonstrated by comparing LU with gold-standard methods
for EVLW evaluation [27–29]. Moreover, B-lines can be easily detected [30] using various
ultrasound systems and probes [31] with good intra- and inter-evaluator reliability [32–35].
Nonetheless, LU is infrequently used to guide fluid therapy, as its added value in fluid
management is still a matter of debate.

This study’s primary aim was to evaluate the impact of a B-Line score (BLS) fluid
management strategy on ICU patients’ short-term mortality. Our central hypothesis was
that the daily assessment of BLS, coupled with active fluid removal in cases of moderate or
severe EVLW increase (as reflected by the BLS value), might improve CFB and decrease
28-day mortality as compared to standard care. The secondary hypotheses were that
BLS-guided fluid management would decrease 90-day mortality, ICU and hospital LOS,
AKI recovery time, and the duration of vasopressor therapy and mechanical ventilation.

2. Materials and Methods

2.1. Study Design and Settings

From November 2017 to November 2019, we conducted a randomised, controlled trial
within two tertiary hospitals’ ICUs to determine whether BLS-guided fluid management
could decrease 28-day mortality in critically ill patients, as compared to standard care. The
study was approved by the Research Ethics Committees of the Grigore T. Popa University
of Medicine and Pharmacy Ias, i (No 26261/14 November 2017) and was conducted under
the principles of the Declaration of Helsinki. Written informed consent was obtained from
all subjects/legal representatives.

The trial was retrospectively registered on ClinicalTrials.gov (https://clinicaltrials.
gov/ct2/show/NCT03393065) accessed on 8 January 2018.

The study protocol has been published elsewhere [36].

2.2. Participants

During the trial, study investigators performed a daily screening of all ICU admissions
to identify patients who fulfilled one of the following inclusion criteria: major surgery,
major comorbid conditions in surgical patients, polytrauma with an Injury Severity Score
(ISS) ≥ 15, an Acute Physiology and Chronic Health Evaluation II (APACHE II) score on
admission ≥ 10 or a Sequential Organ Failure Assessment (SOFA) score on admission ≥ 6.
Major surgery included: Esophagectomy, Total Gastrectomy, Total Colectomy, Duodeno-
pancreatectomy, Major Hepatectomy, Multi-Organ Resection, Aorto-Bifemoral Bypass,
Aortic Interposition Tube Graft. Major comorbid conditions included: Chronic Obstructive
Pulmonary Disease (COPD) Global Initiative for Obstructive Lung Disease (GOLD) stage
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III or IV, Heart Failure New York Heart Association (NYHA) Class III or IV, Heart Valve
Disease grade III or IV, Cirrhosis Child-Pugh score B or C, Chronic Kidney Disease (CKD)
stage 1–4.

Patients fulfilling any of the following criteria were excluded: trial participation
refusal, age < 18 years, pregnancy, known pulmonary conditions that can interfere with
LU interpretation (pneumectomy, pulmonary fibrosis, pulmonary lymphangitis, persistent
pleural effusion), CKD stage 5, or indication for emergency renal replacement therapy
(RRT), previous prolonged resuscitation (≥10 min) for cardiorespiratory arrest.

2.3. Randomisation and Blinding

After enrolment, patients were randomly assigned to BLS-guided fluid management
(active group) or standard care (control group) in a 1:1 ratio, using block randomisation.
The randomised sequence was created using a computerised random-number generator
and concealed at the coordinating centre. The allocation group was provided each time a
new patient was enrolled using a 24-h phone service. Patients and healthcare providers
were not blinded, but the outcome assessors were blinded to the patient’s group assignment.
Data analysis was performed before the allocation sequence code was broken.

2.4. Lung Ultrasound Performance

In the active group, LU was performed daily, from ICU admission to ICU discharge,
or day 28 (whichever came first). In the control group, LU was only performed once on
admission, and the treating physician remained blinded to LU data. All LU examinations
were made by trained ICU physicians at the bedside, with the patient in the supine
position; the focus of the image was set at the pleural line level and the depth of penetration
set between 40 and 80 mm. The ultrasound equipment used was the GE LOGIQ V2®

ultrasound system and the GE 3Sc-RS Cardiac Sector Probe® (General Electric Healthcare,
Chicago, IL, USA). The BLS assessment protocol consisted of a complete scan of 28 chest
sites, as described by Jambrik et al. [37]. The sum of all B-lines seen on LU defined the BLS.
A map of chest sites scans is provided in Figure 1.

Figure 1. A map of chest site scans for BLS assessment. The figure shows the 28 chest sites scanned for the BLS calculation.
The code of each site describes its space alignment: R: Right Chest; L: Left Chest; 1 to 5: the number of the intercostal space
(IC); MA: Mid-Axillary Line; AA: Anterior-Axillary Line; MC: Mid-Clavicular Line; PS: Parasternal Line.

2.5. Fluid Management

In the active group, with every LU examination, patients were stratified into four
classes: no EVLW increase (BLS = 0–4), mild increase (BLS = 5–14), moderate increase
(BLS = 15–29), or severe EVLW increase (BLS ≥ 30), based on BLS severity grading system
proposed by Frassi et al. [38]. In patients with no or mild EVLW increase (BLS = 0–14), a
zero FB was targeted if no signs of shock were present. In patients with a moderate or
severe increase in EVLW (BLS≥ 15), a daily negative FB of−250 to−1000 mL was targeted
until BLS dropped under 15. To reach daily targeted FB, furosemide-induced diuresis and
RRT were used. Furosemide was administrated in a stepwise manner considering the
previous furosemide dose and the FB achieved. If the targeted FB was achieved from the
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first day of diuretic administration, the furosemide dose was maintained. If FB was outside
the targeted range, the furosemide dose was progressively reduced or increased until the
goal was achieved. RRT was used in patients with moderate and severe EVLW increase
(BLS ≥ 15) if the targeted FB could not be reached despite using the maximum furosemide
dose of 800 mg/day. Outside trial interventions, overall ICU patients’ management was at
the treating physicians’ discretion.

In the control group, fluid management was guided by the Enhanced Recovery after
Surgery (ERAS) principles. Within the ERAS protocol, the aim was to maintain an adequate
intravascular volume while minimising weight gain. Various parameters were used to
attain this goal based on case-by-case clinical judgment: lung sounds, heart rate, blood
pressure, temperature, urine output, FB, lactate, haemoglobin, haematocrit, serum urea,
creatinine, sodium, potassium, chloride, and bicarbonate values. Additionally, central
venous oxygen saturation, pulse pressure variation and stroke volume variation were used
to assess fluid responsiveness in patients with shock.

The trial algorithm is presented in Figure 2. The recommended furosemide regimens
are provided in Table 1.

 

Figure 2. Trial algorithm.
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Table 1. The recommended Furosemide regimens to attain targeted fluid balance.

Previous Furosemide Dose (mg/day) Recommended Furosemide Dose (mg/day)

1 ≤80 mg 40 mg iv bolus + 5 mg/h
2 81–160 mg 80 mg iv bolus + 10 mg/h
3 161–240 mg 80 mg iv bolus + 20 mg/h
4 >240 mg 80 mg iv bolus + 30 mg/h

2.6. Collected Variables

Data were collected from the ICU charts and hospital medical records. Survival
was assessed via a phone call to the patient or the patient’s legal representative. On ICU
admission, age, gender, body mass index (BMI), primary diagnosis, surgery type, infectious
status, organ dysfunctions, comorbid conditions, severity scores, BLS, and main laboratory
data were collected. During the ICU stay, data regarding fluid management, BLS (active
group), organ dysfunctions and organ support therapies were collected. Outcome data
were 28-day and 90-day mortality, ICU and hospital LOS, AKI, vasopressor therapy, and
mechanical ventilation duration.

2.7. Study Sample Size

We estimated that, with a sample size of 199 patients in each group, the study would
have 80% power to detect an absolute difference of 10% in the primary outcome, assuming
a 28-day mortality rate of 20% in the control group, at a two-sided 5% level of significance.
The choice of 10% expected difference in the primary outcome was based on mortality rates
in patients with and without FO, observed in a large cohort study of ICU patients [11]. To
account for potential withdrawals of consent, the recruitment target was set at 250 patients
in each arm. For circumstantial reasons (the COVID-19 pandemic), the study was not able
to reach the targeted sample size.

2.8. Statistical Analysis

Data were analysed using MedCalc Statistical Software version 19.1.7 (MedCalc Soft-
ware Ltd., Ostend, Belgium, 2020). All analyses were conducted on an intention-to-treat
basis. The intention-to-treat population was formed by all trial participants, except those
who withdrew consent. No assumptions for missing data were made. Variables distribu-
tion was tested for normality using histograms and the Shapiro-Wilk test. Comparisons
between continuous variables were performed using Student’s t-test (for normally dis-
tributed data) or Mann-Whitney U-test (for non-normally distributed data). Comparisons
between categorical variables were performed using Chi-square (χ2) test or Fisher’s exact
test, as appropriate. Hazard ratios (HRs) and risk ratios (RRs) with 95% confidence inter-
vals (CIs) were used to evaluate the effect size of BLS-guided fluid management on the
primary outcome and 90-day mortality. Cohen’s kappa and Cliff’s delta statistics were
used for estimating the effect size (ES) of active vs. control group allocation on continuous
secondary outcomes.

An exploratory analysis of the effect of active group allocation on the primary outcome
was performed across non-prespecified subgroups of patients.

Continuous variables are presented as means and standard deviations (sd) if nor-
mally distributed or as medians and 25–75% interquartile ranges (IQRs) if non-normally
distributed. Categoric variables are presented as number (n) and percentage (%). Data
are presented by group allocation. For all analyses, a p-value < 0.05 was considered
statistically significant.

3. Results

3.1. Study Patients

Over the study period, 208 patients were eligible, based on the inclusion criteria.
Informed consent was obtained from 176 patients who were further randomised in a
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1:1 ratio to intervention or standard care. A total of 10 patients withdrew consent after
randomisation. Hence, 166 patients were included in the final analysis. Patients flow
through the trial is presented in a Consolidated Standards of Reporting Trials (CONSORT)
diagram in Figure 3.

Figure 3. CONSORT diagram showing patient flow through the trial.

3.2. Baseline Data

The median age of the study population was 64 (IQR 59–70) years. The male-female
ratio was 2:1. Mean BMI was 25.6 (sd 4.2) kg/m2. The majority of patients (162 patients,
97.6%) were admitted to the ICU following surgery: 30 (18.1%) patients after emergency
surgery and 132 (79.5%) patients after elective surgery. The primary diagnosis was cancer
in 112 (67.5%) patients. Forty-one (24.7%) patients had sepsis or septic shock. Ninety-five
(57.2%) patients had organ dysfunction. The leading comorbidities were cardiovascular
diseases (117 patients, 70.5%), diabetes mellitus (48 patients, 28.9%) and CKD (42 patients,
25.3%). Anaemia was present in 145 (87.3%) patients. Hyperchloremia and hypokalaemia
were the main imbalances found in serum electrolytes. Moderate/severe EVLW volume
increase, as reflected by the BLS value, was observed on ICU admission in 32 (19.3%)
patients. The median APACHE II score on admission was 8.5 (IQR 7–12), and the median
SOFA score was 4 (IQR 2–6). The trial arms were well balanced, with no significant
differences in baseline characteristics between groups. See Tables 2 and 3.
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Table 2. Baseline characteristics of patients.

Variable
Active Group

(n = 76)
Control Group

(n = 90)
p

Age (years) 63.5 (58–71) 64.5 (60–70) 0.94
Male Gender 51 (67.1) 63 (70.0) 0.69
BMI (kg/m2) 25.8 (3.9) 25.4 (4.5) 0.58
Surgery
Emergency 14 (18.4) 16 (17.8) 0.91
Elective 62 (81.6) 70 (77.8) 0.55
Primary diagnosis
Cancer 52 (68.4) 60 (66.7) 0.81
Nononcologic Disease 24 (31.6) 30 (33.3) 0.81
Comorbid Conditions 65 (85.5) 77 (85.6) 0.99
COPD/Asthma 12 (15.8) 8 (8.9) 0.17
Cardiovascular Diseases 54 (71.0) 63 (70.0) 0.88
Hepatitis/Cirrhosis 10 (13.2) 14 (15.6) 0.66
CKD 19 (25.0) 23 (25.6) 0.81
Previous Stroke 4 (5.3) 3 (3.3) 0.54
Diabetes Mellitus 21 (27.6) 27 (30.0) 0.74
Autoimmune Diseases 1 (1.3) 4 (4.4) 0.24
Major comorbidities 22 (28.9) 32 (35.6) 0.37
Sepsis/Septic shock 20 (26.3) 21 (23.3) 0.66
Organ dysfunction 43 (56.6) 52 (57.8) 0.88
Anaemia 64 (84.2) 81 (90.0) 0.26
Electrolytes’ imbalances
Hyperkalaemia 1 (1.3) 0 (0.0) 0.40
Hypokalaemia 10 (13.2) 14 (15.6) 0.62
Hypernatremia 6 (7.9) 7 (7.8) 0.98
Hyponatremia 2 (2.6) 4 (4.4) 0.53
Hyperchloremia 16 (21.0) 18 (20.0) 0.87
Hypochloraemia 1 (1.3) 1 (1.1) 0.90
EVLW on LU
normal (BLS 0–4) 24 (31.6) 29 (32.2) 0.93
mild increase (BLS 5–14) 38 (44.7) 43 (47.8) 0.78
moderate increase (BLS 15–29) 12 (15.8) 10 (11.1) 0.38
severe increase (BLS ≥ 30) 2 (2.6) 8 (8.9) 0.09
Severity Scores
Charlson Comorbidity Index 6.4 (2.7) 6.0 (2.2) 0.32
APACHE II 8 (6–12) 9 (7–14) 0.08
SOFA 4 (2–6) 4 (1–7) 0.61

Data are given as number (%), mean (standard deviation) or median (quartile 25–75%). Abbreviations: APACHE
II: Acute Physiology and Chronic Health Evaluation II score; BLS: B-Line score; BMI: Body Mass Index; CKD:
Chronic Kidney Disease; COPD: Chronic Obstructive Pulmonary Disease; EVLW: Extravascular Lung Water;
SOFA: Sequential Organ Failure Assessment score.

Table 3. Surgical procedures performed on the studied patients.

Surgery Type
Active Group

(n = 76)
Control Group

(n = 90)
p

Esophagectomy 2 (2.6) 1 (1.1) 0.46
Total Gastrectomy 18 (23.7) 15 (16.7) 0.26
Duodeno-pancreatectomy 11 (14.5) 21 (23.3) 0.15
Hepatectomy 5 (6.6) 4 (4.4) 0.55
Total Colectomy 1 (1.3) 0 (0.0) 0.28
Multi-organ Resection 10 (13.2) 11 (12.2) 0.86
Aorto-bifemoral Bypass 11 (14.5) 13 (14.4) 0.99
Aortic interposition tube graft 2 (2.6) 2 (2.2) 0.86
Damage control surgery 14 (18.4) 16 (17.8) 0.91
Other type 2 (2.6) 3 (3.3) 0.79

Data are given as number (%).
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3.3. Lung Ultrasound Data and Fluid Balance

Four hundred forty LU exams were performed in the active group, with an average
of six exams/patient. Cohen’s kappa for the inter-rater agreement was 0.91 (95% CI
0.84 to 0.98). From all of the LU exams, 97 (22%) did not reveal signs of EVLW increase
(BLS < 5), 231 (52.5%) revealed a mild EVLW increase (BLS = 5–14), 79 (11.9%) revealed a
moderate increase (BLS = 15–29), and 33 (7.5%) revealed a severe EVLW increase (BLS ≥ 30).
Following admission, the number of patients without LU signs of EVLW increase (BLS < 5)
dropped from 24 (31.6%) to 12 (15.8%) (p = 0.02), while the number of those with severe
EVLW increase (BLS ≥ 30) rose from 2 (2.6%) to 9 (11.8%) (p = 0.03); see Figure 4. Overall,
of the 76 patients in the active group, 67 (88.2%) had LU signs of EVLW increase (BLS ≥ 5)
at least once during their ICU stay, of which 23 (30.3%) demonstrated a moderate/severe
EVLW increase (BLS ≥ 15).

 
Figure 4. B-Line score dynamics in the active group. The figure shows the percentages of patients with no (BLS = 0–4),
mild (BLS = 5–14), moderate (BLS = 15–29), and severe (BLS ≥ 30) EVLW increase on ICU admission and during ICU stay.
Abbreviations: BLS: B-Line score; EVLW: Extravascular Lung Water; ICU: Intensive Care Unit.

Fluid de-escalation measures, defined as furosemide prescription to obtain a zero or
negative FB, were taken early in both groups, and by ICU discharge, more than 90% of
patients received furosemide at least once, with no major differences between trial arms
(Table 4). The cumulative furosemide dose at ICU discharge was similar in both groups
(120 vs. 110 mg, p = 0.74). Two patients (2.6%) from the active group and four from the
control group (4.4%) required RRT to rebalance their volume status (p = 0.53).

The percentages of patients with zero or negative CFB at 24 h, 48 h, 72 h, and at ICU
discharge were not significantly different between the active and control group. Similarly,
there were no significant differences regarding the median CFB at 24 h, 48 h, 72 h, and at
ICU discharge between the active and control group (Table 4).
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Table 4. Fluid de-escalation measures and CFB across groups.

Variable Active Group Control Group p

Fluid De-escalation, pts (%)
day 1 57/76 (75.0) 71/90 (78.9) 0.55
day 2 58/74 (78.4) 61/84 (72.6) 0.40
day 3 44/56 (78.6) 53/67 (79.1) 0.94
overall 70/76 (92.1) 82/90 (91.1) 0.82
Cumulative Furosemide dose, mg 120 (60–270) 110 (65–220) 0.74
RRT, pts (%) 2 (2.6) 4 (4.4) 0.53
Zero or Negative CFB, pts (%)
at 24 h 21/76 (27.6) 21/90 (23.3) 0.53
at 48 h 18/74 (24.3) 20/84 (23.8) 0.94
at 72 h 14/56 (25.0) 23/67 (34.3) 0.26
at ICU discharge 21/76 (27.6) 29/90 (32.2) 0.52
Median CFB, mL
at 24 h 630 (−139–1430) 680 (115–1366) 0.52
at 48 h 1320 (1–2406) 1379 (47–2157) 0.86
at 72 h 1580 (−56–3079) 1150 (−515–2593) 0.27
at ICU discharge 1027 (−374–2690) 1027 (−430–2875) 0.97

Data are given as the number of cases/total number of patients (%) or as median (quartile 25–75%). Abbreviations:
CFB: Cumulative Fluid Balance; Pts: Patients; RRT: Renal Replacement Therapy.

3.4. Outcome Data

During the trial, there was no cross over between the groups and all the patients
completed follow-up. The primary outcome analysis showed no significant difference
in 28-day mortality in the active vs. control group (10.5% vs. 15.6%, p = 0.34, RR 0.68,
95% CI 0.30 to 1.53). Mean survival time by day 28 was similar in the two trial arms
(26 vs. 25 days, HR 0.66, 95% CI 0.28 to 1.52, reference control group, p = 0.33). Secondary
outcomes analyses revealed no significant differences between the active and control
group in 90-day mortality (11.8% vs. 17.8%, p = 0.29, RR 0.67, 95% CI 0.31 to 1.42), ICU
LOS (4 vs. 4 days, p = 0.78), hospital LOS (12 vs. 10 days, p = 0.17), AKI recovery time
(6 vs. 5 days, p = 0.22), or vasopressor therapy duration (3 vs. 3 days, p = 0.97). We noticed
that the hours on mechanical ventilation were significantly lower in the active vs. the
control group (22 vs. 44 h, ES 0.67, p = 0.02), but ventilator-free days were not significantly
different (26 vs. 20 days, p = 0.32). Mean survival time by day 90 was 81 days in the active
group and 76 days in the control group (HR 0.64, 95% CI 0.29 to 1.42, reference control
group, p = 0.28). Outcome data are presented in Table 5.

Table 5. Primary and secondary outcomes.

Group Allocation
RR/ES (95% CI) p

Active (n = 76) Control (n = 90)

28-day mortality 8 (10.5) 14 (15.6) 0.68 (0.30 to 1.53) 0.34
90-day mortality 9 (11.8) 16 (17.8) 0.67 (0.31 to 1.42) 0.29
ICU LOS, days 4 (2–6) 4 (2–6) 0.04 0.78
ICU-free days 24 (20–26) 24 (21–25) 0.62
Hospital LOS, days 12 (9–18) 10 (7–16) 0.23 0.17
Hospital-free days 76 (69–81) 77 (66–81) 0.84
Patients with AKI 11 (14.5) 23 (25.6) 0.08
AKI recovery time, days 6 (4–11) 5 (3–6) 0.43 0.22
AKI-free days 18 (3–23) 22 (0–24) 0.98
Patients on Vasopressors 40 (52.6) 48 (53.3) 0.93
Vasopressors use, days 3 (2–5) 3 (1–5) 0.01 0.97
Vasopressors-free days 25 (22–26) 25 (0–27) 0.57
Patients on MV 21 (27.6) 30 (33.3) 0.43
MV duration, hours 22 (6–48) 44 (22–107) 0.67 0.02
Ventilator-free days 26 (0–27) 20 (0–27) 0.32

Data are given as number (%) and RR (95% CI) or median (quartile 25–75%) and ES. Abbreviations: AKI: Acute
Kidney Injury; CI: Confidence Interval; ES: Effect Size; LOS: Length-Of-Stay; MV: Mechanical Ventilation; RR:
Risk Ratio.
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In the explorative analyses, we found that the BLS-guided fluid management effect
on the primary outcome was significantly different across subgroups of patients with
emergency surgery and sepsis/septic shock. The results showed a decreased mortality
in emergency surgery patients and patients with sepsis/septic shock that received BLS-
guided fluid management in the postoperative period as compared with the standard care
group (Table 6).

Table 6. Primary outcome across non-prespecified subgroups.

28-Day Mortality
RR (95% CI) p

Active Control

Surgery
emergency 1/14 (7.1) 10/16 (62.5) 0.11 (0.02 to 0.78) <0.01
elective 7/62 (11.3) 3/70 (4.3) 2.63 (0.71 to 9.75) 0.13
Sepsis/septic shock
yes 1/20 (5.0) 8/21 (38.1) 0.13 (0.02 to 0.96) 0.01
no 7/56 (12.5) 6/69 (8.7) 1.44 (0.51 to 4.03) 0.49
AKI or CKD
yes 3/25 (12.0) 12/37 (32.4) 0.37 (0.12 to 1.18) 0.06
no 5/51 (9.8) 2/53 (3.8) 2.60 (0.53 to 12.79) 0.22
AHF or CHF
yes 7/46 (15.2) 14/55 (25.4) 0.60 (0.26 to 1.35) 0.21
no 1/30 (3.3) 0/35 (0.0) 3.48 (0.15 to 82.48) 0.28

Data are given as the number of patients with negative outcome/total number of exposed patients (%) and RR
(95% CI). Abbreviations: AHF: Acute Heart Failure; AKI: Acute Kidney Injury; CHF: Chronic Heart Failure; CI:
Confidence Interval; CKD: Chronic Kidney Disease; RR: Risk Ratio.

4. Discussion

To our knowledge, this is the first study to analyse the potential outcome effects
of a fluid management strategy based on BLS assessment in a population of surgical
critically ill patients. The concept of using B-lines dynamics to guide fluid therapy is
not new. It was developed in 2012 by Lichtenstein, who proposed fluid administration
limited by lung ultrasonography (the FALLS protocol) in patients with acute circulatory
failure [39]. However, this concept has never been tested in a controlled clinical trial. Our
study showed no significant difference in the short-term mortality of patients receiving
BLS-guided fluid management and those receiving standard care. The 90-day mortality,
ICU and hospital LOS, duration of vasopressor therapy and AKI recovery time were similar
in the two trial arms. We noticed a significantly lower mechanical ventilation duration
in the active vs. control group, but the overall ventilator-free days were not significantly
different between groups.

Several other studies that compared restrictive or active fluid de-escalation strategies
with standard care reported similar results. In the Fluid and Catheter Treatment Trial,
1000 patients with acute lung injury were randomised to a conservative or a liberal fluid
strategy [40]. The trial reported a decreased mechanical ventilation duration in the conser-
vative group, but no significant difference in the 60-day mortality [40]. In a single-centre
randomised trial, Richard et al. analysed the effects of fluid administration based on
preload dependence indices in 60 septic shock patients [41]. In this study, no significant
differences were noted regarding the 28-day mortality, ICU LOS, and vasopressor ther-
apy duration in the preload dependence group as compared to standard care group [41].
Chen and Kollef randomised 82 septic shock patients under vasoactive therapy following
the initial fluid resuscitation phase to fluid management guided by daily assessments
of fluid responsiveness or standard care [42]. Their study results showed no significant
differences regarding in-hospital mortality and vasopressor therapy duration between
groups [42]. Moreover, Chen and Kollef did not report a significant difference in mechani-
cal ventilation duration between groups [42]. Hjortrup et al. analysed a conservative fluid
strategy effect on outcome vs. standard care in 151 septic shock patients [43]. They found
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no differences in the 90-day mortality between groups, but a higher risk for worsening
AKI in the control group [43]. Recently, in a randomised pilot study, Corl et al. compared a
restrictive fluid resuscitation strategy with standard care in 109 patients with severe sepsis
and septic shock and found similar 30-day mortality rates, ICU and hospital LOS, and
duration of vasopressors use [44]. The duration of ventilatory support was shorter in the
restrictive fluid group, but the number of patients requiring new mechanical ventilation
was only 32 [44].

In our study, a possible explanation for the lack of significant difference in CFB and
short-term mortality between groups is that we examined BLS-guided fluid management
within the context of ERAS pathways. Thus, increased efforts to attain a zero or negative FB
were taken in both groups. These efforts are reflected in the increased number of patients
that received diuretics early in their ICU stay, in both groups. Moreover, no significant
difference was found between cumulative furosemide doses used in the active and control
group. A recent survey of ICU physicians’ practices also pointed towards the increased use
of several preventive and treatment strategies to attain a zero FB in standard care [45]. A
few years ago, fluids were often prescribed in patients who develop hypotension, and ICU
physicians were less willing to give diuretics to patients requiring vasopressors. At present,
they favour the use of vasopressors for isolated hypotension treatment while continuing
fluid removal in patients with signs of FO [45]. It also seems that in the presence of FO,
ICU physicians target a negative 24 h FB of −500 to −1500 mL [45].

Another possible explanation is that we used the same diuretic protocol in all patients,
while the varying situations that led to EVLW increase would have required different
diuretic regimens to attain the same therapeutic response.

Finally, we enrolled a heterogeneous population of critically ill surgical patients in
which B-lines may not have reflected only pulmonary congestion. While some studies
point towards an accurate evaluation of EVLW with the BLS [46], others suggest that the
accuracy of EVLW assessment with BLS depends on the studied population [47]. For in-
stance, Seibel et al., in a large heterogeneous population of critically ill patients, found that
the correlation coefficient between BLS on LU and EVLW assessed by transpulmonary ther-
modilution was highly variable, with the highest sensitivity and specificity of BLS to predict
EVLW increase being in the subgroup of patients with a PaO2/FiO2 ratio <200 mmHg [47].
Furthermore, in a recent study, Buda et al. showed that subpleural small consolidations
might be responsible for at least some of the B-lines seen on LU [48]. Interestingly, by in-
creasing ultrasound frequency from 2 MHz to 6 MHz, Buda et al. showed that most B-lines
caused by lung surface abnormalities convert to Z-lines [48]. Mutually, most patients (97%)
in whom B-lines were converted to Z-lines by increasing ultrasound frequency had pleural
line abnormalities [48]. These recent findings indicate that the lung surface should also be
checked for abnormalities in order to differentiate between the different possible aetiologies
of B-lines [48]. In this context, our study results may reflect the futility of adding BLS data
in fluid management decision-making without using additional parameters to increase
BLS specificity. Future studies should establish whether the BLS alone yields any value or
needs to be correlated with B-lines distribution patterns, cardiac ultrasound, PaO2/FiO2
ratio, or other parameters to increase its specificity.

The lower duration of mechanical ventilation observed in the active group is the single
positive outcome in our study. However, in our trial, the number of patients on mechanical
ventilation was too small to support any strong conclusions. It is possible that the clinicians
felt more confident to extubate patients earlier simply by having a daily LU evaluation,
but this may also be a spurious finding. If LU can indeed help decrease the duration of
mechanical ventilation, it deserves further investigation in the future.

In the explorative analyses, we found a lower mortality in emergency surgery patients
and patients with sepsis/septic shock that received LU-guided fluid management in the
postoperative period. These hypotheses should be verified in future trials.
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Study Strengths and Limitations

Our results must be interpreted in light of certain strengths and limitations. The pri-
mary limitation is the lack of power, as a result of failing to achieve the desired sample size.
Nevertheless, many other trials investigating different fluid management strategies have
similar or smaller cohorts. A second limitation concerns the criteria used for participant se-
lection. We targeted the recruitment of patients prone to positive FB, or even FO, following
major surgery. We also enrolled surgical patients with major comorbidities, in which fluid
retention may worsen their condition due to impaired respiratory, cardiovascular, kidney,
or hepatic function. These inclusion criteria led to a heterogeneous study population
that may have altered the results. Another limitation is that ICU physicians in the study
were not blinded to patient group assignment, thus we cannot exclude the Hawthorne
effect. Being aware that their patient’s outcome will be assessed, ICU physicians may
have increased their efforts to improve FB in the control group by limiting the amount of
prescribed fluids or by prescribing higher doses of diuretics.

A lack of clear guidelines for education in clinical LU [49] and a lack of consensus
on the various methodological aspects and scoring systems used to assess EVLW [31] are
common limitations of any fluid management protocol design based on LU, including
ours. Several studies report that B-lines can be accurately identified by examiners with
different levels of expertise [30,33,50], using different types of ultrasound machines and
probes [31]. However, counting B-lines may be challenging [51]. In our trial, trained ICU
physicians performed all LU exams, and the inter-rater agreement was high. Moreover, all
patients were examined in a supine position using the same cardiac sector probe. Current
evidence shows that patient positioning may influence LU findings, at least in patients with
heart failure [52]. Regarding probe selection for B-lines detection, no advice is provided in
the 2012 consensus guideline [53]. Nevertheless, according to various reports, the cardiac
and convex probes are slightly more accurate in B-lines detection than other types of
ultrasound transducers [54–56]. To quantify the degree of pulmonary congestion, we used
a comprehensive approach, in which 28 predefined points were scanned for B-lines. This
approach, first used by Jambrik et al. [37], seems to have a better diagnostic accuracy for
EVLW assessment than others [57]. However, we did not analyse the relationship between
B-lines and lung surface abnormalities, which might have caused at least some of the
B-lines seen on LU [48].

In our study, different targets for daily FB were set using a BLS cut-off value of 15.
This cut-off value was based on the severity grading system used by Frassi et al. to show
the correlation between different BLS classes and survival in patients with dyspnoea, chest
pain, or both [38]. In another study, Zoccali et al. reported an increased risk of mortality in
end-stage CKD patients with a BLS ≥ 15 [58]. More recently, Yin et al. found that a high
BLS on ICU admission was associated with an increased 28-day mortality in critically ill
patients [59]. On the basis of these findings, we assumed that maintaining a BLS < 15 would
improve the outcome. However, it is not clear what “the safe range” is for BLS in a surgical
ICU population and how BLS should be maintained in that range to improve outcome.

In the active group, we used a protocol for fluid removal to attain the targeted FB.
The protocol was based on diuretic therapy and ultrafiltration. In patients with moder-
ate and severe EVLW increase (BLS ≥ 15), the aim was to obtain a predefined −250 to
−1000 mL/24 h negative FB until BLS dropped under 15. However, this strategy may not
be appropriate for all patients, as some evidence indicates an average decrease of only
2.7 B-lines per 500 mL fluid removed [23]. Furthermore, we did not use LU to assess fluid
responsiveness and titrate fluid input, but only to count B-lines and establish daily FB
targets. A combined approach might have been more efficient in affecting FB and outcome.

In the explorative analyses of the primary outcome, the subgroups were not prespeci-
fied. Therefore, the risk of spurious findings should not be ignored.

Finally, we believe that important LU data may be lost when summarised in a single
value such as the BLS. This needs to be highlighted as bedside LU is rapidly becoming a
highly valued method for EVLW assessment. Learning to identify B-lines is easy, and previ-
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ous studies showed a quick learning curve [60]. Moreover, other studies showed promising
results regarding automatic B-line detection using image-processing algorithms [61]. How-
ever, the majority of the studies that found LU-guided fluid management to be associated
with lower CFB as compared to standard care used LU in combination with cardiac ultra-
sound or inferior vena cava ultrasonography [62–64]. Thus, the utility or futility of BLS
assessment may depend on additional ultrasound data, which should be considered when
designing LU-based fluid management strategies.

5. Conclusions

Within its limitations, this trial suggests that daily BLS monitoring, with the aim
of avoiding and correcting moderate/severe EVLW increase, does not improve CFB in
surgical ICU patients compared to standard care. Moreover, it does not improve 28-day
or 90-day survival, ICU or hospital LOS, AKI recovery time, or duration of vasopressors
use. Daily BLS assessment might help decrease mechanical ventilation duration, but this
result needs to be verified in a larger trial. Future studies should also establish whether
BLS alone yields any value in a heterogeneous population of critically ill surgical patients
or needs to be correlated with B-lines distribution patterns, cardiac ultrasound, PaO2/FiO2
ratio, or other parameters to increase its specificity in EVLW assessment.
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Abstract: Intradialytic hypotension (IDH) is a frequent and well-known complication of hemodialysis,
occurring in about one third of patients. An integrated approach with different methods is needed to
minimize IDH episodes and their complications. In this prospective observational study, recruited
patients underwent a multiparametric evaluation of fluid status through a lung ultrasound (LUS)
with the quantification of B-lines, a physical examination, blood pressure, NT-proBNP and chest
X-rays. The evaluation took place immediately before and at the end of the dialysis session, and
the patients were divided into IDH and no-IDH groups. We recruited a total of 107 patients. A pre-
dialysis B-line number≥ 15 showed a high sensitivity in fluid overload diagnosis (94.5%), even higher
than a chest X-ray (78%) or physical examination (72%) alone. The identification at the beginning
of dialysis of <8 B-lines in the overall cohort or <20 B-lines in patients with NYHA 3–4 class are
optimal thresholds for identifying those patients at higher risk of experiencing an IDH episode. In the
multivariable analysis, the NYHA class, a low pre-dialysis systolic BP and a low pre-dialysis B-line
number were independent risk factors for IDH. At the beginning of dialysis, the B-line quantification
at LUS is a valuable and reliable method for evaluating fluid status and predicting IDH episodes.
A post-dialysis B-line number <5 may allow for an understanding of whether the IDH episode was
caused by dehydration, probably due to due to an overestimation of the dry weight.

Keywords: lung ultrasound; B-lines; dry weight; intradialytic hypotension; fluid overload

1. Introduction

Intradialytic hypotension (IDH) is a serious, well-known complication of hemodialysis
(HD). The National Kidney Foundation’s Kidney Disease Outcomes Quality Initiative
(KDOQI) guidelines define IDH as a decrease in either systolic BP ≥20 mmHg or mean
arterial pressure ≥10 mmHg associated with symptoms or need for intervention [1]. IDH
and other hypovolemia-related symptoms are common in HD, occurring in 15% to 50% of
ambulatory HD sessions [2,3]. This high range in prevalence reported is due to the different
hypotension definitions used. When symptom-based definitions of hypotension are used,
the IDH is underestimated because these symptoms (such as dizziness, nausea, headache
and muscle cramp) are frequently not reported by patients, but even asymptomatic IDH is
a predictor of mortality and non-fatal cardiovascular disease [4,5]. IDH occurs owing to
an imbalance between the ultrafiltration rate and the normal compensatory mechanisms,
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including the plasma refilling rate and a reduction in venous capacity [6]. Moreover, struc-
tural and functional abnormalities of the heart and blood vessels (such as those due to a
dysautonomic neuropathy, diabetes, being elderly or heart failure) increase the sensitivity
of the patient to changes in fluid status [1–5]. Regardless of the definition, IDH has been
associated with subsequent vascular access thrombosis, inadequate dialysis dose, cardiac
arrhythmias, major adverse cardiac events, dementia, and mortality [3,7–14]. Even when
asymptomatic, IDH is associated with a lower white matter and hippocampus volume and
reduced global cognitive functioning [15]. Therefore, any IDH episode should prompt a
reassessment of fluid status and dry weight estimation, including an evaluation of the UF
rate, dialysis treatment time, interdialytic weight gain, and antihypertensive medication
use. Every strategy used in hypotension management must be tightly balanced in light
of the risk of generating secondary opposite side effects and complications such as fluid
overload, interdialytic hypertension, edema, congestive heart failure, inadequate blood
purification and the discontinuation of antihypertensive medication. Therefore, an inte-
grated approach to IDH management is needed to resolve acute hypotension crises and to
minimize complications. From this perspective, a personalized approach should be applied
with a global view to ensuring a management tailored to the individual’s characteristics.

In this complex setting, a deeper knowledge about the main hypotension risk factors
is needed. Critical issues include target weight, residual renal kidney function protection,
hemodialysate composition, temperature biofeedback and the hemodialysis technique used,
since convective therapies lead to major intradialytic stability [16–19]. Moreover, given the
complexity of the involved factors, the dry weight assessment of dialysis patients remains
a challenge and predicting an IDH episode using conventional parameters and models
may be difficult. Among several approaches, lung ultrasound (LUS) is increasingly being
used at the bedside to integrate the clinical assessment of patients on dialysis [20]. The
pre-dialysis number of B-lines showed a direct correlation with interdialytic weight gain
and the quantification of B-lines is a widely recognized method for assessing the dry weight,
decreasing ambulatory blood pressure (BP) values, recurrent episodes of decompensated
heart failure and cardiovascular events of patients on dialysis [21–25]. However, compre-
hensive data regarding the potential role of LUS in predicting the risk of IDH are lacking. In
two different randomized clinical trials, an LUS-guided strategy for dry weight assessment
reported conflicting results: the first showed a marginal (almost significant) decrease in the
percentage of patients experiencing one or more IDH episodes (34.3% vs. 55.6%, p = 0.072),
while the other showed a 26% higher relative risk of intradialytic cramps (HR 1.26) [23,26].

This prospective cohort study aimed to evaluate the potential role of LUS, in particular
that of B-line quantification, in predicting IDH episodes and detecting patients at a greater
risk of developing IDH because of their fluid status or an overestimation of their dry weight.
We also evaluated the relationship between IDH episodes and different parameters to help
clarify the most important predictive factors of IDH.

2. Materials and Methods

2.1. Study Cohort

This was a prospective observational single-center study performed between
1 January 2020 and 1 January 2021 at Careggi University Hospital, a tertiary hospital facility
in Florence, Italy. The primary outcome was the development of an IDH episode, defined
as a decrease in systolic BP of ≥20 mmHg and/or a decrease in mean arterial pressure
of ≥10 mmHg from pre-dialysis levels [1], associated with intradialytic or post-dialytic
symptoms (abdominal discomfort, yawning, sighing, nausea, vomiting, muscle cramps,
restlessness, dizziness or fainting and anxiety), a need for nursing interventions and/or
a failure to meet a prescribed ultrafiltration goal. In relation to the achievement of the
primary outcome (an IDH episode) experienced on the same day as the multiparametric
evaluation, patients were divided into a hypotension group (IDH) and non-hypotension
group (no-IDH). Each patient underwent a single multiparametric evaluation of their fluid
status immediately before and at the end of a midweek dialysis session, using the following
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methods: LUS, physical examination, blood pressure measurement, NT-proBNP and chest
X-rays. At the time of patient recruitment, before the hemodialysis session, it was not
possible to predict which group the patient would be included in, and in order not to
create selection bias, all patients of our Dialysis Center were progressively recruited. No
patient refused to complete the pre-dialysis and post-dialysis multiparametric evaluation
of fluid status. Inclusion criteria were as follows: (1) age > 18 years; (2) treatment by
intermittent hemodialysis, performed 3 times a week; (3) a history of hemodialysis of more
than 3 months; and (4) the ability to provide consent. Exclusion criteria were as follows:
(1) A pre-dialysis systolic BP < 90 mmHg. (2) A history of pneumonia in the previous
weeks, co-existent lung fibrosis or interstitial lung disease, which are diseases that appear
as multiple B-lines during an LUS regardless of the fluid status. In particular, patients
affected by COVID-19 were excluded for 6 months after infection due to the potential
persistence of B-lines [27]. (3) Insufficient clinical information and no, or lacking, laboratory
findings. Demographic data and medical history were extracted from the participants’
clinical records. Laboratory parameters and any other dialysis data, such as the UF rate
and dialysis prescription, were collected. Data were immediately recorded on individual
case report forms. The pre-dialysis systolic BP was measured in a seated position after
5 min of rest, and either every 60 min or in the case of the onset of symptoms. Data on
left ventricular hypertrophy (LVH) were derived from our institution’s periodic echocar-
diography, which is performed every year. Dry weight was assessed according to clinical
criteria (blood pressure, presence of peripheral edema or pulmonary crackles, previous
IDH episodes and cramps) which represent the gold standard (“trial and error”) approach.
The nephrologist in charge of the dialysis service performed a physical examination for
the fluid status assessment. The prescribed UF volume was determined based on the
patient’s medical history, physical examination and the difference between the pre-dialysis
weight and dry weight. The nephrologists who performed LUS were blinded to the health
status of the subjects, their interdialytic weight gain, laboratory values and physical ex-
amination. Intermittent hemodialysis was performed with 5008 (Fresenius Medical Care,
Waltham, MA, USA) or Artis (Baxter Healthcare Corp., Deerfield, IL, USA) hemodialysis
machines, and dialysate concentrate solutions with a 1.5 mmol/L calcium concentration.
Symptomatic IDH episodes, as well as any other disorder, were recorded during dialysis
sessions, together with the administration of fluids or drugs.

2.2. Ultrasound Evaluation

LUS was chosen because it is a non-invasive, radiation-free and inexpensive technique,
it is easy to learn and interpret and can be performed at the bedside with a portable
device and does not depend on acoustic windows or patient position [28]. Although the
potential harmlessness of LUS was questioned in preclinical studies, LUS is nowadays
widely validated, recommended by the guidelines and its role in reducing numerous strong
outcomes has been demonstrated, with no safety issues raised so far in humans. Ultrasound
examinations were performed at the bedside immediately before and after dialysis sessions
using an ultrasound machine (MyLab Class C-Esaote®, Genoa, Italy) with a 6–18 MHz
linear probe (LA435). Various transducers (convex, microconvex, linear and phased array)
have been used to quantify B-lines in adult patients. We used the linear one because it is
thought to be the best for studying the pleural line. A single B-line appears as a hyperechoic,
laser-like, vertical line originating from the pleura and extending to the bottom of the field
of view, moving in synchrony with the patient’s breathing. There are several different
B-line shapes (e.g., a single thin line, a single comet-shaped line, a double or triple line
converging to a single point on the pleural line), but all of them should be considered
as a single B-line. B-line identification and quantification were performed by physicians
with long-term expertise in LUS. A standardized 28-position B-line score was adopted
to calculate the cumulative number of B-lines as an expression of interstitial pulmonary
congestion, with the patient in the semi-supine position [29]. This approach consists of
scanning from the second to fifth intercostal spaces on the right side and from the second
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to fourth spaces on the left side, in the parasternal, midclavicular, anterior axillary and
midaxillary positions, for a total of 28 positions. At every scanning site in each intercostal
space, B-lines were counted from 0 to 10. It is currently accepted that, with a 28-position
LUS score, a B-line score ≤ 5 is indicative of euvolemia and a B-line score > 15 reflects
hypervolemia [30].

2.3. Chest X-ray

A chest radiograph, obtained in the orthostatic posteroanterior and lateral projections,
gives valuable information for fluid assessment. The presence of enlargement of the azygos
vein, enlargement and loss of definition of hilar structures, septal lines in the lower lung
(namely, Kerley A- and B-lines), peribronchial and perivascular cuffing with widening and
blurring of the margins, thickening of interlobar fissures with subpleural fluid accumulation
and/or pleural effusion during chest X-ray imaging was considered as suggestive of lung
congestion and hypervolemia [31,32]. Each patient underwent a chest X-ray before the
dialysis session.

2.4. Blood Volume Monitoring

Blood volume monitoring is routinely performed in all patients undergoing HD in our
unit. Nowadays, most manufacturers have incorporated a relative blood volume (RBV)
monitor in their dialysis apparatus in order to monitor the RBV slope. In our cohort, the
blood volume change during dialysis was monitored using a HEMOcontrol BV sensor
(Baxter Healthcare Corp., Deerfield, IL, USA) or Blood Volume Management (BVM®)
technology (Fresenius Medical Care, Concord, Hopkins, MN, USA). During ultrafiltration,
as fluid is removed from an hemodialysis patient’s vascular space, the RBV slope (%)
continuously correlates with the increase of hematocrit or total proteins. Trained dialysis
nurses recorded the BV reduction every hour during the session.

2.5. Statistical Analysis

Parametric data were reported as the mean ± standard deviation (SD) and non-
parametric data as the median and interquartile range (IQR) from the 25th to 75th percentile.
Continuous variables were compared using a non-parametric Mann–Whitney test, while
proportions were compared using a Chi-square test. Multiple variables were compared
between groups of sessions (with IDH vs. no-IDH). The IDH was considered a dummy
variable, where 0 means “no IDH” and 1 means “presence of IDH”. As appropriate, re-
lationships between variables were tested with the Pearson product-moment correlation
coefficient, or the Spearman’s rank correlation coefficient. Logistic regression with both
categorical and continuous independent variables was used to build predictive models for
the occurrence of hypotension. Univariate receiver operating characteristic (ROC) curve
analysis was used to calculate the area under the curve (AUC) with a 95% confidence inter-
val (CI). The maximum value of Youden’s index was applied to ROC curves as a criterion
to select the optimum cut-off point both for sensitivity and specificity. A p-value < 0.05 was
considered statistically significant. Statistical analysis was performed using the SPSS 22.0
software package (IBM, Armonk, NY, USA).

3. Results

3.1. Baseline Characteristics

From January 2020 to January 2021, a total of 107 patients on chronic hemodialysis
received a single multiparametric evaluation characterized by a physical examination, LUS,
chest X-ray, NT-proBNP and other laboratory tests. The duration of ultrasound bedside
assessments ranged from 5 to 8 min. The main demographic, anthropometric, clinical,
biochemical and ultrasound characteristics of the three patient groups (all patients, IDH
and no-IDH) are detailed in Table 1. The IDH and no-IDH groups were not significantly
different in terms of the prevalence of diabetes, left ventricular hypertrophy (LVH), age
and dialysis vintage. Although two of the most important determinants of IDH are the

40



Diagnostics 2022, 12, 2990

interdialytic weight gain and impaired compensatory mechanisms (especially reduced
venous refilling because of hypoalbuminemia), neither an interdialytic weight gain nor
hypoalbuminemia resulted in significant differences in the IDH group (Table 1). The IDH
group had significantly fewer patients with ≥15 B-lines at pre-dialysis LUS assessment
(30.3% vs. 60.8%, p = 0.004) and more patients with ≤5 B-lines (42.4% vs. 16.2%, p = 0.004),
compared to no-IDH patients. Moreover, the IDH group was characterized by a lower
pre-dialysis systolic BP (126 mmHg vs. 137 mmHg; p = 0.003).

Table 1. Clinical characteristics of the study population: patients on hemodialysis who underwent
multiparametric assessment.

All
No Intradialytic

Hypotension
Group

Intradialytic
Hypotension

Group
p-Value

Number of patients 107 74 33

Males, n (%) 68 (63.6) 48 (64.9) 20 (60.6) 0.672

Age [years, median (IQR)] 69.1 (58.2–81.3) 68.2 (58.1–79.6) 75.8 (59.1–82.1) 0.324

Comorbidities:

Diabetes, n (%) 28 (26.7%) 18 (24.3) 10 (30.3) 0.516

Hypertension, n (%) 99 (92.5) 70 (94.6) 29 (87.9) 0.124

Dialysis vintage
[years, median (IQR)] 1.7 (0.2–3.5) 1.6 (0.5–3.7) 1.8 (0.2–4.9) 0.589

Oligoanuria, n (%) 60 (56.1) 41 (55.4) 19 (57.6) 0.835

LVH, n (%) 87 (81.3) 63 (85.1) 24 (72.7) 0.128

NYHA ≥ 3, n (%) 26 (24.3) 13 (17.6) 13 (39.4) 0.015

Anemia, n (%) 43 (40.1) 29 (39.2) 14 (42.4) 0.753

Hypoalbuminemia, n (%) 43 (40.1) 27 (36.5) 16 (48.5) 0.242

Pre-dialysis fluid status assessment:

SBP before dialysis
[mmHg, median (IQR)] 135 (120–147) 137 (130–150) 126 (110–138) 0.003

Peripheral oedema-pulmonary
crackles, n (%) 42 (39.3) 31 (41.9) 11 (33.3) 0.632

Lung congestion at chest X-ray,
n (%) 52 (47.7) 43 (58.1) 9 (27.3) 0.006

NT-proBNP
[pg/mL, median (IQR)] 8896 (3545–34,500) 22,249 (3888–63,809.8) 6306 (2899–20,310.5) 0.019

Interdialytic weight gain
[kg, median (IQR)] 2.3 (1.3–3.5) 2.4 (1.5–3.5) 1.8 (1.0–2.9) 0.2

Interdialytic weight gain
[%, median (IQR)] 3.3 (1.9–5.1) 3.6 (2.0–5.3) 2.6 (1.5–4.2) 0.117

UF rate [mL/Kg/hr,
median (IQR)] 10.5 (7.3–12.7) 10.5 (6.9–13.5) 10.5 (7.4–11.4) 0.684

B-lines before dialysis
[n, median (IQR)] 15.0 (6.0–35.0) 18 (6.9–13.5) 7.0 (3.0–15.5) <0.001

B-lines ≤ 5 before dialysis, n (%) 26 (24.3) 12 (16.2) 14 (42.4) 0.004

B-lines ≥ 15 before dialysis, n (%) 55 (51.4) 45 (60.8) 10 (30.3) 0.004

Fluid status assessment all along the dialysis session:

B-lines after dialysis
[n, median (IQR)] 3.0 (1.0–17.0) 4.5 (1.0–22.8) 1.0 (0–3.0) 0.006

% slope in RBV during first hour
of dialysis

[n, median (IQR)]
−5.5 (−2.8–−8.5) −4.6 (−4.2–−6.7) −7.6 (−4.2–−10) <0.001

Follow-up

12-month mortality, n (%) 31/92 (33.7) 17/60 (28.3) 14/32 (43.8) 0.14

Legend: RBV, relative blood volume; LVH, left ventricular hypertrophy; NYHA, New York Heart Association;
IQR, interquartile range; Hb, hemoglobin; UF, ultrafiltration; SBP, systolic blood pressure.
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3.2. LUS Yields a High Sensitivity in Fluid Overload Diagnosis

In patients with a pre-dialysis B-line score ≥ 15, LUS demonstrated 94.5% sensitivity
in fluid overload diagnosis (defined through a clinical evaluation and chest X-ray), while
clinical evaluation alone demonstrated 72% sensitivity, and chest X-ray alone demonstrated
78% sensitivity. Patients without B-lines or with a low pre-dialysis B-line score (≤5 B-lines)
experienced an IDH episode more commonly (p = 0.004).

A binomial logistic regression was performed to ascertain the effects of the pre-dialysis
B-line score on the likelihood that participants presented fluid overload (Figure 1B). The
logistic regression was statistically significant (χ2 = 114.344, p < 0.001). An increase in the
B-lines score of one conferred 1693-times higher odds of exhibiting fluid overload (95% CI
1.328–2.159, p < 0.001). ROC analysis was conducted, and the area under the ROC curve
was 0.983 (95% CI 0.964–1.000), which was an outstanding level of discrimination according
to Hosmer et al. [33].

Figure 1. ROC curves in the overall cohort. (A) ROC curve plotting number of B-lines with the
likelihood that participants had intradialytic hypotension; (B) ROC curve plotting number of B-lines
with the likelihood that participants had overall fluid overload; (C) ROC curve plotting number of
post-dialytic B-lines with the likelihood that participants had intradialytic hypotension.

3.3. The Number of B-Lines Predicts the Risk of IDH

A binomial logistic regression was performed to ascertain the effects of the pre-dialysis
number of B-lines on the likelihood that participants had an IDH episode. The logistic
regression model was statistically significant (χ2 = 15.98, p < 0.001). An increase in the
number of B-lines of one conferred a 0.946-times lower odds of experiencing an IDH
episode (95% CI 0.913–0.979, p = 0.003), indicating that a higher B-line score was associated
with a decreased likelihood of IDH. ROC analysis was conducted, and the area under the
ROC curve was 0.736 (95% CI 0.637–0.835), which was an acceptable level of discrimination
according to Hosmer et al. [33] (Figure 1A). According to the Youden index method, the
optimal threshold was reached when eight B-lines were detected, with a sensitivity of
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63.6% and a specificity of 75.7%. With regard to the post-dialysis number of B-lines,
a lower number of B-lines was detectable in patients who experienced IDH (OR 0.895,
95% CI 0.7830–0.9684). ROC analysis retrieved an AUC that showed an acceptable level
of discrimination (AUC = 0.734, 95% IC 0.5843–0.8841), with an optimal threshold of five
B-lines (Figure 1C).

3.4. The Number of B-Lines Predicts the Risk of IDH, Even in Patients with Heart Failure

A subgroup analysis was conducted according to the NYHA class (see Supplementary
Figure S1). Notably, in NYHA classes 0–2, the optimal threshold to predict an IDH episode
was reached when 8 B-lines were detected (sensitivity 70.5%, specificity 75%), but in NYHA
classes 3–4, a threshold as high as 20 B-lines was reached (sensitivity 92.3%, specificity 84.6%).

In our cohort of 26 patients with heart failure (defined as NYHA class≥ 3), only a chest
X-ray, the NT-proBNP value and the number of B-lines before dialysis appeared to be promis-
ing fluid status assessment methods that were able to predict an IDH episode (Table 2).

Table 2. Clinical characteristics of patients with heart failure (defined as NYHA class≥3) on hemodial-
ysis who underwent multiparametric assessment.

All
No intradialytic

Hypotension
Group

Intradialytic
Hypotension

Group
p-Value

Number of patients 26 13 13

Males, n (%) 20 (77) 10 (77) 10 (77) 1.0

Age [years, median (IQR)] 76.6 (71.7–84.2) 73.6 (66.5–84.9) 79.6 (76.0–83.9) 0.41

Different methods for fluid status assessment before dialysis:

SBP before dialysis
[mmHg, median (IQR)] 128 (114–138) 130 (114–138) 126 (114–138) 0.84

Peripheral oedema-pulmonary
crackles, n (%) 15 (57.7) 9 (69.2) 6 (46.2) 0.43

Lung congestion at chest X-ray,
n (%) 18 (69.2) 12 (92.3) 6 (46.2) 0.03

NT-proBNP
[pg/mL, median (IQR)] 49,895 (11,681–82,920) 76,293 (48,141–84,818) 21,097 (6279–23,784) <0.001

B-lines before dialysis
[n, median (IQR)] 28.6 (12.8–47.5) 41.8 (37–51) 15.4 (3–18) 0.001

Different methods for fluid status assessment during the dialysis session:

% slope in RBV during first
hour of dialysis

[n, median (IQR)]
−5.1 (−7.7–−3.0) −4.1 (−5.5–−2.8) −6.2 (−9.5–−3.0) 0.24

B-lines after dialysis
[n, median (IQR)] 9 (3–18) 24 (10–28) 3 (0–6) <0.001

Legend: RBV, relative blood volume; NYHA, New York Heart Association; IQR, interquartile range; SBP, systolic
blood pressure.

3.5. The Number of B-Lines Correlates with NT-proBNP and Serum Albumin

Correlation analysis was run to assess the relationship between the number of B-lines
and the other variables. Preliminary analyses showed that only the weight difference
(weight—dry weight) in Kg and weight difference in %, the two variables which describe
the interdialytic weight gain, were normally distributed, as assessed using Shapiro–Wilk’s
tests (p > 0.05). Thus, a Pearson’s product-moment correlation was run to assess the
relationship between the number of B-lines and these variables, showing in both cases a
positive statistically significant correlation (r(107) = 0.529, p < 0.001; r(107) = 0.586, p < 0.001).
A Spearman’s rank-order correlation was run to assess the relationship between the number
of B-lines and the other variables measured. A preliminary analysis showed that the
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relationship with the NT-proBNP plasma concentration, albuminemia and NYHA class
was monotonic, as assessed by a visual inspection of scatter plots. There was a statistically
significant, strong positive correlation between the number of B-lines and the NT-proBNP
plasma concentration (rs(77) = 0.628, p < 0.001) and a positive correlation with the NYHA
class (rs(107) = 0.301, p = 0.002) and hypoalbuminemia (rs(107) = −0.194, p = 0.046).

3.6. Hypoalbuminemia, Low Pre-Dialysis Systolic BP and a Low Number of B-Lines Are
Independent Risk Factors for IDH

Table 3 summarizes the results of the multivariable logistic regression analysis of
12 factors in relation to IDH. We decided to include all these variables in this analysis
(Model 1) without testing each one in univariable logistic regression models to preserve
all the possible clinical information related to IDH. In the multivariable analysis (Table 3,
Model 1), a low pre-dialysis systolic BP (OR 0.964; 95% CI 0.933–0.996) and a low pre-
dialysis B-line score (OR 0.877; 95% CI 0.817–0.942) were independent risk factors for IDH
(p for the model < 0.01). Model 2 was built including only independent risk factors derived
from Model 1, with the inclusion of NYHA class and hypoalbuminemia, both of which had
p < 0.1 in Model 1. A low pre-dialysis systolic BP, low number of B-lines, and NYHA class,
but not hypoalbuminemia, were independent risk factors for developing IDH (p for the
model < 0.01).

Table 3. Multivariable analysis of different risk factors predicting an intradialytic hypotension episode.

Model 1 Model 2

OR 95% CI p OR 95% CI p

Age (years) 0.989 0.950 1.029 0.579 - - - -
Gender (M) 0.666 0.211 2.100 0.487 - - - -
NYHA class 2.334 0.989 5.509 0.053 2.06 1.027 4.132 0.042

Previous cardiovascular
events (yes/no) 0.809 0.199 3.298 0.768 - - - -

Residual diuresis (mL) 0.999 0.998 1.00 0.192 - - - -
SBP before dialysis

(mmHg) 0.964 0.933 0.996 0.030 0.965 0.938 0.994 0.017

Delta weight gain/dry
weight (%) 1.149 0.781 1.689 0.480 - - - -

UF rate (mL/kg/h) 1.018 0.832 1.246 0.863 - - - -
Peripheral

oedema-pulmonary
crackles (yes/no)

4.476 0.980 21.369 0.53 - - - -

Hypoalbuminemia
(yes/no) 0.319 0.091 1.122 0.075 0.471 0.164 1.352 0.162

B-lines before dialysis (n) 0.877 0.817 0.942 <0.001 0.920 0.881 0.962 <0.001
Hb (g/dL) 1.364 0.397 4.69 0.622 - - - -

Model 1: all the variables included in the model. Model 2: NYHA class, SBP before dialysis, hypoalbuminemia,
B-lines before dialysis included. Legend: NYHA, New York Heart Association; IQR, interquartile range; Hb,
hemoglobin; UF, ultrafiltration per hour; SBP, systolic blood pressure.

3.7. IDH and Pre-Dialysis B-Lines Are Not Associated with a Higher Mortality

Among patients with at least one year of follow-up, the overall one-year mortality
rate was 33.7% and it did not differ between IDH and no-IDH patients (43.8% vs. 28.3%,
p = 0.136). Moreover, neither the number of pre-dialysis B-lines nor belonging to the IDH
group were significant predictors of one-year mortality (binary logistic regression: p = 0.554
and p = 0.480).

3.8. Overall Performance of Selected Items to Predict IDH

We then decided to assess the performance of single variables for the prediction of
IDH. We tested LUS (in terms of number of B-lines before dialysis), the BVM values (in
terms of % slope in RBV during first hour of dialysis), the clinical evaluation (based on
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the physical examination), the chest X-rays and the NT-proBNP values in relation to the
likelihood that participants had intradialytic hypotension (Figure 2A). In the ROC analysis,
the number of B-lines performed significantly better than all the other variables, with the
exception of BVM (Figure 2B). Taken together, these results highlighted the feasibility of
using LUS to predict IDH and its superiority to chest X-rays and physical examination,
which are widely used.

Figure 2. Comparative analysis of different fluid status assessment methods to predict IDH episodes.
ROC curve analysis for the overall cohort. (A) ROC curves plotting number of B-lines, BVM val-
ues, clinical evaluation, chest X-ray and the NT-proBNP values in relation to the likelihood that
participants had an IDH. (B) Table shows AUC values and pairwise comparisons with B-lines score.

With regard to RBV changes during the first hour of dialysis, and according to the
Youden index method, the optimal diagnostic threshold was reached when a −7.9% reduc-
tion in RBV during first hour of dialysis was detected, with a sensitivity of 82.7% and a
specificity of 62.5%. With regard to the Nt-proBNP values, and according to the Youden
index method, the optimal diagnostic threshold was reached when a Nt-proBNP value of
33713.5 was detected, with a sensitivity of 40.4% and a specificity of 91.7%.

4. Discussion

IDH is a frequent complication in hemodialysis and its importance is shown by the
important adverse clinical outcomes it determines, both in the short- and long-term. In
our study, 33/107 (30.4%) patients on three-weekly hemodialysis experienced an IDH
episode. This prevalence was in line with previously published articles, in which IDH was
documented in 5–77.7% of patients [34]. This huge range depends on the definition of IDH
used, but the majority of the studies confirmed a prevalence between 15 and 30% of all
sessions [35]. Several risk factors of IDH have been identified by different studies over
the years, such as age, hypoalbuminemia, ultrafiltration rate (mL/h/kg) and pre-dialysis
SBP, and all of them were confirmed in our study [3,36,37]. From a recent meta-analysis,
diabetes, high interdialytic weight gain, female gender, and lower body weight were
described in association with IDH across studies, but we did not confirm these associations
in our cohort [34]. We also demonstrated that an NYHA class ≥ 3, a low number of B-lines
before dialysis, and a low pre-dialysis systolic BP were independent risk factors for IDH.
The use of LUS as a tool for assessing patients’ hydration status has been spreading for
some years, and it was established that a finding of ≤5 B-lines was indicative of euvolemia
and that >15 B-lines reflected hypervolemia, considering a 28-position LUS score [30]. By
applying this approach to dialysis patients, for whom the hydration state is so variable, we
demonstrated that LUS is a valuable technique for fluid overload assessment. We found a
higher incidence of IDH in patients with fewer pre-dialysis B-lines and a lower risk of IDH
in cases where pre-dialysis there was ≥15 B-lines. A similar study showed that there was
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an increased risk of IDH in critically ill patients on intermittent HD with <14 pre-dialysis
B-lines only if they presented a concomitant vena cava collapsibility ≤ 11.5 mm m−2 [38].
Another study, again on patients undergoing HD in an intensive care setting, showed that
patients with documentation of an A-line pattern (indicating a dry lung) had a higher
incidence of IDH than those with an overriding B-line pattern, although the authors did
not provide a prognostic threshold in the B-line score [39]. In our study, a significantly
lower number of B-lines post-dialysis was identified in patients who experienced IDH,
with ≤5 B-lines in most patients, highlighting the central role of hypovolemia in IDH
etiopathogenesis. Altogether, we demonstrated that, both pre-dialysis and post-dialysis,
the number of B-lines was inversely related to the risk of an IDH episode. The identification
of <8 B-lines using LUS at the beginning of dialysis was an optimal threshold for identifying
those patients at higher risk of experiencing an IDH episode, with a sensitivity of 63.6%
and specificity of 75.7%, and well-designed prospective studies are required to validate this
observation. Although these values were not excellent, we should also consider that the
pathophysiology of IDH events is very complex and not completely predictable. Not all
hypotension is due to hypovolemia, and not all hypovolemia causes significant hypotension.
This happens because there are compensatory mechanisms that try to maintain a stable BP.
Consequently, LUS before dialysis cannot aspire to predict all IDH episodes and we consider
the results obtained as satisfactory. Conversely, a post-dialysis B-lines quantification may
provide an understanding of whether the IDH episode was due to dehydration, probably
due to an overestimation of the dry weight, as demonstrated by <5 B-lines, or due to other
reasons (e.g., autonomic dysfunction, high UF rate, non-dialyzable antihypertensive drugs,
hypoalbuminemia and/or anemia).

Even considering the multifactorial nature of IDH in hemodialysis and the great
heterogeneity of dialysis patients, a multiparametric approach to predict IDH is needed.
Consequently, nephrologists should also be careful about UF rate prescription (in particular
for >13 mL/kg/hour), and be more vigilant about RBV changes (in particular for an RBV
decline below −7.9% during the first hour of dialysis).

Each method (physical examination, B-line score, blood pressure measurement, NT-
proBNP and RBV decline) suffers from several shortcomings, and, consequently, we should
adopt different methods or different thresholds for each method in the presence of comor-
bidities associated with autonomic dysfunction. For example, in patients with severe heart
failure (defined as NYHA class ≥ 3), the loss of compensation from increased contractility
predisposes them to the development of IDH even with >8 B-lines pre-dialysis or with
physical signs of fluid overload. In these patients, pulmonary congestion (identified using
a chest X-ray or the number of B-lines) did not appear to be representative of systemic
fluid status, and this was likely related to the concomitant left ventricular dysfunction.
Interestingly, the identification of <20 B-lines pre-dialysis in patients with NYHA class 3–4
was the optimal threshold for predicting an IDH episode, with a sensitivity of 92.3% and
specificity 84.6%, suggesting that the extent of pulmonary congestion in these patients was
not representative of the overall volume status. A certain amount of pulmonary congestion
remained, even when the patient had reached the dry weight (Table 2). As a result of left
ventricular dysfunction, we should be very careful to avoid systemic dehydration (and,
therefore, IDH) in an attempt to dry out the lung congestion.

Although the development of IDH is recognized as a risk factor for mortality in
dialysis patients, in our study, we only found a correlation between IDH and one-year
mortality (Table 1). Statistical significance was probably not reached due to the relatively
small number of patients enrolled with an adequate follow-up.

Changes in the B-line score were apparent in real-time with fluid removal during
dialysis, reflecting the degree of interstitial imbibition of lung tissue, with a progressive
B-line score reduction over the hemodialysis session [40,41]. This versatility of LUS makes
it a useful tool, not only at the beginning of dialysis, but also during or at the end of
the session, to guide a progressive reduction in post-dialysis weight in order to optimize
patients’ baseline fluid status, even considering that IDH generally occurs at a median
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time interval of 120–149 min [42]. We recommend LUS as a routine exam in patients on
dialysis in order to obtain a more accurate volemic status evaluation, but also to prevent
IDH episodes. In particular, LUS can be used as a first-level exam before dialysis sessions
in patients at a high risk of developing IDH, such as those with (1) frequent or recent IDH
episodes, (2) fluctuations in dry weight, (3) recent surgery or infections, (4) malnutrition,
(5) a recent period of fasting or an increased appetite and (6) glucocorticoid therapy.

In this study, we also demonstrated that a simple pulmonary assessment using LUS
provided relevant information about pulmonary congestion in hemodialysis patients (out-
performing chest radiography [43]) and identified patients at risk of complications. This
new element can help an integrated clinical evaluation (B-line quantification together with
BVM and a physical examination) and guide physicians in the selection of an appropriate
ultrafiltration profile. We propose that dialysis units adopt LUS in their daily clinical
practice as a bedside tool not only for fluid status assessment and dry weight prescription,
but also to prevent IDH and drive the ultrafiltration prescription during the whole hemodi-
alytic session (Figure 3). The risk of an IDH episode can be reduced at the beginning of
any dialysis session with treatment of the modifiable risk factors, for example, by adminis-
tering colloids (serum albumin) during the dialysis session, modulating antihypertensive
therapies (for patients with a low pre-dialysis systolic BP) and by assessing the number of
B-lines pre-dialysis (as a sensitive method with which to evaluate fluid status).

Figure 3. A proposed lung ultrasound approach in hemodialysis in order to drive ultrafiltration
prescriptions. Nephrologists should adopt B-line quantification by LUS as a bedside approach to prevent
IDH and drive the ultrafiltration prescription during the whole hemodialytic session. The identification
of <8 B-lines at the beginning of dialysis can be helpful for identifying those patients at higher risk of
experiencing an IDH episode, and consequently nephrologists might consider reducing/minimizing
ultrafiltration. Conversely, the identification of <5 B-lines at the end of a dialysis session complicated
by an IDH episode is highly suggestive of dehydration, probably due to an overestimation of the dry
weight, and consequently nephrologists might consider increasing the dry weight.

The small number of patients enrolled from one single center represents an important
limitation of this study, and it was not sufficiently powered to detect clinically relevant
changes in strong outcomes, such as mortality or cardiovascular events. Due to its obser-
vational nature and the lack of a follow-up, this study could not establish whether the
routine use of LUS could improve efficiency in terms of preventing IDH episodes, but it
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does serve as a pilot study for future studies. Last, we recruited consecutive patients who
needed a multiparametric evaluation of fluid status and, consequently, we might have
selected patients more prone to fluid status abnormalities, including both hypovolemia or
hypervolemia. Despite this, patients’ characteristics were similar between the two groups.

5. Conclusions

In summary, IDH occurs in response to a reduction in blood volume as an expression
of different independent risk factors, such as abnormal cardiac function (NYHA class ≥ 3),
lower pre-dialysis systolic BP and lower fluid status (quantified by LUS as a lower number
of B-lines). Using LUS at the beginning of dialysis is a valuable method for fluid status
assessment, showing a high sensitivity in fluid overload diagnosis, even higher than a chest
X-ray and physical examination. The pre-dialysis number of B-lines at LUS assessment
was able to predict an IDH episode independently from the NYHA class, UF rate and
physical signs/symptoms of fluid status. A low B-line score (<8 B-lines) at the beginning of
dialysis may predict IDH and its quantification should be integrated with other clinical and
laboratory parameters in order to drive the prescription of ultrafiltration. A low B-line score
(≤5 B-lines) at the end of dialysis may suggest that IDH was associated with hypovolemia
due to an overestimation of the dry weight. In patients with low B-line scores, nephrologists
should be careful about UF prescription and more vigilant about RBV changes during a
dialysis session.
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Abstract: Background: Pleural malignancy (PM) and malignant pleural effusion (MPE) represent
an increasing burden of diseases. Costo-phrenic angle (CPA) could be involved by malignant small
nodularities or thickenings in the case of MPE. The aim of this study was to evaluate whether lung
ultrasound (LUS), performed prior to medical thoracoscopy (MT), could detect pleural abnormalities
in CPA not easily detectable by chest computed tomography scan (CCT). Methods: Patients suspected
for PM and MPE were retrospectively recruited. Patients underwent both LUS examination with a
linear array and CCT prior to diagnostic medical thoracoscopy. LUS pathological findings in CPA
were compared with pathological findings detected by CCT. Findings were confirmed by subsequent
MT, the gold standard for PMs. Results: Twenty-eight patients were recruited. LUS detected 23 cases
of pleural abnormalities in CPA. CCT was detected 12 pleural abnormalities. Inter-rater agreement
between the two techniques was minimal (Cohen’s Kappa: 0.28). MT detected PMs in CPA in 22 patients.
LUS had a sensitivity of 100% and specificity of 83%. CCT had a sensitivity of 54% and specificity
of 100%. A better sensitivity for CCT was reached analysing only all abnormalities > 5 mm (64.3%).
Conclusions: LUS examination, in the case of PMs, could change and speed up diagnostic workup.

Keywords: chest ultrasound; medical thoracoscopy; pleural effusion; pleural malignancy

1. Introduction

Pleural effusion (PE) is a common medical problem in patients hospitalized in pneu-
mology or internal medicine departments, and aetiology varies according to geographical
area, healthcare setting, patient age and other factors. An important category of PE is
malignant pleural effusion (MPE). Epidemiological data suggest that MPE is one of the
top three causes of pleural effusion, along with heart failure and para-pneumonic effu-
sions [1]. The majority of MPE is caused by metastatic disease, most commonly lung cancer
in men and breast cancer in women. These two cancers account for 50–65% of all MPE [1].
Mesothelioma is the most common type of primary pleural tumour and is associated with
MPE in more than 90% of cases [2].

Nowadays, the gold standard in pleural disease assessment is medical thoracoscopy [2,3].
Currently, the diagnostic yield in patients with malignant pleural disease is reaching
94–97% [4,5].

Chest CT scan is considered as the most important radiological technique in evaluating
pleural surface. Pleural Diseases BTS guidelines recommend performing this exam in the
case of exudative pleural effusion without diagnosis after thoracentesis [6]. Anyway, several
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studies reported contrasting data on CT scan sensitivity and specificity [7–9]. The work
published by Tsim and coworkers reported CT sensitivity of 58% and specificity of 80% in
detecting pleural malignancies, concluding that radiological examination is not sufficient
to exclude or confirm presence of primary or secondary pleural malignancies [10], thus
requiring invasive procedures.

Another important technique in assessing pleural disease is chest ultrasonography.
Nowadays, respiratory physicians routinely use thoracic ultrasound, mainly for the guidance
of pleural interventions to minimise complications [11]. International guidelines strongly
recommend the utility of this technique [12]. Chest US can discriminate features highly specific
for malignancy and may therefore help to expedite correct investigations in those with these
high-risk features [12,13]. In the case of pleural effusions, Chest US is able to assess, with high
sensibility, pleural abnormalities especially at the costo-phrenic angle (CPA) [14].

It is crucial to study CPA. This region is the most caudal area of the thorax, it is
delimitated by parietal, diaphragmatic and visceral pleura, each one characterized by
different lymphatic drainage. It is rich of lymphatic stomata [15] being pulled open by
inspiratory movements of lung and thoracic cage. Francisco Rodriguez-Panadero and
colleagues detected that the majority of the pleural malignancies are caused by tumour
emboli to the visceral pleura with subsequent secondary seeding to the parietal pleura [16].

It has been demonstrated that malignant seeding can be influenced by gravitational
effects for intra-abdominal distribution [17]. Similarly, it has been described an increased
prevalence of pleural abnormalities in the lower posterior area of thorax [18]. Pleural
seeding and stasis of pleural fluid in this region lead us to focus our research to this
anatomical area to find neoplastic lesions.

Moreover, chest ultrasound has been reported to have an excellent diagnostic accu-
racy for small pleural lesions, guiding percutaneous pleural needle biopsy. Percutaneous
ultrasound guided pleural biopsy has high diagnostic yield and low complication rate [19].
Park J and colleagues [20] reported that ultrasound guided pleural biopsy is highly likely
diagnostic for small pleural lesions with nodular morphology on either CT or US or with a
pleural thickness of 4.5 mm or greater.

Aim of this study is to provide a picture of real life in a Pleural Unit, evaluating whether
lung ultrasound (US), performed prior to medical thoracoscopy, could detect pleural
abnormalities in CPA sometimes not easily detectable by chest computed tomography (CT)
scan, previously performed and brought for viewing in the outpatient visit.

2. Materials and Methods

2.1. Study Population

In this retrospective case series, we included patients referred to Pleural Unit (Spedali
Civili, Brescia, Italy) during a 38-month period who underwent Medical Thoracoscopy
for suspected PMs, pleural effusions, or pleural abnormalities, already subject to chest
ultrasonography with at least one chest CT scan. Patients were selected through a pleural
disease database. The inclusion criteria were: (1) age ≥ 18 years; (2) suspect of pleural
malignancies, pleural effusions or pleural abnormalities less than 10 mm; (3) chest ultra-
sound evaluation of costo-phrenic angle prior to medical thoracoscopy; (4) chest CT scan
evaluation in the 30 days prior to medical thoracoscopy. Written informed consent was
obtained from all patients retrospectively involved. This study was approved by the ethics
committee of the Spedali Civili of Brescia (CE133/2017).

2.2. Chest Ultrasonography

Ultrasonographic assessment was performed using MyLabTM 30 CV machine (Esaote,
Genova, Italy) equipped with convex (2–5 MHz) and linear (7–13 MHz) probes. All
ultrasonographic evaluations were performed by a pneumologist (GM) with a consolidated
expertise in lung ultrasonography.
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Each patient was asked initially to stay seated for dorsal sonographic scans, then to lie
in a supine position for anterior and lateral scans and finally in the lateral thoracoscopic
decubitus position. A bilateral ultrasonographic evaluation was performed.

The convex probe was used firstly to look for pleural effusions, large lung consolida-
tions and curtain signs. Secondly, the linear probe (7.5 MHz) was used to detect sliding
sign, adherences, pleural thickenings, and small pleural abnormalities. CPA was constantly
evaluated searching for small pleural thickenings and subcentrimetric nodules. Images
and videos of costo-phrenic angle pleural lesions were acquired and stored.

Videos of the sonographic assessment of CPA were recorded and stored. A subsequent
evaluation by 3 pneumologists (EGC, AS and RI) with high expertise in lung ultrasonogra-
phy was performed for this retrospective study.

Pleural findings were classified, according to previous studies [21,22], in pleural
thickenings and pleural nodules. Each lesion was measured and categorized.

2.3. Chest CT Scan

We reviewed all chest CT scans reports and images performed on enrolled patients.
Chest CT scans have already been performed previously and brought for viewing in the
visit at the Pleural Unit. Radiological examinations were not performed in the same centre
and different CT scanner, parameters and protocols were reported. Contrast enhancement
evaluation was not undertaken in all examinations.

We searched for description of pleural lesions in the costo-phrenic angle. The presence
or absence of lesions was reported.

2.4. Medical Thoracoscopy (MT)

All MT procedures were performed in the Pleural Unit of ASST Spedali Civili (Brescia,
Italy) by pulmonologists in a dedicated Endoscopy Room. Anaesthetists assisted patients
during procedures providing conscious sedation.

Patients were placed in the lateral decubitus position with the ipsilateral arm abducted
to maximize access to the hemi thorax. Chest ultrasonography was also performed imme-
diately before the MT with the patient already in the lateral decubitus in order to detect
sliding sign and the best entry site [23,24].

Local anaesthesia was induced with mepivacaine (200 mg) and after making a small
skin incision, blunt dissection was performed with a curved blunt-point scissors in the chest
wall until penetration of parietal pleura. Subsequently, a blunt-point trocar was carefully
introduced through the chest wall, reaching pleural cavity. After aspiration of pleural
fluid, a rigid 7-mm thoracoscopy set (Karl Storz GmbH & Co., Tuttlingen, Germany) was
introduced in the pleural cavity. A complete assessment of pleural cavity was performed,
and images and videos were acquired and stored in a local hard-disk. At least eight pleural
biopsy specimens for each patient were then collected. A detailed report of the procedure,
with description of macroscopic features of lesions, was stored in the Pleural Unit database.

2.5. Statistical Analysis

A descriptive analysis was accomplished by computing mean values and standard
deviations. Kappa statistic was used to assess agreement between ultrasound and com-
puted tomography technique. Linear weighted kappa was calculated for the ordered
categories [25]. Finally, we calculated sensitivity, specificity, and receiver operating charac-
teristic (ROC) curve by comparing the results that were obtained from chest US and chest CT
scan respect to gold standard MT. Data analysis was performed using MedCalc Statistical
Software version 17.6 (MedCalc Software bvba, Ostend, Belgium; http://www.medcalc.org
(accessed on 8 December 2017)).

3. Results

The study population (Table 1) consisted of 28 patients, 21 males and 7 females, with a
mean age of 64 ± 5 years (range 19–81). Malignancies were detected in final diagnosis in
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22 cases (78.5%). Benign or infectious diseases were found in six cases. Pleural effusion
was present in 25 cases (89% of subjects) and it was most frequently right sided (15 cases).

Table 1. Patients’ characteristics.

Patient Age Sex Effusion Side Final Diagnosis

Patient 1 81 M Right Unspecified pleural inflammation
Patient 2 76 F Right Epithelioid mesothelioma
Patient 3 66 M No pleural effusion Lung Adenocarcinoma
Patient 4 66 M Right Unspecified pleural inflammation
Patient 5 75 M Right Epithelioid mesothelioma
Patient 6 76 F Right Breast Cancer
Patient 7 60 M Right Epithelioid mesothelioma
Patient 8 21 M Right Tuberculosis
Patient 9 78 M Left Biphasic mesothelioma

Patient 10 72 M Right Lung Adenocarcinoma
Patient 11 56 M Left Other malignancy
Patient 12 63 F No pleural effusion Epithelioid mesothelioma
Patient 13 68 M Right Lung Squamous cell carcinoma
Patient 14 68 F Right Epithelioid mesothelioma
Patient 15 75 M Left Epithelioid mesothelioma
Patient 16 49 M Left Tuberculosis
Patient 17 73 F No pleural effusion Epithelioid mesothelioma
Patient 18 64 M Left Epithelioid mesothelioma
Patient 19 48 M Right Lung Adenocarcinoma
Patient 20 49 F Left Breast Cancer
Patient 21 62 M Right Other malignancy
Patient 22 19 M Left Other malignancy
Patient 23 79 M Right Unspecified pleural inflammation
Patient 24 61 M Left Other malignancy
Patient 25 81 F Right Other malignancy
Patient 26 62 M Left Unspecified pleural inflammation
Patient 27 77 M Left Lung Adenocarcinoma
Patient 28 65 M Right Epithelioid mesothelioma

Patients, n 28
Male/Female 21/7

Mean age (range), years 64 ± 5 (19–81)

Effusion side (Ultrasound)
Left 10

Right 15
Absent 3

Final diagnosis
Benign 6

Unspecified pleural inflammation 4
Tuberculosis 2

Malignant 22
Mesothelioma 10

Epithelioid mesothelioma 9
Biphasic mesothelioma 1

Lung cancer 5
Adenocarcinoma 4

Squamous cell carcinoma 1
Breast cancer 2

Other malignancies 5

All patients underwent chest US examination. Pleural abnormalities in CPA were
detected in 23 patients (82%). These abnormalities (Figure 1) were classified in: pleural
thickenings (12 cases), nodularities (seven cases) and a combination pattern of nodules and
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thickenings (four cases). Each pattern was divided into two categories based on dimension:
up to 5 mm, and ranging from 5 to 10 mm. (Table 2).

 

Figure 1. (A): Pleural nodularity; (B): Pleural thickening; (C): pattern of nodules and thickenings.

Table 2. Chest US findings in CPA.

CPA US Findings Values

No abnormalities 5

Nodularities 5–10 mm 7

Pleural thickening 12
<5 mm 5

5–10 mm 7

Nodularities and pleural thickening 4
<5 mm 3

5–10 mm 1

Chest CT scan was performed with and without contrast enhancement in 28.6% (8)
and 71.4% (20) of patients, respectively. Pleural abnormalities in CPA were detected by
chest CT scan in 12 patients (43%).

3.1. Chest US and Chest CT Scan Inter-Rater Agreement

Inter-rater agreement between chest US and chest CT scan findings was evaluated (Table 3).
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Table 3. Comparison of chest US and chest CT scan findings in CPA.

Chest Ultrasound

Chest CT scan Positive Negative

Positive 12 0 12 (43%)

Negative
11 5 16 (57%)

23 (82%) 5 (18%) 28

Both techniques detected pleural abnormality in CPA in 12 patients. Agreement for
the absence of pathological findings was reported in 5 patients.

In 11 cases, only US evaluation detected pleural abnormalities. No cases were reported
for which CPA abnormalities, detected by chest CT scan, were non detectable with chest
US evaluation.

Inter-rater agreement between the two techniques was assessed by linear weighted
kappa values. Cohen’s Kappa was 0.28 (95% CI 0.050–0.51). This result described a minimal
concordance between chest US and chest CT scan.

3.2. Comparison with Gold-Standard MT

Medical thoracoscopy detected pleural abnormalities in the CPA in 22 patients (79%).
From macroscopic point of view, 10 patients had nodularities, nine pleural thickenings,
and three patients both abnormalities.

Concerning pleural biopsies, a final diagnosis of pleural malignancy was achieved in
22 patients (79%). Ten patients suffered from mesothelioma (35%), five lung cancer (18%),
two pleural metastasis of breast cancer (7%), and five other malignancies (ovarian; bone;
kidney; solitary fibrous tumor; myoepithelial (Table 1).

Six patients (21%) had a final non-malignant diagnosis: two cases of pleural tuberculo-
sis (7%) and four cases of unspecified pleural inflammation (14%).

Comparing ultrasound findings to medical thoracoscopy (Figure 2), MT confirmed
the presence of pleural abnormalities in 22 of 23 cases detected by chest US. Only one
false-positive was reported, resulting to be diaphragmatic pillars at MT examination. In
the remaining five patients, no abnormalities were found by MT in agreement with chest
US (Table 4).

Figure 2. Thoracoscopic view: small pleural lesions on the surface of parietal pleura. After biopsy,
pathological examination confirmed a pleural carcinosis from NSCLC.
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Table 4. Chest US and CT findings compared with MT gold standard.

Disease Present (MT) Disease Absent (MT)

Chest US positive 22 1
Chest US negative 0 5
Chest CT positive 12 0
Chest CT negative 10 6

Comparing radiological findings to MT, CT scan correctly detected presence of ab-
normalities in 12 cases, absence of abnormalities in six cases, but in 10 cases it was falsely
negative (Table 4).

A comparison of sensitivity, specificity for both chest US and chest CT scan versus MT
findings in CPA is reported in Table 5.

Table 5. Sensitivity, Specificity, AUC-ROC analysis of Chest US and Chest CT scan vs. gold standard MT.

Diagnostic Test Sensitivity Specificity AUC

Chest ultrasound 100% 83% 0.92
Chest CT 54% 100% 0.77

When compared to MT, chest CT scan had a sensitivity of 54% (95% CI 32.2% to 75.6%)
and specificity of 100% (95% CI 54% to 100%).

Similarly, chest US had instead a sensitivity of 100% (95% CI 84.5% to 100%) and
specificity of 83% (95% CI 36% to 99.6%).

We calculated the ROC curve for each of the two techniques (Figure 3), showing an
area under the curve (AUC) for chest US of 0.92 and for chest CT scan of 0.77 (p = 0.148).

 

Figure 3. ROC curves for chest US and chest CT scan.

In order to explain differences between chest US and chest CT scan in terms of sensitiv-
ities versus gold standard, we compared chest CT to medical thoracoscopy in a subgroup
analysis of patients according to dimension of abnormalities detected by Chest US (Table 6).
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Table 6. Comparison between Chest CT scan vs. gold standard MT according to subgroup analysis
of Ultrasonographic findings.

All abnormalities < 5 mm 8 37.5% 100%
All abnormalities > 5 mm 14 64.3% 100%

When all patients with pleural abnormalities <5 mm (8 patients) were included in the
analysis, chest CT scan demonstrated 37.5% of sensitivity, instead in patients with pleural
abnormalities >5 mm (14 patients), CT scan demonstrated 64.3% of sensitivity.

Finally, considering the two subgroups separately, when the first CT scan of the chest
was performed with (eight cases) and without (20 cases) iodine contrast of mean, it was
possible to compute sensitivities and specificities differentiating cases.

Although low number of cases are reported, for the eight cases with contrast enhanced
CT scan of the chest, sensitivity versus gold standard MT, was 87% for CT scan and 100%
for chest US, respectively. It is not possible to report specificities because all eight cases
were positive for CPA at MT (Table 7).

Table 7. Subgroup of 8 cases with contrast enhanced (c.e.) CT scan of the chest. Chest US and CT
scan compared with MT gold standard for pleural abnormalities in CPA.

Disease Present (MT) Disease Absent (MT)

Chest US positive 8 0
Chest US negative 0 0

c.e. CT scan positive 7 0
c.e. CT scan negative 1 0

Diagnostic test Sensitivity Specificity
Chest ultrasound 100% N.A.

c.e. CT scan 87% N.A.

On the other hand, for the 20 cases without contrast enhanced CT scan of the chest,
sensitivity versus gold standard MT, was 36% for CT scan and 100% for chest US. In these
cases, specificities versus gold standard MT were 100% for CT scan and 83% for chest US,
respectively (Table 8).

Table 8. Subgroup of 20 cases without contrast enhanced (c.e.) CT scan of the chest. Chest US and CT
scan compared with MT gold standard for pleural abnormalities in CPA.

Disease Present (MT) Disease Absent (MT)

Chest US positive 14 1
Chest US negative 0 5

CT scan positive 5 0
CT scan negative 9 6

Diagnostic test Sensitivity Specificity
Chest ultrasound 100% 83%

CT scan 36% 100%

4. Discussion

This case series showed how chest US is able to help physicians for the assessment of
CPA in case of suspected pleural malignancies. It is able to detect pleural abnormalities
in CPA not easily detectable by first chest CT scan, especially in the case of absence of
iodine mean of contrast. These abnormalities have been confirmed by MT which can be
considered the referral technique.

Studying CPA, chest US detected all cases (22 out of 22) of pleural abnormalities
identified by medical thoracoscopy (Table 4). Only one false-positive case has been reported:
an apparent nodular lesion on the diaphragmatic surface of the CPA, resulting in an
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abnormal diaphragmatic pillar at thoracoscopic evaluation. In five cases chest US reported
the absence of alterations, confirmed by MT. Chest US, when compared to MT, showed an
overall sensitivity of 100% and a specificity of 83%.

As to chest CT scan, it detected only 12 cases out 22 reported by MT. However, no
false-positive case has been reported. These results are similar to other described in current
medical literature [8,9].

Chest CT scan in our series demonstrated a high specificity in detecting pleural
abnormalities in the CPA (100%), but a low level of sensitivity (54%).

ROC analysis for chest US and CT scan showed higher accuracy for the ultrasound
evaluation of CPA if compared to chest CT, although the difference between AUCs was
not significant. Comparison between chest US and chest CT scan resulted in a minimal
concordance, assessed by the Cohen’s Kappa. Discordance was detected in 11 cases. In all
cases, chest US was positive for pleural abnormalities in CPA and chest CT scan negative.
In 10 out of these 11 cases, MT actually identified abnormalities. One case confirmed the
absence of pathology according to chest CT scan. Therefore, radiological examination was
unable to detect 10 cases, correctly identified by chest US.

The majority of these cases were represented by small pleural abnormalities in CPA
(usually less than 5 mm). Among these cases, we reported pleural malignancies, but also
one patient with a histological diagnosis of unspecified pleural inflammation and two
patients with pleural tuberculosis.

Based on these findings, we compared chest CT scan to medical thoracoscopy in a
subgroup analysis of patients according to dimension of abnormalities detected by chest
US. We found that CT scan detected with lower sensitivity abnormalities <5 mm (37.5%). A
better sensitivity was reached for all abnormalities >5 mm (64.3%).

Our results could be explained by the different spatial resolution of US examina-
tion [23] with a high frequency probe compared to chest CT scan performed without high
resolution protocol, not required in the study of suspected pleural malignant effusion or
pleural malignancies [6].

Our study has several limitations. The first one is the retrospective model of our study.
We could include in our work only patients who underwent a lung ultrasonography and a
chest CT scan prior medical thoracoscopy and we excluded all patients whose images and
videos were not recorded and all patients who performed a chest CT scan, with or without
iodine contrast mean, after the procedure. Moreover, chest CT scan examinations were not
performed in the same centre, with same protocols and all with contrast enhancement phase.
Most of the exams were performed without contrast enhancement because of patients either
with renal failure or with known adverse reactions to iodine contrast mean or because the
first chest CT scan has been usually performed without contrast enhancement. Another
limitation is the small population of our study and the higher proportion of patient affected
by mesothelioma compared to other malignant diseases, above all lung cancer. This can
be due to the high incidence of mesothelioma in the part of Italy that refers patients to the
Pleural Unit of ASST Spedali Civili, Brescia [26].

Despite these limitations, our original observation suggests that the absence of pleural
abnormalities detected by first chest CT scan is not sufficient to exclude pleural involve-
ments especially in case of malignancy.

Chest US could improve detection of even millimetric pleural abnormalities local-
ized in the costo-phrenic angle, not detected by chest CT scan, with high sensitivity and
specificity when compared with gold standard medical thoracoscopy.

Even if diagnostic performance of chest CT scan is not sufficient to exclude or confirm
small pleural abnormalities, it is crucial to assess mediastinal and diaphragmatic pleural
surface, pleura behind ribs or shoulder blades, lung fissures, lung parenchyma, central
nodules, or peripheral lung abnormalities not reaching pleural surface.

The aim of this work, presenting a picture of real life in pleural unit, was not to suggest
chest US in substitution of chest CT scan, but to provide pulmonologists with a useful tool
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to assess pleural surface [27] and chest wall [28], in addition to ionizing radiations [29–31],
in order to indicate and guide diagnostic MT.

Finally, this retrospective case series represents the first step towards a prospective
study, enrolling patients with a standardized protocol, focusing on the role of chest US in
the assessment of costo-phrenic angle prior to MT with the final goal to make this technique
common in clinical practice.

5. Conclusions

According to our results, US showed a good sensitivity in the detection of pleural
abnormalities localized in the costo-phrenic angle. An accurate ultrasound examination of
CPA in patients affected by pleural effusion or suspected malignant pleural effusion could
assess even millimetric pathological lesions, sometimes not easily detectable by chest CT scan.

US examination, in the presence of a suspected pleural pathology, could change and
speed up diagnostic workup (Figure 4) [13,14,32–35], aiding malignancy characterization
and therapeutic care.

Figure 4. Proposal of diagnostic algorithm.
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Abstract: Background: Lung ultrasound (LUS) is a widely available technique allowing rapid bedside
detection of different respiratory disorders. Its reliability in the diagnosis of community-acquired
lung infection has been confirmed. However, its usefulness in identifying infections caused by specific
and less common pathogens (e.g., in immunocompromised patients) is still uncertain. Methods:
This systematic review aimed to explore the most common LUS patterns in infections caused by
intracellular, fungal pathogens or mycobacteria. Results: We included 17 studies, reporting a total of
274 patients with M. pneumoniae, 30 with fungal infection and 213 with pulmonary tuberculosis (TB).
Most of the studies on M. pneumoniae in children found a specific LUS pattern, mainly consolidated
areas associated with diffuse B lines. The typical LUS pattern in TB consisted of consolidation
and small subpleural nodes. Only one study on fungal disease reported LUS specific patterns
(e.g., indicating “halo sign” or “reverse halo sign”). Conclusions: Considering the preliminary data,
LUS appears to be a promising point-of-care tool, showing patterns of atypical pneumonia and TB
which seem different from patterns characterizing common bacterial infection. The role of LUS in
the diagnosis of fungal disease is still at an early stage of exploration. Large trials to investigate
sonography in these lung infections are granted.

Keywords: lung ultrasound; pneumonia; pulmonary infection

1. Introduction

Since its first introduction in clinical practice, lung ultrasound (LUS) has been acknowl-
edged as a potential first-line imaging modality to recognize common lung pathology [1–3].
Among a number of acute conditions, the accuracy and reliability of LUS for the diagnosis
of community acquired pneumonia (CAP), has been explored with promising results in
both adults and children [4–6]. There is now evidence that LUS may have greater sensitivity,
similar specificity, and better inter-operator reliability in the diagnosis of pneumonia when
compared with standard chest X-ray (CXR) [4,7–10]. Moreover, LUS has the advantage of
being free of ionizing radiation, has lower cost and easier bedside availability than CXR
and is subject to fewer regulatory requirements. This makes the technique particularly
appealing as a point-of-care tool in the acute clinical setting, especially for children.

Indeed, although LUS has been under evaluation for over a decade, the important
role played during the recent COVID-19 pandemic, has greatly increased the interest of
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clinicians from multiple disciplines toward this technique and many efforts have been done
to standardize its use [11].

It is a paradigm that, to be detected from LUS, a parenchymal lesion must be close
enough to the pleura. In patients with typical bacterial pneumonia, the parenchymal
consolidation usually appears as a sub-pleural hypo-echoic area associated with hyper-
echoic dynamic spots called “air bronchograms”, representing air-filled bronchi within
the density of surrounding alveoli [12,13]. The pleural line above the consolidation is less
echogenic or even non-visible. At the rear, the presence of compact vertical artifacts, called
B lines, is a frequent expression of wall reinforcements typically produced by areas with
fluid content [14,15].

Differently from bacterial pneumonia, interstitial pneumonia (e.g., viral) sonography-
cally appears as a pattern characterized by three or more B lines (vertical hyperechoic
reverberations) in the same scansion between two ribs, either isolated or confluent. These
features are similar to those described in the interstitial-alveolar syndrome and may form,
in more severe cases, a “white lung pattern” [16].

As mentioned, a large number of studies have shown the accuracy of LUS in the diag-
nosis of the most common lung infections affecting children and adults, mainly bacterial
pneumonia [4,10,17]. Conversely, few studies have explored the usefulness of LUS for
the detection of less common lung infections such as those caused by atypical and fungal
pathogens or mycobacteria.

Atypical pneumonia caused by intracellular pathogens such as Mycoplasma Pneumo-
niae (M. pneumoniae) and Chlamydia Pneumoniae (C. pneumoniae) distinctively cause lung
interstitial involvement and are insensitive to common antibiotics used for the treatment of
bacterial pneumonia [18]. Lung infections caused by mycobacteria, mainly Mycobacterium
tuberculosis or fungal pathogens are rare in immunocompetent patients, but increasingly
diagnosed in immunocompromised patients [19]. In addition, TB remains highly prevalent
in low- and middle-income countries [20]. When a lung infection is suspected in immuno-
compromised patients, it is crucial to reach an early diagnosis in order to start promptly a
specific treatment. CXR and computerized tomography (CT) are often required in febrile
patients with cancer to make diagnosis. However, CXR, especially during neutropenia, is
hampered by a low specificity and hardly differentiates bacteria from a non-bacterial pneu-
monia, making essential a chest CT scan that has both higher sensitivity and specificity [21].
The role of lung ultrasound as a point-of-care tool may therefore be decisive in the diagnosis
and follow-up of these infections, particularly in children and severely ill patients.

This systematic review aimed to explore the most common findings reported at
lung ultrasound in patients with infection caused by intracellular, fungal pathogens or
mycobacteria, and to discuss a putative role for this technique in the diagnosis of these
lung infections.

2. Materials and Methods

A search strategy was developed in order to recognize the most significant literature
on the topic. An exhaustive search was performed on the main scientific libraries includ-
ing PubMed, Embase, Google Scholar and Cochrane. We used the following keywords:
lung/thoracic ultrasound/ultrasonography, atypical pneumonia, Mycoplasma pneumoniae,
Chlamydia pneumoniae, fungal pneumonia, fungal invasive disease, lung Aspergillosis, tu-
berculosis/mycobacterium. A combination of MeSH and associated terms with other
methodological terms (Mycoplasma or Chlamydia or atypical pneumonia or pneumonitis
and LUS or lung or thoracic and ultrasound or ultrasonography; fungal or fungal invasive
or Aspergillosis and pneumonia or pneumonitis and LUS or lung or thoracic and ultra-
sound or ultrasonography; Tuberculosis or Mycobacterium and pneumonia or pneumonitis
and LUS or lung or thoracic and ultrasound or ultrasonography).
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Study Selection and Data Extraction

The search was limited to articles published in English peer-reviewed journals between
January 1990 and January 2023. We included original studies, retrospective or prospective,
case reports and case series reporting detailed lung ultrasound findings for the diagnosis
or follow-up of pulmonary infection by atypical, fungal pathogens and mycobacteria. We
included studies on adults, children and infants reporting a microbiologically confirmed
lung infection. We excluded: (1) studies reporting data from endoscopic ultrasound;
(2) studies reporting “suspected infection” without clear microbiology data; (3) study in
which the prevalence of any ultrasound finding in the population was not well specified;
(4) review articles and meta-analyses; (5) qualitative studies; (6) not English articles.

For data processing, the document management tool Mendeley and the program
Microsoft Excel were used. The cumulative selection of articles was evaluated and screened
independently by two researchers. In case of disagreement between investigators, a third
investigator was involved. To select eligible studies for full text review, we used an
evidence-based algorithmic approach, Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) (Figure 1) [22].

Figure 1. PRISMA flow-chart [22].

For each study we collected the following information: (1) author and year of publica-
tion; (2) sample size; age; (3) specific pathogen; (4) LUS findings.

3. Results

3.1. Study Selection and LUS Definitions

The initial search included a total of 695 studies. Duplicates found in different
databases were excluded. From the remaining 550 we excluded 431 articles for being
review, not in English or qualitative studies. Of 119 studies assessed for eligibility, only
17 articles were useful for the purpose of this review. These included four studies on
atypical pneumonia, seven on fungal infection and six on pulmonary tuberculosis. Al-
though sometimes a different terminology was used in the studies to describe lung patterns,
definitions of the main signs observed from LUS are shown in Table 1.
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Table 1. Definitions of the main lung ultrasound findings.

Definition

Consolidation Area in which lung tissue is de-aerated with density
similar to parenchymal tissues [23]

Atelectasis
Type of consolidation shown as hyperechogenic tissue
structure visualized as solid parenchyma with static air

bronchogram [11,24]

Cavitation Solid, hypoechoic, heterogeneous lesions with sharp
lobulated margins [11,25]

Pleural effusion Hypo- or anechogenic structure, delineated by the chest
wall and the diaphragm [11,26]

B-lines

Vertical reverberation artefacts from the pleural line to
the edge of the scree; laserlike,

vertical hyperechogenic artefacts synchronized with
pleural line [11,23,27]

Pleural irregularities Reduction or interruption of pleural line [11,28]

Sub-pleural nodes/granularities Hyperechogenic subcentimetric granularities or
consolidation under the pleural line [29,30]

3.2. Primary Results
3.2.1. Intracellular Pathogens Lung Infection

All eligible studies on pneumonia caused by intracellular pathogens focused on M.
pneumoniae except one study also including some cases of C. pneumoniae. As this infection
is more common at a pediatric age, not surprisingly all studies were performed in children
with an age range from 2 months to 15 years (Table 2). A total of four studies, two
prospective and two retrospective were analyzed, including a total of 274 patients with a
diagnosis of atypical pneumonia confirmed by microbiology and conventional imaging.

Table 2. Lung ultrasonographic findings in bacterial intracellular pathogens infection.

N. of
Patients

Age Pleural
Effusion

Consolidation B-Lines
AtelectasiasTotal >1–1.5 cm Total Scattered Confluent

Li, 2021 [31] 30 Mean 9 yrs 16 30 (100%) NS 30 30 30 18
(53%) (100%) (100%) (100%) (60%)

Tripaldi, 2021 [32] 40 Mean 4 yrs 6 34 31 13 NS NS NS(15%) (85%) (77%) (32%)

Buonsenso,
2022 [33] 43 Mean 7 yrs 7 38 19 28 28 0 26

(16%) (88%) (44%) (65%) (65%) (60%)

Liu G., 2022 [34] 161 Median 4 yrs 48 136 NS 161 3 154 NS(29%) (84%) (100%) (1%) (95%)

Total 274 77 238 (86%) 50 232 61 184 44
(28%) (60%) (84%) (26%) (79%) (60%)

All patients with M. pnuemonia infectin; Buonsenso 2022 included also Chlamydia pneumonia infection. NS: the
exact number is not specified in the study, thus excluded from calculation of total (%).

Overall, the sonographic patterns described were consistent among studies (Figures 2–4).
The most common LUS feature was consolidation reported in 84–100% of the patients
(Table 2). Of the two studies analyzing the consolidation’s dimension, one reported most
commonly a dimension < 1.5 cm, while another described largest consolidated areas up
to 4 cm (Figure 2). Only in a few cases of severe atypical pneumonia did the consolida-
tion reach the dimension of 6 cm. Atelectasis, characterized by a hyperechoic static air
bronchograms, was also common (60%). In most of the cases consolidation was associated
with subpleural effusions (Figure 3) and a diffuse interstitial pattern. B lines were in fact
extremely common, being present in 85% of all cases (Figure 4). Although both scattered
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and confluent B lines were described, in most cases, the B lines were confluent and so dense
in more severe disease that they formed the so-called “white lung”.

Figure 2. Cosolidation and air bronchogram in Mycoplasma pneumonia [31].

Figure 3. Subpleural effusions in Mycoplasma pneumonia [32].

Figure 4. B lines in Mycoplasma pneumonia [31].

3.2.2. Fungal Lung infection

Studies on pneumonia caused by fungal pathogens, also known as invasive fungal
disease, were rare and extremely heterogeneous in terms of age range, disease manifestation,
patients’ comorbidities (e.g., immune status) and specific pathogen (Table 3).
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A total of seven studies were analyzed which included a total of 30 patients. These
studies were mainly case reports describing between one and four patients. The three
largest studies available included, respectively, 10 adults, 6 children (6–11 years) and
7 premature infants (Table 3). In most of the cases lung fungal disease was caused by
Aspergillus, five cases of Candida Albicans and two cases of rare Mucormycosis were
also described.

Among 10 cases of invasive fungal diseases, in patients treated with allogenic hematopoietic
stem cell transplantation, the most common LUS feature was sub-pleural consolidation
with an inhomogeneous echotexture and indistinct margins, usually bilateral (Figure 5).
Atelectasis and pleural effusion were present in 40% of the patients, whereas B lines,
expression of an interstitial pattern, were extremely common (80%) (Figure 6, Table 3).

Figure 5. Consolidation with air bronchogram in fungal pneumonia [37].

Cavitations, a common feature of pulmonary Aspergillosis observed in lung CT scan,
were reported in all four adults (age 49–79 years) belonging to a group with invasive
aspergillosis and in two out of five children, aged 7–11 years, with Aspergillosis and
Mucormycosis (Figure 7, Table 3).

In a group of seven premature newborns the sonographic pattern of lung invasive fun-
gal disease was typical, characterized by bilateral lung consolidation with air bronchogram
and irregular boundaries (Table 3). Different patterns of B lines, reflecting a different degree
of lung edema, were observed in all non-consolidated areas.

In a group of older children (5–11 years), more typical lesions were described, including
hypo-echoic nodules with hyperechoic rims or hyper-echoic nodules with hypo/anechoic
rims (Figures 8–10). In a few cases, the “fungus ball” was evidenced as a hyper-echoic area
in the center of the main lesion (Figure 8).

3.2.3. Mycobacterium tuberculosis Lung Infection

We selected six studies, including a total of 213 patients affected by pulmonary TB. Of
these, one study included only children (40 cases, with a mean age of 2 years old) and one
study specifically selected 10 adults with miliary TB (Table 4). The studies were performed
either in Western countries including patients at high risk for TB or in countries that have a
high risk of TB.
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Figure 6. B-lines (A–C), Atelectasias, consolidation with air bronchogram, shred signs in fungal
pneumonioa [37].

Figure 7. Comparison between LUS images and CT images in fungal pneumonia [40].
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Figure 8. (A,B) Multiple nodular lesions with peripheral ground-glass opacity or halo sign, reverse
halo sign, and air crescent sign. (C) The target lesions; a hyper-echoic central nodule with a hypo-
echoic rim. (D) Hyper-echoic nodule (fungus ball) within consolidaion. (E) Hyper-echoic fungus ball
with air exension at the peripheral hup-echoic rim [36].

Figure 9. (A) Multiple nodular lesions with ground-glass opacity or halo sign, without air crescent
sign. Two target lesions in ultrasound. (B) Hyper-echoic central nodule with a hypo-echoic rim.
Figure (C) Hypo-echoic center with a hyper-echoic rim. (D,E) A nodular lesion of the right lung that
has developed and air crescent sign in control HRCT [36].

Sonographic consolidations, often multiples and mainly apical, where commonly
described in both children (55%) and adults (from 77% to 80%), with the exception of cases
of miliary TB. None of the studies, except a single case report, reported the occurrence of
atelectasis in the context of consolidated areas.

In adult TB, the most common and peculiar findings were circular or ellipsoidal hypo-
echoic sub-pleural lesion, generally <1.5 cm, defined as “sub-pleural nodes”. These were
reported in up to 90% of adults, mainly in the superior quadrants of the lung (Table 4,
Figures 11 and 12).
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Pleural effusion was most commonly found in children (30%) than in adults (on
average 15% of the cases). However, pleural irregularities were common findings in all
groups. Sonographic cavitation was absent in children and was reported in a small number
of adults (5 to 30%) (Figure 13 and Table 4).

In 10 adults with miliary TB, a quite precise sonographic pattern was shown, invariably
characterized by B lines and echogenic bright “granular” artifacts in the sub-pleural areas,
defined as “sub-pleural granularities”.

Figure 10. (A,B) Multiple nodular lesions with cavitation. (C) The target lesion in ultrasound has a
Hypo-echoic center with a hyper-echoic rim [36].

Table 4. Ultrasonographic findings in Mycobacterium tuberculosis.

N. of
Patients

Mean Age Pleural
Effusion

Pleural Ir-
regularities

Consolidation Cavitation Subpleural
Nodes

Subpleural
Granularities

B-Lines

Children

Heuvelings,
2019 [42] 40 2 yrs 12 (30%) 31 22 0 0 0 13

(78%) (55%) (33%)

Adults

Hunter, 2016
[30] * 10 33 yrs

median
0 0 0 0 0 10 10

(100%) (100%)

Agostinis,
2017 [29] 60 32 yrs 11 NS 28 3 58 4 NS(18%) (46%) (5%) (98%) (6%)

Montuori,
2019 [43] 51 34 yrs 10 37 40 9 37 0 0(20%) (73%) (77%) (30%) (73%)

Fentress,
2020 [44] 51 34 yrs 4 NS 41 3 41 0 20

(7%) (80%) (6%) (80%) (39%)

Cocco,
2022 [45] 1 36 yrs 1 (100%) 0 1 1 0 0 0(100%) (100%)

Total (adults) 173 26 37 110 16 136 14 30
(15%) (59%) (63%) (9%) (78%) (8%) (26%)

* Only cases of miliary tuberculosis included. NS: the exact number is not specified in the study, thus excluded
from calculation of total (%).
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Figure 11. Subpleural consolidation (thick arrow), characterized by subpleural hypo-echoic
region < 1 × 1 cm, with distinct borders and trailing artifact (arrowhead), next to the normal white
pleural line (thin arrow) [44].

Figure 12. Consolidation (thick arrow), characterized by echo-poor region > 1 × 1 cm, with air
bronchograms [44].
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Figure 13. Cavitation in mycobacterial pneumonia [45].

4. Discussion

4.1. General Considerations

Over the last decade, a considerable amount of work has been performed to define the
role of LUS as point-of-care diagnostic tool [46–55]. While most of the studies focused on
CAP, with pathogens rarely microbiologically distinguished, LUS has also been proposed as
a tool for etiological diagnosis [33]. This systematic revision explored cases of lung infection
caused by pathogens which are rare in the immunocompetent population (Mycobacteria
and fungi) or by intracellular pathogens. These infections are common in children but are
mainly included in the group of community acquired infections, without any distinction
from the most common etiologies such as S. pneumoniae. We found a limited number
of studies, particularly for fungal infection. These studies presented several limitations
including mainly a small sample size and heterogeneous definitions of lung sonographic
patterns. This is not surprising, as LUS is still an emerging technique and is currently in the
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process of standardization. For this reason, the studies were difficult to compare and the
study populations difficult to merge. However, we found that some interesting and specific
LUS patterns have been described in association with these infections and can represent a
good starting point for further investigations.

4.2. Intracellular Pathogens Lung Infection

As expected, data on the accuracy of LUS in atypical pneumonia focused on children,
and indeed the role of this technique in pediatrics may be crucial, given the extent they are
free of ionizing radiation [56–67]. A recent meta-analysis showed a 96% sensitivity and 93%
specificity of LUS in detecting pneumonia in children [68]. The peculiar feature of atypical,
as well as of viral pneumonia, is the involvement of lung interstitium with characteristic
edema and inflammatory cellular infiltrate. These pathological changes correlate with
specific radiographic features such as ground-glass and reticular/nodular patterns [69].

A mentioned above, the identification of a lung interstitial pattern linked to non-
bacterial infection through the detection of B lines from LUS has been widely reported
during the observation of COVID-19-related pneumonias [70].

Indeed, we found that the presence of an interstitial pattern, characterized by scattered
or most commonly confluent B lines is a main feature in children with atypical pneumonia
in all age groups [31–34,37,71–73].

Most of the studies that we examined aimed to correlate LUS and traditional imaging
findings and to assess the possibility to rapidly differentiate the etiology of lung infection
by bedside LUS.

In one of the largest prospective studies, Buonsenso et al. found that in children with
pneumonia, LUS findings were more helpful than clinical presentation, laboratory data
and CXR in distinguishing bacterial, viral or atypical pneumonia [33]. They showed that
multiple consolidations were related to viral and atypical pneumonia, whereas larger and
solitary consolidations with bacterial pneumonia. Moreover, deep air bronchogram was
more typical of bacterial and viral pneumonia, whereas a superficial air bronchogram was
almost always present in atypical pneumonia. B lines were more common in atypical/viral
pneumonia, generally diffused to the lung, while in bacterial pneumonia B lines were
mainly located in continuity with the solid mass. It is noteworthy that the same group has
previously shown that LUS pattern recognition at diagnosis may help the predict early
antibiotic response better than clinical and laboratory data [72].

The relevance of the dimension of the consolidation and distribution of B lines has
been suggested earlier by studies on CAP, although these could not be included in this
review since the exact prevalence of the findings was not reported. Data from Buonsenso
et al. were in agreement with earlier data from Berce and co-workers. The data showed that
in children with bacterial pneumonia consolidations, B lines were commonly solitary, larger,
and unilateral compared to those with viral/atypical pneumonia. In bacterial pneumonia,
B lines were in proximity to the consolidation, whereas in viral/atypical pneumonia, they
were diffuse [17].

Interestingly, Iorio and co-workers describe some small sub-pleural consolidations in
children with CAP and consider these “satellites” of the main consolidation, when they are
located in the lower or upper anterior district of the contralateral lung [73]. They speculate
that this phenomenon could be linked to the lymphatic drainage, being peculiar of atypical
pneumonia in which the involvement of lymphatic network is part of the pathogenesis of
the interstitial disease [73].

The patterns described so far have been further confirmed by Liu and co-workers in the
a large and most recent study [34,37]. In all children with atypical pneumonia, an interstitial
pattern was reported, which in some cases, formed the “white lung” pattern. Interestingly,
these authors measured the ratio of consolidation size/body surface area and suggested
that the dimension of the consolidation may depend on the age of the child [34,37]. They
also found that the presence of pleural effusion, which can be detected even in a tiny
quantity by LUS is a negative prognostic factor in pediatric atypical pneumonia [34,37].
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The predictive value of LUS findings has also been explored by Li et al. [31]. They
found that the evaluation of consolidation and atelectasis through LUS may predict the
effect of bronchoalveolar lavage in the treatment of children with severe M. pneumoniae
infection [31].

However, it has to be mentioned that other studies failed to find specific LUS findings
for atypical pneumonia. As an example, Tripaldi et al. describe large consolidations in both
bacterial and atypical CAP in 4-year-old children and state that the interstitial pattern is
not so common in atypical pneumonia [32].

4.3. Fungal Lung Infection

Fungal pulmonary infection, also known as invasive fungal infection, encompasses
a broad spectrum of conditions affecting patients who are immunocompromised for dif-
ferent reasons (e.g., chemotherapy, organ transplantation, blood cancer) [71,74–76]. These
pathogens are a major threat as they are becoming increasingly common and resistant to
treatment, causing high mortality. Although a number of fungal pathogens may infect the
lung, infection by different species of Aspergillus is the most common [77–80].

The gold standard imaging for invasive fungal infection is lung CT showing a large
variety of lesions including areas of consolidation, cavitation, abscess, nodule or infarction
associated with the angio-invasive nature of the fungal pathogens [81–85]. In this wide
range of lesions some signs at lung CT can be considered more specific, including: (1) “halo
sign”, a crescent or complete ring of ground-glass opacity surrounding a focal rounded
area of consolidation; (2) “reverse-halo” sign, a focal rounded area of ground-glass opacity
surrounded by a crescent/complete ring of consolidation [81]. Although these signs may be
present in other bacterial or viral infections, they are strongly suggestive of fungal infection
in immunocompromised patients [86–89].

In many cases, these lesions are located in close proximity to the pleura, leading to
speculation about the possible role of LUS in their detection. In fact, dealing with patients
that are generally severely ill, and given that laboratory data are slow to obtain, the use of
a point-of-care diagnostic tool could be crucial for a prompt management of the disease. In
addition, it should also be considered that CRX has a low specificity for these infections [21].
Unfortunately, the literature on the topic is scarce. In addition, as lung CT scan may present
a variety of different patterns, it might be more difficult to detect these patterns on LUS.

In one of the first studies on LUS-guided fine-needle aspiration biopsies in adults with
pulmonary Aspergillosis, abscesses were described as both round, hypo-echoic areas with
irregular margins and as difficult to differentiate from bacterial abscesses. However, with
the help of LUS biopsies, they were diagnosed in three out of four patients [38].

Perhaps, the most representative study on the topic is the report by Alamdaran et al.,
describing ten children with hematological cancer and fungal lung infection (mainly As-
pergillosis) all undergoing CT scan and LUS [36]. In the CT scan, the most common findings
were nodules with halo-sign or reverse halo sign or crescent sign, wedge-shaped consol-
idation and cavitation. In the LUS, these patterns had a peculiar appearance as either
hyper-echoic nodules with hypo-anecoic rims or hypo-echoic nodules with hyperechoic
rims. The presence of a mycetoma in an existent cavitation is particular in chronic condi-
tions. In the CT scan, it appears as a crescent sign, airspace between the mycetoma and the
cavitation. The mycetoma can be detected by LUS and appears as a central hyperechoic
roundish area with air extension to the peripheral anechoic rim, often described as the air
crescent sign or cavitation [36,39]. In another cohorts of adults with invasive fungal disease,
after hematopoietic stem cell transplantation, LUS showed a good sensitivity compared
to CT for the detection of fungal infection, showing hypo-echoic areas with positive air
bronchogram [40].

It has been suggested that the evaluation of the vascular component of the lesion with
color-coded Doppler may help to discriminate a fungal pneumonia from other causes of
consolidation [7,35,39].
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Finally, it is worth mentioning a brief report showing the presence of consolidations
with air bronchogram and B lines from LUS in premature newborn infants with fungal
infection [37]. If confirmed, the latest data might be of great relevance given the difficulty
diagnosing early onset pneumonia in newborn infants via traditional imaging.

4.4. Mycobacterium tuberculosis Infection

TB is still a major of cause of death worldwide and to achieve a global reduction of
the disease, a prompt diagnosis and treatment initiation is fundamental [20,90–92]. The
diagnosis of active TB is based on microbiology and traditional radiology; however, facilities
for diagnosis are often lacking in countries with low resources where the prevalence of
TB is significantly high. In this context, the use of ultrasonography as an affordable
point-of-care diagnostic tool is extremely attractive. Indeed, given that LUS is becoming
increasingly popular its use for suspected TB cases, it has been explored by a number of
studies [45,62,93–95].

The three largest studies on adults TB included in this review showed that the most
common LUS features were sub-pleural nodules, <1 cm, often multiple and diffuse, and
areas of consolidation, generally on apical or middle fields. In a recent systematic review
in adult TB, it was shown that these sub-pleural nodules and lung consolidations were
the LUS findings with the highest sensitivities, ranging from 72 to 100% and 46% to 80%,
respectively [62].

According to one study, although sub-pleural consolidations may be present in other
conditions, in TB, these may appear patchier and more irregular and contiguous with
pleura [44].

However, in some cases, the consolidation in LUS has been described as indistinguish-
able from bacterial pneumonia [29].

The specificity of LUS findings has been reported only by one study showing that
in the presence of suggestive symptoms, the combination of apical consolidations and
sub-pleural oval or round nodules, can reach a specificity of 96% [43]. There is agreement
among authors that for TB, LUS has a poor ability to screen radiographically identified
cavities [29,41,43].

Although differences exist among studies, considering that the sensitivity of CXR for
TB has been estimated around 87%, it is reasonable to expect that LUS, with a sensitivity
ranging from 72% to 100%, has the potential to become a valid alternative point-of-care
diagnostic tool. A recent study further supports this consideration, showing that in a cohort
of 82 patients with suspected TB, the overall sensitivity was 80% for LUS and 81% for
CXR [96]. It is also noteworthy that in some patients with TB, pleural effusion is more
commonly evidenced by LUS than a CT scan [97]. One limitation of using LUS is that in
many cases, TB lesions are localized in the posterior-superior regions of the lung, which
may not be visible to LUS due to the presence of the scapula [96].

One of the first studies on LUS in TB explored the features of miliary manifestation,
which is characterized by tiny (1–2 mm) diffuse granulomatous lesions appearing in CXR
as multiple small opacities diffuse in all lung zones [30,98]. The recent interest toward
this “old” disease has been raised due to the common occurrence of this miliary form in
patients with HIV or in patients undergoing immunosuppressive therapy [98]. Sonographic
findings in this form of TB consist invariably in an interstitial pattern typically present in
all lung zones together with subpleural granularities [30]. While the interstitial pattern
in immunocompromised patients may be shared by the rare Pneumocystis Jirovecii or
Cytomegalovirus infections, sub-pleural granular changes may add specificity [30].

Finally, little can be concluded on the role of LUS in pediatric TB, as only one study was
published showing that consolidation was commonly associated with pleural effusion and
enlarged mediastinal lymph nodes [42]. Our review focused on identifying parenchymal
and pleural patterns using sonography. However, in children with TB, there has been more
exploration into sonographic detection of enlarged mediastinal lymph nodes, with the aim
of performing mediastinal biopsies [99,100].
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5. Conclusions

Lung sonography is a rapid, widely available, free-of-adverse effects and point-of-
care diagnostic tool. LUS has been considered equal or even superior to chest X-ray for
the detection of pneumonia in both adults and children. Although chest X-ray remains
unsurpassed for the detection of central lesions, sonography can detect peripheral lesions,
even small ones that can escape a chest X-ray. The use of LUS for less common lung
infections has raised interest, although the literature is still insufficient to draw a definitive
conclusion. In addition, available studies present acute limitations including (1) low number
of patients, (2) methodological limitations, (3) poor standardization of the technique, and
(4) a lack of common definitions for LUS findings. However, aside from these limitations,
some aspects have emerged from this review that deserve consideration.

The role of ultrasonography has been explored in children with atypical pneumonia
caused by M.pneumoniae, and certainly some specific patterns have been described. If
these were to be confirmed by larger trial, it may position LUS as a point-of-care tool for
distinguishing the etiology of community-acquired pneumonia and predicting outcomes
and responses to therapy. In atypical pneumonia, consolidations where described in
84–100% of cases; in most of these cases, consolidation was associated with a diffuse
interstitial pattern characterized by scattered or most frequently confluent B lines. Studies
focusing on the role of LUS in the diagnosis of pulmonary TB have shown a good sensitivity
of this technique compared with standard imaging. The most common LUS features were
sub-pleural nodules, <1 cm, often multiple and diffuse, and consolidations, often multiples
and mainly apical. Although scant data are available, it is common opinion that further
investigation is worthy in this field. In fact, LUS might be a more easily affordable diagnostic
tool in low-income countries where traditional imaging is not promptly available.

Sonographic imaging of lung invasive fungal infection has received less attention,
and several reports have presented inconsistent data. The most common LUS feature was
sub-pleural consolidation with an inhomogeneous echotexture and indistinct margins,
which were usually bilateral. In cases of diffuse Aspergillosis infection, cavitations were
also detected by LUS. However, given the poor outcomes and mortality associated with
this disease, particularly in patients with malignancies, a bedside tool for the follow-up
and treatment strategy is important. Therefore, large trials on the use of LUS for the
differentiation between bacterial and fungal pneumonia are needed.
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Abstract: Lung ultrasound (LUS) is increasing in its popularity for the diagnosis of pulmonary com-
plications in acute pediatric care settings. Despite the high incidence of pulmonary complications for
patients with pediatric cardiovascular and congenital heart disease, especially in children undergoing
cardiac surgery, the use of LUS remains quite limited in these patients. The aim of this review is to
provide a comprehensive overview and list of current potential applications for LUS in children with
congenital heart disease, post-surgery. We herein describe protocols for LUS examinations in children,
discuss diagnostic criteria, and introduce methods for the diagnosis and classification of pulmonary
disease commonly encountered in pediatric cardiology (e.g., pleural effusion, atelectasis, interstitial
edema, pneumothorax, pneumonia, and diaphragmatic motion analysis). Furthermore, applications
of chest ultrasounds for the evaluation of the retrosternal area, and in particular, systematic search
criteria for retrosternal clots, are illustrated. We also discussed the potential applications of LUS,
including the guidance of interventional procedures, namely lung recruitment and drainage insertion.
Lastly, we analyzed current gaps in knowledge, including the difficulty of the quantification of pleural
effusion and atelectasis, and the need to differentiate different etiologies of B-lines. We concluded
with future applications of LUS, including strain analysis and advanced analysis of diaphragmatic
mechanics. In summary, US is an easy, accurate, fast, cheap, and radiation-free tool for the diagnosis
and follow-up of major pulmonary complications in pediatric cardiac surgery, and we strongly
encourage its use in routine practice.

Keywords: congenital; pediatric; echo; ultrasound; cardiac

1. Background

Lung ultrasound (LUS) is an ideal tool for the diagnosis and follow-up of pulmonary
complications after pediatric cardiac surgery. LUS offers the possibility to monitor lung
disease progression easily and quickly at the patient’s bedside, and it allows us to evaluate
the response to medical therapy (i.e., diuretics) and physiotherapy [1–4]. In addition,
several potential applications of LUS exist, particularly for children after cardiac surgery.
In this setting, LUS can be employed for the diagnosis of post-op lung complications,
including atelectasis, effusion, lung congestion, pneumonia, pneumothorax, obstructive
pulmonary disease, and diaphragmatic motion anomalies [1–4]. Compared to traditional
chest radiography, LUS allows for the differential diagnosis of many common pulmonary
complications after pediatric cardiac surgery [1–4]. For instance, LUS easily differentiates
between effusion and atelectasis, both of which are common sequelae of cardiac surgery,
and importantly, require different therapeutic approaches [1–4]. LUS also allows us to
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differentiate among different types of effusion, to quantify the effusion size, and to follow
up on the response to medical therapy [2,3]. In addition, LUS does not expose patients to
ionizing radiation, providing yet another advantage [1–4].

Despite these advantages, the role of LUS in children undergoing cardiac surgery
remains surprisingly limited [2] compared to other pediatric settings [5–10], probably due
to cultural inheritance mostly relying on chest radiography. The aim of this review is to
provide a comprehensive overview and list of current potential applications for LUS in
children with congenital heart disease (CHD), post-surgery, with the hope of encouraging
its use for this important patient population.

2. LUS Examination Protocols

LUS examinations are performed with either phased array probes or linear/convex
probes. In neonates and children, linear and convex probes are preferred, however, as they
offer a quick and comprehensive view of the entire lung field.

LUS examinations in adult patients should include the evaluation of different pul-
monary areas and be performed in different views and positions. According to standardized
protocols [11], for each hemithorax, 2 or 3 major areas (anterior, lateral, and sometimes
posterior) delineated by the parasternal, anterior axillary, and posterior axillary line, respec-
tively, should be identified and scanned. Each area can be further divided into an upper
and lower half, creating 4 to 6 different quadrants for each hemithorax, namely anterior
superior, anterior inferior, lateral superior, lateral inferior, posterior superior, and posterior
inferior [11] (Figure 1).

 
(A) (B) 

Figure 1. Six segments score. Each hemithorax is divided into 3 major quadrants (anterior, lateral,
and posterior). Each quadrant is further subdivided into the upper and the lower half. (A) anterior
and lateral, (B) posterior quadrants.

In children undergoing cardiac surgery for CHD, the posterior view is crucial for the
diagnosis of atelectasis/effusion, the most common post-surgical, pulmonary complica-
tions. In a study of over 138 examinations at different post-operative times in 79 children
(median age 9.3 months), the posterior areas were found to be more sensitive than the
anterior and lateral areas in the diagnosis of effusion or atelectasis [12]. Lungs may be
scanned posteriorly starting from the diaphragm to differentiate the lung from the liver,
with a continuous brush up to the apex. The posterior view, however, may be not feasible to
acquire in unstable children, particularly those with an open sternum, poorly cooperative
children, or children with poor mobilization. In studies from our group, the posterior area
was precluded in 7% of cases, while the anterior area could not be assessed in 11% due to
bandages and medications covering a substantial part of the hemithorax. In contrast, the lat-
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eral area, despite the frequent presence of drainage tubes and other physical impediments,
was almost always accessible (e.g., feasibility 98%) for LUS examination [12,13].

3. When and Who Should Perform LUS

There has been great debate on which members of the care team should perform
LUS. Theoretically, LUS should be performed by any physician who oversees the patient
(e.g., anesthetist, cardiologist, surgeon). Some recent works [14,15] suggest that LUS can
be performed by mid-level healthcare professionals, including nurses [15] and physio-
therapists [14] for whom LUS represents a unique tool to guide treatment and monitor
results [14].

4. Common Findings

4.1. B-Lines

B-lines are the sonographic sign of partial deaeration of the lung parenchyma [11]. In
CHD patients with left-to-right, or bidirectional shunt, LUS has a high sensitivity (94%),
specificity (96%), and diagnostic accuracy (95%) for the assessment of lung congestion from
pulmonary overflow, compared to CT [16]. Furthermore, neonates with CHD more B-lines
compared to their healthy counterparts [17]. The presence of B-lines is almost universal
after pediatric cardiac surgery due to extravascular fluid accumulation (particularly after
cardiopulmonary bypass) and other effects of the main cardiac defect and post-surgical
imbalance on the lung [4,12,13].

4.2. Classification of Lung Congestion in Children

In each scanning area, B-lines are counted, and a score can be assigned for either single
quadrants or for the entire hemithorax, the latter quantified by summing partial scores for
each single scanning area. In adults, the main scores for the classification of lung congestion
in heart failure are either the sum of B-lines in each area or the number of areas with more
than three B-lines [18]; lung involvement is commonly classified into four categories (none,
mild, moderate, and severe) [18,19]. In children, however, we use simplified scores; either
qualitative or semiquantitative scores have been adopted. Some authors have proposed
semiquantitative scores [13,17] (Table 1), while others [1,20] have proposed a qualitative
score identifying three different patterns: (A) white lung, defined as the presence of
confluent B-lines in two or more of the four areas; (B) the prevalence of B-lines in two or
more areas; and (C) the prevalence of A-lines, or no significant congestion/normal lung
(Figure 2).

Table 1. Major semiquantitative scores for lung congestion classification in children.

Authors Classifications

Wu (34)

(I) Normal: A lines
(II) Mild: fewer than 3 B lines in 2 rip spaces with spared areas
(III) Moderate: between 3 and 7 B lines between 2 rip spaces
(IV) Severe: more than 7 or coalescent B-lines from the base to the apex

without spared area

Cantinotti (12,13)

(I) trivial-none (LUS-score = 0–6),
(II) mild (LUS-Score = 6–12),
(III) moderate (LUS-Score = 13–24)
(IV) severe (LUS-Score > 24)

Raimondi,
Vitale (15,20)

(I) Type 1- full hyperechoic image of the lung fields or ‘white lung’;
(II) Type 2- prevalence of B lines, that is, vertical, comet-tail artifacts.
(III) Type 3- predominance of A lines
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Figure 2. An example of semiquantitative LUS score that we have recently validated.

4.3. Pleural Effusion

The evaluation of pleural effusion is one of the most employed applications of LUS.
LUS has high sensitivity and specificity (93%) for the diagnosis of pleural effusion, compa-
rable to computed tomography (CT), which remains the diagnostic gold standard but is
invasive, time consuming, expensive, and exposes the children to dangerous radiations [2,3].
In addition, LUS may allow us to differentially diagnose the nature of post-surgical pleural
effusion, highlighting yet another advantage. For instance, while anechoic effusion may be
either a transudate or an exudate, the presence of internal echoes is highly suggestive of
an exudate or a hemothorax [21–28]. Despite these advantages, the application of LUS for
pleural effusion is often qualitative, classified as mild, moderate, or severe. Furthermore,
there is lack of consensus for the quantitative measurement of pleural effusion by LUS. In
adults, various algorithms, each using different projections and measurement methods,
have been proposed for pleural effusion quantification [21–28], though none of these have
been validated for infants and children (Table 2 and Figure 3).

 

Figure 3. Formulas for pleural effusion quantification according to different authors: (a) Usta
et al. [24], PEV is calculated by the formula D (mm) × 16, (b) Balik et al. [23] PEV is calculated by
the formula Sep (mm) × 20; (c) Eibenberger [25] the major effusion’s diameter (D) is associated with
PEV on a progressive scale (e.g., 10 mm correspond to 50–300 mL of PEV, 20 mm to 150–310 mL,
etc.). (Table 2) D = distance; IVC = Inferior Vena Cava; LL = Lung Lower Lobe; LTW = Lateral
Thoracic Wall; PE = Pleural Effusion; PEV = Pleural Effusion Volume; PTW = Posterior Thoracic Wall;
Sep = maximal distance between parietal and visceral pleura; SP = Spine.

86



Diagnostics 2022, 12, 763

4.4. Atelectasis, Pneumonia, Consolidations, and Others

One of the main advantages of LUS over chest X-ray (CXR) is the ability to differentiate
between effusion and atelectasis, which, as emphasized, are the most common pulmonary
complications after pediatric cardiac surgery. Atelectasis is a universal complication after
general anesthesia, either with tracheal intubation or laryngeal mask, occurring in about
68–100% of all types of surgery [29–34], with varying degrees of severity, ranging from
small atelectasis to complete lung collapse. In these cases, the etiology of atelectasis is
multifactorial and includes surgical compression, cardiopulmonary bypass, consequences
on the lung of cardiac defect, and inappropriate ventilation. In children without cardiac
defects or with no history of pulmonary disease undergoing minor surgery [29–34], atelec-
tasis tends to resolve spontaneously, though it may persist after 3 days in about 70% of
patients undergoing pediatric cardiac surgery [29].

LUS allows for the precise identification of regions of atelectasis. In several studies
employing LUS after pediatric cardiac surgery, atelectasis was found to occur much more
frequently in the inferior-posterior region (60–92.7%) than in the anterior (5–20.7%) or
lateral regions (5–13.8%) [12,34]. LUS further helps in the differentiation of different types
of consolidations and masses. Consolidations may be due to infection, infraction from
pulmonary embolism, primary or metastatic cancer, compressive or obstructive atelectasis,
or a contusion from thoracic trauma, all of which can potentially be differentiated by
LUS [12,34]. For instance, the use of LUS for the diagnosis of pneumonia is today accepted
in many NICUs, with diagnostic criteria based on major signs, including consolidation, air
bronchograms, and pleural effusion. A recent (2020) meta-analysis [35] of over 22 studies
with a total of 2470 patients demonstrated that LUS has high sensitivity (0.95; 95% CI:
0.94 to 0.96), specificity (0.90; 95% CI: 0.87 to 0.92), and diagnostic odds ratio (137.49;
95% CI: 60.21 to 313.98) for the diagnosis of pneumonia in children.

4.5. Pneumothorax

Pneumothorax is a common complication in cardiac surgery. Pneumothorax is diag-
nosed by LUS based on three major findings, namely the absence of lung sliding and lung
pulse, the absence of B-lines, and evidence of the ‘lung point’ [1,36]. The first two signs
are required, whereas the lung point may not always be detectable. LUS revealed optimal
diagnostic accuracy, with superior sensitivity and similar specificity compared to CXR for
the detection of pneumothorax, and it was found to be superior to CT in the classification
of pneumothorax size [1,36]. Thus, LUS may be extremely useful for the diagnosis of
pneumothorax in a pediatric cardiac surgery setting [13,37]. LUS may be used to monitor
the occurrence of pneumothorax after drainage removal, avoiding serial CXRs as is routine
practice in many centers [37] (Figure 4 and Video S1).

Figure 4. And Video S1: Diagnosis of pneumothorax. The lung pointy (e.g., the point where the
pleura stops its movement) is highlighted on the left side. On the right side, the typical Barcode sign
on M-mode is shown.
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Table 2. Major studies proposing formula for pleural effusion quantification.

Authors Population Protocol of Examination Formula

Remérand
et al. [22], France

58 (45 M)
Age 58 ± 17 years

SUPINE
Transverse views positioning the transducer in
each IS. The transducer was slipped between the
patient’s back and mattress. The lower and
upper IS where PE was detected were drawn on
the patient’s skin
PE length measured in paravertebral regions
between the apical and caudal limits.
Cross-sectional area measured at the mid-length
of PE

PEV (mL) = ACT (cm2)× LCT (mm)

Usta [24],
Germany

135 (90 M)
Age 60 (45–67) years

SITTING
The transducer was moved in a cranial direction
in the mid-scapular line.
PE diameter: maximal distance between
mid-height of the diaphragm and visceral pleura

PEV (mL) = D (mm) × 16

Balik et al. [23],
Czech Republic

81 (47 M)
m. ventilated
patients
Age 60 ± 15 years

SUPINE
The transducer was moved in the cranial
direction in the posterior axillary line
PE diameter: maximal distance between parietal
and visceral pleura at the lung base

PEV (mL) = 20 × Sep (mm)

Eibenberger [37],
Austria

51 (21 M)
Age 28–82 years

SITTING
Latero-dorsal wall of the chest
PE diameter: the maximal perpendicular
distance between the posterior wall of the lung
and the posterior chest wall

D (mm) PEV (mL)
0 0–90
10 50–300
20 150–310
30 160–660
40 490–1670
50 650–1840
>60 950–251

Vignon et al. [21],
France

97 (61 M)
age 59 ± 20 years

SUPINE
From the base to the apex of the chest, along the
dorso-lateral part of the chest wall, as far as
possible posterior between the mattress and the
patient’s back without lifting the hemithorax.
PE diameter: the maximal distance from the
leading edge of the dependent surface of the
lung to the trailing edge of the posterior chest
wall, on transverse views of pleural spaces.
Measurements were made at the base and at the
apex of the pleural space

D > 45 mm at the RTB
D > 50 mm at the LTB
base predicted a PEV ≥ 800 mL
sensitivity of 94% and 100 and
specificity of 76 and 67%,
respectively

ACT: pleural effusion cross-sectional area; EE: end-expiration; EI: end-inspiration; IS: inter-costal space; LCT:
pleural effusion length; LTB: left thoracic base; m.: mechanical; PEV: pleural effusion volume; RTB: right thoracic
base; Sep: separation; V: volume; D: diameter; PE: pleural effusion; BMI: body mass index. A Typically, the
inter-pleural distance was greater at end-expiration in ventilated patients and on inspiration in spontaneously
breathing patients.

4.6. The Retrosternal Area: Diagnosis of Clots

To conclude our discussion of the LUS examination, we found it useful to explore the
inspection of the parasternal region for the evaluation of the retrosternal area, a zone where
clots are commonly known to form after pediatric cardiac surgery [2,28,38].

By placing the probe close to the parasternal line, the anterior segments can be scanned
up and down. If a clot or hematoma is detected, the probe should be placed over it and
freely tilted in various planes or orientations for visualization.

There is no standardized system to measure and classify clot dimensions. In a recent
series, we defined clot size according to the maximal diameter on an axis perpendicular
to the cardiac wall as follows. We specifically defined four classes of clot size, namely
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(1) large clots: >3 cm; (2) moderate sized clots: >2 to <3 cm; (3) small to moderate sized
clots >1 to <2 cm; and (4) small clots: <1 cm.

Among 37 children undergoing total cavopulmonary connection (mean age 5.5± 1.8 years,
(range 2.4–11.7) (2.38) mean body surface area 0.7 ± 0.1 m2 (range 0.3–1.6 m2)), retrosternal
clots were detected in 18 children (48.6%). Of these, seven (13.5%) had small clots (<1 cm),
two (5.4%) had small to moderately sized clots (>1–<2 cm), three (8.1%) had moderately
sized clots (>2–<3 cm), and six (16.2%) had large clots (>3 cm). Four of the six detected
large clots required surgical revision, and the other two clots were not treated because the
patients were clinically stable.

Furthermore, exploring the retrosternal area may be helpful for the diagnosis of
serious complications after cardiac surgery such as mediastinitis [28], which is typically
characterized by retrosternal fluid collection and parasternal hyperconvexity. Hematoma
and infections may have similar finding and may overlap [28]; thus, echographic findings
should always be correlated clinically (Figure 5).

Figure 5. Retrosternal clot. (Left) In (A), a retrosternal clot is visualized by LUS and confirmed (B) by
CT scan. Using LUS, it is possible to appreciate how the clot is interposed among the sternum and the
plural line. (Right) A retrosternal clot among the strum and the right ventricular outflow tract (RVOT)
is visualized by LUS (A). On chest X-ray and enlargement of right mediastinum can be observed (B).

4.7. Diaphragmatic Motion Anomalies

Diaphragmatic paralysis is a serious complication after pediatric cardiac surgery
and occurs in 0.3–12.8% of patients. Consequences of diaphragmatic paralysis include
respiratory insufficiency, pulmonary infections, and the prolongation of hospital stay.
Diaphragmatic paralysis is usually associated with concomitant atelectasis [12,39,40] and
may be easily diagnosed either with LUS or with conventional echocardiography by
subcostal view. Diagnosis is confirmed by comparing each hemidiaphragm in subxiphoid
view and evaluating their respective movements using M-mode. Diaphragmatic motion can
be classified as normal (towards the transducer in inspiration with a difference of excursion
between the hemidiaphragms of <50%), decreased (difference in the amplitude between
the hemidiaphragms >50%), absent (flat line at M-mode), or paradoxical (with absent
and paradoxical motion away from the transducer in inspiration), the latter indicating
diaphragmatic paralysis [12,39] (Figure 6 and Video S2).
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Figure 6. And Video S2: A left hemidiaphragm paralysis can be visualized by chest X-ray (left
side) and confirmed by echographic analysis of diaphragm by subcostal view. In the middle, a
paradoxical motion of the diaphragm can be appreciated in M-mode, and on the right image, the left
hemidiaphragm lifted can be appreciated (Video S2).

4.8. LUS Guidance of Interventional Procedures

LUS may be used to guide common interventional procedures in pediatric cardiology,
including drainage insertion for pleural effusion and pneumothorax [41]. Adult studies
have demonstrated that the routine use of LUS may drastically reduce the risk of pneu-
mothorax in thoracentesis from 8.8% to 0.97% (p < 0.0001) [41]. The utility of LUS extends to
tracheal tube verification in the NICU [42,43]. The echographic visualization of the tracheal
tube tip by LUS was found to be feasible (i.e., 83% to 100%) and had good sensitivity (i.e.,
0.91 to 1.00) with sufficient specificity (i.e., 5 to 1.0) for appropriate tracheal tube depth
verification. Furthermore, LUS may be used for echo-guided lung recruitment [3].

4.9. Chest X-ray Reduction in Pediatric Cardiac Surgery

In a previous study, we analyzed [44] the medical records of 1487 children and adoles-
cents (7.09 ± 12.34 years, range 0–17 years) who underwent cardiac surgery over a 6-year
period (2013–2018) at our Center, to assess whether the systematic use of LUS reduces the
use of CXR. We retrospectively compared CXR use between 2013–2015, where LUS was
not routinely employed, with CXR utilization between 2016–2018, after the introduction of
systematic LUS use. We found a significant reduction in the number of chest radiographs
(10.68 ± 10.31, p < 0.005), corresponding to a radiation dose reduction of 0.032 mSv for each
individual patient.

4.10. Prognostic Utility of LUS

More recently, several studies evaluated not only the diagnostic capabilities but also
the prognostic potential of LUS in pediatric cardiac surgery [1,13,45]. Vitale et al. showed
that 20 children (<20 kg; 3–7.25 months) with higher pulmonary congestion on day one
post-op had longer times on cardiopulmonary bypass (CPB), longer cross clamp times,
longer need of mechanical ventilation, and lengthened stay in ICU [1]. In another study of
61 children (3 days–7.4 years), the percentage of B-lines 1–6 h postoperatively predicted the
length of mechanical ventilation and PICU stay [45]. The incremental prognostic value of a
new LUS score post-cardiac surgery has been demonstrated. In one study of 237 children
undergoing cardiac surgery (0–17 years) at a single center, the use of a new LUS score
12–36 h post-surgery better predicted the intensive care length of stay (beta 0.145; p = 0.047)
and extubation time (beta 1.644; p = 0.024), compared with conventional risk factors. Of
note, when single quadrants were analyzed, only the anterior LUS score had significant
prognostic value (ICU stay beta, 0.471; p = 0.020; extubation time beta 5.530; p = 0.007).
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5. Current Gaps of Knowledge

5.1. Why Is the Lung White?

In several cases, deaeration, or white lung, can occur due to extravascular water
content in response to hypoxia. Many children with CHD, both before and after surgery,
present cases of pulmonary edema, due to increased pulmonary blood flow, ventricular
dysfunction, valve defects, etc., and deaeration from chronic hypoxia or recovery from
atelectasis [2,3]. Pulmonary atelectasis commonly occurs after pediatric surgery and/or in
the ICU, and if scanned during post-operative recovery, it is difficult to differentiate from
severe pulmonary congestion. Characteristic B-lines help to differentiate cardiogenic lung
congestion from other forms of lung deaeration. In cardiogenic lung congestion, B-lines are
uniformly present on either hemithorax with a gravity-dependent distribution, with thin
and regular pleural lines [11,18] (Figure 7A and Video S3). A patchy, irregular distribution
of B-lines, often with irregular pleural lines, is more characteristic of non-cardiogenic
pulmonary edemas, such as is observed in acute respiratory distress syndrome (ARDS) or
pulmonary fibrosis [11,18] (Figure 7B).

 

 
(A) (B) 

Figure 7. (A) B-lines due to cardiogenic lung congestion (regular, uniformly distributed along the
lungs, with a regular pleural line) and (B) B-lines typical of a lung disease (irregular, patchy, with
altered pleural line) (Video S3).

5.2. Future Perspectives

Studies on adult patients suggest that the use of speckle tracking may improve the
accuracy for the diagnosis of pneumothorax [46,47]; however, as mentioned above, the data
on such applications in pediatric populations are lacking.

Preliminary observations in children suggest that the use of contrast agents is feasible
and may increase the accuracy for the diagnosis of complicated pneumonia, accurately
differentiating necrotizing pneumonia from complex parapneumonic effusion [48]. The use
of contrast agents may further allow us to accurately visualize the drainage tubes during
invasive maneuvers such as drain insertion.

Studies of diaphragmatic structure and motion, including the quantification of di-
aphragm thickness, diaphragm excursion, and diaphragm thickening, are increasing in
relevance for both the diagnosis of post-surgical paralysis and the monitoring of pulmonary
recovery and response to therapy [49,50].

6. Conclusive Remarks

LUS is an accurate, fast, cheap, and radiation-free tool that may be employed for the
diagnosis and follow-up of major pulmonary complications in pediatric cardiac surgery.
The systematic use of LUS in pediatric cardiology should be encouraged to reduce serial
CXR examinations that are not only expensive but also expose children to potentially high
doses of radiation.
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Further studies are warranted to establish a consensus classification system for the
evaluation of disease severity and to further assess the prognostic potential of LUS in
children undergoing cardiac surgery for CHD.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/diagnostics12030763/s1, Video S1: pneumothorax, Video S2:
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Abstract: Background: Cystic fibrosis (CF) lung disease determines the outcome of this condition.
For lung evaluation processes, computed tomography (CT) is the gold standard, but also causes
irradiation. Lately, lung ultrasound (LUS) has proven to be reliable for the diagnosis of consolidations,
atelectasis, and/or bronchiectasis. The aim of our study was to evaluate the value of a newly
conceived LUS score by comparing it to the modified Bhalla CT score. A further aim was to evaluate
the correlation between the score and the lung clearance index (LCI). Methods: Patients with CF
were screened by LUS, followed by a CT scan. Spearman’s test was used for correlations. Results:
A total of 98 patients with CF were screened, and 57 were included in the study; their mean age
was 11.8 ± 5.5 (mean ± SD) years. The mean LUS score was 5.88 ± 5.4 SD. The LUS CF score had a
very strong correlation with the CT score of rs = 0.87 (p = 0.000). LUS showed a good sensibility for
detecting atelectasis (Se = 83.7%) and consolidations (Se = 94.4%). A lower Se (77.7%) and Sp (9%)
were found for cylindrical bronchiectasis. Conclusion: Our study shows that LUS and the lung CF
score are parameters that can be used with a complementary role in the diagnosis and monitoring of
CF lung disease in children.

Keywords: lung ultrasound; cystic fibrosis; computed tomography comparison; CT

1. Introduction

Cystic fibrosis is a complex disease characterized by significant clinical polymorphism,
a special evolution, and severe complications that raise problems in the individual mon-
itoring and management of the disease [1]. The pulmonary condition remains the most
important issue that dictates the prognosis of the disease [2]. Therefore, an early diagnosis
of pulmonary complications and the preservation of the lung function are essential. For the
diagnosis and monitoring of CF lung disease, many investigations are used, from widely
accessible chest X-ray examinations (CXR) [3]—which have lower sensitivity—to computed
tomography (CT), the current gold standard [4]. HRCT is very sensitive for the detection of
any structural changes, but its repeatability is restricted because of its significant irradiating
potential. On the other hand, lung ultrasound is a non-irradiating, easy-to-use method,
reliable for the detection of severe childhood pulmonary diseases, from pneumonia [5] to
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pulmonary fibrosis [6]; therefore, it is important to evaluate its potential in the accurate
detection of CF lung disease.

Presently, lung ultrasound has demonstrated efficiency in the diagnosis of child pneu-
monia [5,7] and other frequent childhood diseases, such as bronchiolitis, pneumothorax,
atelectasis [8], pleural effusion, and pulmonary contusion [9]. It is important to note that
lung ultrasound is more sensitive for the detection of smaller lesions [10]. LUS is also
valuable for the examination of children diagnosed with tuberculosis, as it seems to be
more sensitive than CXR [11]—especially for sickle cell disease [12], or rare diseases such
as NEHI [13].

Studies have shown that LUS value in CF exacerbations [14] correlates with lung
function tests [15], and reliable correlations between LUS and Chrispin–Norman X-ray
score [16] or modified Bhalla CT score have been published [17].

The progression of structural lung deterioration requires objective measurements,
such as CT scores [18–21], which offer the necessary support for correct monitoring and the
possibility of a follow-up—a mandatory procedure for accurate lung evaluation.

Numerous lung ultrasound scores were developed as consistent, non-invasive tools
for numerous diagnoses, such as respiratory COVID-19 in adults [22–24], pneumonia in
elders [25], ARDS [26], and lung recruitment ventilation [27,28], with significant practical
results. Similarly, for children’s respiratory pathology, important achievements have been
made by the use of LUS scores to evaluate COVID-19 pneumonia in neonates, pneumonia
in children [29], and to predict the need for surfactants in neonates [30], or ventilation
requirements in neonatal respiratory distress syndrome [31].

Therefore, in this study, we aimed to assess the value of a newly conceived lung
ultrasound (LUS) score by comparing it to the HRCT modified Bhalla score, and to evaluate
the correlation between the LUS score and the lung function expressed by the lung clearance
index (LCI), which is the most accurate parameter for CF lung function evaluation [32,33].

The LUS scoring system is useful for the detection of multiple respiratory diseases,
including features that can be found in CF, in addition to pneumonia [34] or COVID-19 [24].

Chest CT is the gold standard for the structural evaluation of CF lung disease, and
the need of an objective marker led to creation of CT scores, which are able to estimate the
severity and degree of the specific features that appear in CF [33]. The modified Bhalla
score is an accurate and feasible way to assess the severity of CF—a lung parenchymal
disease—as it is closely correlated with lung functions [33], severe genotype, and chronic
Pseudomonas infections [32,33,35]. In the study conducted by Leung A. et al. [35], modified
Bhalla score included the evaluation of the presence, severity, and extent of bronchiectasis,
bronchial wall thickening, mucus plugging, atelectasis/consolidation, and air trapping,
using a 0–3 severity scale [35], thus simplifying the original Bhalla scale [20].

Even CT scores are used as a surrogate outcome in the evaluation of cystic fibrosis lung
disease. In terms of sensitivity, it seems that LCI is comparable with CT. LCI is an indicator
of irregular ventilation distribution that sensibly detects abnormal lung structure and
early changes in the lungs with CF [32,33]; its practical usefulness lies in its applicability
in younger children who cannot be subjected to spirometry, as only tidal breathing is
necessary for performing multiple-breath washout (MBW)—the method through which
LCI is obtained [32]. Several studies have demonstrated that LCI is better correlated with
CT scores than spirometry parameters, and is very sensitive for the detection of early
changes in CF lungs [32,33], suggesting that “LCI may be even more sensitive than HRCT
scanning for detecting lung involvement in CF” [32].

Therefore, we conclude that the comparison between our new LUS-CF score and a CT
examination—the gold standard for structural CF changes—and LCI—the most accurate
lung function parameter—is the right premise for this feasibility study.
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2. Materials and Methods

2.1. Study Population

The study population was aged between 6 months and 18 years, diagnosed with
typical cystic fibrosis and monitored at our CF center. They were invited to participate in
the study, starting from October 2016 until March 2020. The study was approved by the
Ethics Committee of the Clinical County Hospital (no.8/2016).

Each parent and, in cases over 12 years old, each child, signed the informed consent
agreement regarding the agreement to participate in the study, in accordance with the
Declaration of Helsinki.

2.2. Study Protocol
2.2.1. Lung Ultrasound

LUS was performed at the first clinical evaluation, before the biological tests and the
computer scanning.

We used an Alpinion E-CUBE 9 ultrasound system, scanning with a linear probe of
7–12 MHz frequency and a 3.5–5 MHz convex probe, corresponding to the thoracic wall
dimensions. The lung ultrasound was performed by a pediatric pulmonologist with 7 years
of experience in LUS, blinded to previous CT examinations, and the stored images were
checked by a senior radiologist with 8 years of expertise in lung ultrasound.

Most of the compliant children were evaluated in supine and prone positions, and
then in their mothers’ arms or in an upright position, if pleurisy was detected, for vol-
ume estimation.

The ultrasound evaluation protocol included scanning of the lung areas by longitudi-
nal sections: right and left parasternal, medio-clavicular, anterior and posterior axillary,
posterior by paravertebral, medio-scapular and posterior axillar lines. Moreover, the
probe transversally scanned each intercostal space, in addition to the transabdominal
approach through the liver and spleen window for costal diaphragmatic angles and retro-
cardiac consolidations. Separately, the hemithorax was virtually divided into 6 areas:
2 anterior—anterosuperior and anteroinferior; 2 lateral—superior and inferior lateral; and
2 posterior—superior and inferior [6,34]. The splenic ultrasound window was also used to
evaluate the lower lobes of the left lung and the left costodiaphragmatic angle, as well as
the hepatic window for the lower right lung artefacts.

LUS-CF scores were quantified as normal (0–1), mild (2–6), moderate (6–10), or se-
vere (>10).

2.2.2. CT

After the LUS examinations were performed, the patients underwent a CT scan every
two years, as part of their regular evaluation, according to our national standards.

The CT scans were performed with a Philips MX 16 EVO 16-slice CT with dedicated
pediatric protocols and a Neusoft NeuViz 16 Essence 16-slice CT in the Radiology Depart-
ment of “Pius Brînzeu” County Emergency Clinical Hospital, Timisoara. The CT scans
were optimally performed at 120 kVp, according to international standards. CT scans were
acquired at a 2.5 mm and 5 mm slice thickness, with reconstruction images at 1.25 mm. The
images were stored in the workstation, the hospital’s PACS system, and on CDs, and were
interpreted by an experienced radiologist with CT competence and 16 years of experience.

The CT images were analyzed and scored using a modified Bhalla cystic fibrosis score
for HRCT [35]. For evaluating the lung lesions, the score considered the quantification of
the injuries to the respiratory tract: type (cylindrical, varicose, and saccular) and extension
of bronchiectasis, the thickening of the bronchial walls in different stages (mild, moderate,
and severe) and the extent of mucus plugging. The quantification of air-trapping zones and
the extension of the lung parenchymal lesions (a consolidation area with air bronchogram,
consolidation zones, and atelectasis) were also examined.

The scores were achieved for all five lung regions corresponding to the right upper,
middle, and lower lung zones, as well as the left upper and left lower lung zones. The
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final lesion score was obtained by summing up the five-lobe score. According to the
total severity score, CT scores were classified as mild (0–33), moderate (34–66), or severe
(> 66) [35].

2.2.3. Lung Function

Spirometry was performed in all patients over the age of 5 years old, as part of the
biannual or 3-monthly evaluation, according to their age and infection status. The standards
imposed by the American Thoracic Society/European Respiratory Society [36], along with
the Global Lung Function Initiative 2012 reference equations [37], were used to calculate
the percentage of the predicted parameter values, using a CareFusion machine.

LCI obtained by tidal breathing and by multiple-breath nitrogen (N2) washout was
determined using Quark PFT (COSMED, Italy). The LCI was calculated as the number
of lung volume turnovers (i.e., the cumulative expired volume divided by the functional
residual capacity) needed to lower the end-tidal tracer gas concentration below 2.5% (1/40
of starting level), with the normal values considered below 7 [38].

2.3. Statistical Analysis

For the descriptive statistics, the percentage values for categorical variables and
continuous variables were expressed as the mean ± standard deviation. The Shapiro–
Wilk test was used to establish the distribution of our quantitative data. The data were
investigated using IBM SPSS Statistics version 26.0. Spearman’s correlation coefficient
was used for the evaluation of the relationships between the quantitative variables. The
coefficient Spearman’s rho < 0.2 was significant for showing the lack of relationship between
the variables. The correlation was considered weak if Spearman’s rho was between 0.2 and
0.29, moderate with Spearman’s rho 0.3–0.39, strong relationship if Spearman’s rho had a
value in the 0.4–0.67 interval, and very strong when Spearman’s rho > 0.7 [39]. The Kruskal–
Wallis test was applied to compare the medians between the groups. The specificity and
sensitivity rates were calculated, in addition to the positive and negative predictive values,
while p-values were considered significant if p < 0.005.

3. Results

3.1. Descriptive Data

A total of 98 patients with CF were screened, and 57 were included in the study, as
CT was performed at their biannual evaluation. Their mean age was 11.8 ± 5.5 SD years
(ranging between 3.3 and 21.8 years old), and 42.1% were females. Most of the patients had
a severe genotype, almost half of them (49.1%) being f508 del homozygous; the f 508 del
allele was present in 71.05% of the cases, followed by G542X in 6.1%. The percentage of
chronically infected patients was = 49.12% (33.3% with Pseudomonas aeruginosa 15.7% with
Staphylococcus strains, and 7% were polymicrobial).

3.2. LUS CF Score

The artefacts used to define the pathological elements were as follows (Table 1):
the presence of A lines—normal aspect = 0 points; less than 3 B lines, thin (< 2 mm
in width)/intercostal space = 0 points; more than 3 distinctive B lines or 1 coalescent
B line = 1 point, quantifying interstitial inflammation or small bronchiectasis (Figure 1)
confirmed by CT (Figure 2); more than 2 coalescent B lines = 2 points, suggestive of alveolo-
interstitial inflammation or mucus plugging with loss of aeration; either bronchial wall
thickening or subpleural consolidation < 1 cm = 3 points, associated with the absence
of A lines quantified either as small atelectasis or cystic bronchiectasis with mucus plug-
ging; subpleural lung consolidation > 1 cm, without bronchogram = 4 points; quantified
atelectasis (Figure 3)/consolidation with bronchogram = 5 points.
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Table 1. LUS-CF artefacts score.

LUS Artefact Lung CF Score

Presence of A lines-normal aspect
Distinctive B lines < 3/ic space 0

Distinctive B lines > 3/space or 1 coalescent B line 1

Coalescent B lines > 2/ic space 2

Consolidation < 1 cm 3

Consolidation > 1 cm, with bronchogram 4

Atelectasis/consolidation without bronchogram, > 1 cm 5

Figure 1. LUS image shows B lines > 3, LUS score = 2. The corresponding CT image (Figure 2) shows
bronchiectasis.

Figure 2. CT reveals (1) peripheral cylindrical bronchiectasis with mucus plugging.
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Figure 3. LUS: subpleural consolidation of 1.75 cm/0.78 cm, surface of 0.96 cm2 (score 4), with-
out bronchogram, with adjacent B lines (2 points); A lines also present, examination of left poste-
rior hemithorax.

Subpleural consolidation were detected by CT scan (Figure 4) in 33.3% of patients, and
confirmed by LUS in 31.5% (Figure 3).

Figure 4. CT scan of the same patient, with various types of bronchiectasis: (1) cylindrical bronchiec-
tasis with moderate bronchial wall thickening; (2) varicose bronchiectasis; and (3) a round/spiculated
consolidation, corresponding to previous LUS consolidation. CT score = 62.

The right hemithorax of the same patients revealed the presence of B lines for cylindri-
cal bronchiectasis via LUS (Figure 5).
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Figure 5. LUS: coalescent B lines, with a very small subpleural consolidation (2 points) and
2 coalescent B lines (2 points), corresponding to mucus-filled varicose bronchiectasis; examination of
the same patient’s right posterior hemithorax.

The calculation of the score was done by summing up the lesions detected in the six
zones of every corresponding hemithorax. The mean LUS score was 5.88 ± 5.4 SD, ranging
from 0–21. The mean CT score was 38.14 ± 11.1, consistent with the moderate structural
lung damage, ranging from 4 points to a maximum of 82 points.

3.3. Spearman’s Correlation Test

Taking into consideration the fact that our data have a nonparametric distribution, we
used Spearman’s rho coefficient in order to evaluate the correlation between LUS score and
CT score, FEV1, FEF 25–75, and LCI.

3.3.1. LUS-CF Score and CT Score

The LUS-CF score had a very strong correlation with the CT score of rs = 0.87, showing
important statistical significance (p = 0.000), suggesting a good reliability of the LUS-CF
score in the evaluation of CF lung parenchymal deterioration.

We divided the patients according to their CT score: mild disease (0–33), moderate
disease (34–66), and severe disease (> 67) (Figure 6). The correlation in patients with mild
disease, expressed by an LUS-CF score from 0 to 7, was weak (rs = 0.439) (p = 0.014), while
in patients with moderate disease, the correlation coefficient strongly increased to rs = 0.57,
with good statistical significance (p = 0.01). By applying the Kruskal–Wallis test, we found
a statistical difference between the median LUS values in the categories of the CT score
(H = 39.845, p = 0.000; Table 2).

Figure 6. Median LUS scores in patients classified by CT score.
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Table 2. Median LUS scores in CT score categories.

Mild CT
Score

Moderate
CT Score

Severe CT Score H p

LUS
39.845 0.000Median (IQR) 1 (1; 2) 6.5 (4; 11) 15 (12.75; 16.5)

Mean of rank 16.07 38.14 50.05

In patients with important structural lung damage (Figure 7), quantified as severe
disease, expressed by a CT score > 66, the correlation was strong (rs = 0.83), with statistical
significance (p = 0.002).

Figure 7. (A) LUS: coalescent B lines, erased A profile, loss of aeration, left hemithorax. (B) LUS
image with subpleural consolidations, coalescent B lines, and left hemithorax. (C) CT scan of the
same patients: (1) varicose bronchiectasis with middle 1/3 of lung extended and moderate bronchial
wall thickening; (2) saccular bronchiectasis with mild and moderate wall thickening; and (3) zones
with increased attenuation of pulmonary parenchyma (alveolar infiltrates).

3.3.2. LUS-CF Score with Lung Function Parameters

Evaluating the relationship between the LUS score and LCI, the Spearman’s correlation
coefficient rs = 0.8 revealed a strong, statistically significant correlation (p = 0.000)—an
encouraging significant association between the structural lung disease and lung function.
Additionally, the relationship between the LUS-CF score and the spirometry parameters
was evaluated, and a strong negative correlation was found with FEV1 rs =−0.65 (p = 0.000)
and FEF 25–75 rs = −0.542 (p = 0.000).

3.4. LUS Sensitivity and Specificity

The assessment of LUS sensitivity and specificity in bronchiectasis detection varied
with the form of bronchiectasis: for cylindrical bronchiectasis(Figure 8A,B), LUS Se = 77.7%,
Sp = 9%, PPV = 80.7%, and NPV = 76.9%, while for saccular bronchiectasis (Figure 7), a
moderate Se = 68.4%, with good Sp = 94.9%, PPV = 88.8%, and NPV = 94.7% were found.
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Figure 8. (A) CT scan: cylindrical bronchiectasis with mucus plugs (B) LUS: A lines, normal LUS
aspect, score = 0.

As for varicose bronchiectasis (Figure 9 A,B), a very low Sp = 25% and NPV = 16.6%
were calculated, with a satisfactory PPV = 88.8% and Se = 68.4%.

Figure 9. (A) LUS: coalescent B lines, loss of A lines. (B) CT image: (1) cylindrical bronchiectasis with
moderate wall thickening; (2) varicose bronchiectasis; (3) saccular bronchiectasis with moderate wall
thickening; and (4) several bronchiectasis with mucus plugging.

The results regarding atelectasis (Figures 10 and 11) and consolidation detection were
significant. LUS showed good sensitivity and specificity in detecting atelectasis (Figure 10)—
Se = 83.7%, Sp = 94.5%, PPV = 92.5%, NPV = 72.3%—and consolidations—Se = 94.4%,
Sp = 93.02%, PPV = 89.4%, NPV = 97.3%.

As for bronchial thickening, low sensitivity and specificity were found: Se = 31.7%,
Sp = 35.2%, PPV = 54.1, NPV = 14.2%.

We could not calculate the reliability of LUS for air trapping or for mucus plugging
because of a lack of specific artefacts.
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Figure 10. (A) LUS image of atelectasis, hypoechoic image with air inside. (B) CT scan reveals
atelectasis, bronchiectasis, and partial bronchogram.

Figure 11. (A) LUS image of atelectasis, consolidation without bronchogram. (B) CT exam illustrates
(1) a peribronchovascular consolidation without air bronchogram, and (2) a lamellar (band) atelectasis.

4. Discussion

The literature on LUS-CF is limited, as CF is a rare disease with few patients, and a
small number of specialists in LUS.

In this study, we found that the LUS-CF score is a valuable instrument not only to
reveal the presence and quantification of parenchymal injury in CF, but also for expressing
the relationship with lung clearance index—the most accurate CF functional parameter.

LUS can show many ultrasound abnormalities, such as B lines, pleural line abnormal-
ities, important consolidations, and atelectasis. In addition to its diagnostic practicality,
LUS also seems to be effective for detection of exacerbations [40], showing good correla-
tion with lung function [17,41]. Few studies have investigated the significance of LUS in
CF [15–17,40,41], but emerging evidence remains to be shown. Our study is the first to
describe the LUS artefacts corresponding to CT lung lesions, quantifying all lung injuries
potentially detected by LUS. Furthermore, this is the first study to evaluate the relationship
between lung structural damage expressed by LUS scoring and functional issues expressed
by LCI, as we previously noted this correlation between structure and function [41].

The first study that presented the CF lung ultrasound artefacts in cystic fibrosis
described the presence of interstitial syndrome, bronchiectasis, alveolar consolidation, and
pleural signs, but was published only in abstract, by our group [41]. Strzelczuk-Judka
subsequently reported the CF-USS (cystic fibrosis ultrasound score), which evaluated the
presence and extent of pleural irregularities, focal or coalescent ”lung rockets” B lines,
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subpleural consolidations, and pleural fluid, showing a positive correlation with Chrispin–
Norman CXR scoring systems (r = 0.52, p = 0.0002) [16]. As in our study, they acknowledged
an important limitation in the inability to visualize the respiratory airway deterioration,
e.g., bronchiectasis and mucus plugs.

Peixoto et al. reported a score that included A pattern and B pattern and C pattern
(consolidation), stratifying patients into A profile, B profile, C profile, or mixed profiles
compared to CT, and reported a good correlation between LUS and CT [17]. The presence
of pleural effusion was not scored (declared as very rare), nor were the pleural irregularities
(only describing the finding) [17], similar to our study. The choice of excluding pleural
effusion from our LUS-CF score was based on the fact that pleural effusion is not a specific
feature of CF.

Hassanzad et al. noted in LUS the presence of pleural thickening, atelectasis, air
bronchogram, B lines, and consolidation, compared the findings with corresponding CXR
and HRCT, and evaluated the diagnostic performance of LUS and CXR for every artefact,
with satisfactory results [40]. Similar to our discoveries, a good diagnostic performance for
the detection of consolidation was reported in this paper.

Regarding pleural irregularities, Strzelczuk-Judka noted pleural irregularities similar
to bronchiolitis in one patient [16]; Peixoto described this feature, but did not quantify
it [17]. We did not take into consideration the presence of the pleural irregularities for this
2016 starting study, because CT did not show a specific corresponding finding; therefore, we
considered it normal appearance at the time of our LUS-CF score’s development. Neither
of the others studies stated that pleural irregularities or thickening would correspond to a
specific modification in CT.

With previous experience of our group on LUS in CF [41], we noted that LUS arte-
facts may quantify different pathological expression. As exemplified in the results of the
present paper, B lines can also quantify interstitial inflammation or small bronchiectasis,
as confirmed by CT in our study. Similarly, the coalescent B lines can be suggestive of
alveolo-interstitial inflammation or mucus plugging with loss of aeration, or bronchial wall
thickening. We observed that subpleural consolidation with absence of A lines quantified
small atelectasis, but also cystic bronchiectasis filled with mucus. The lack of specificity
for mentioned artefacts led us to be cautious in asserting the specificity of LUS for CF
lung disease. However, the LUS-CF score showed a very good correlation with CT, as
mentioned, and was highly sensitive in detecting parenchymal abnormalities. Other stud-
ies suggest the role of LUS in CF exacerbations [42], showing its superiority to CXR in
terms of the detection of consolidations, pleural effusion and irregularities compared to CT
examination [40] in exacerbations of CF in patients. In previously published papers, a good
correlation was found between the LUS and Chrispin–Norman CXR score [16], and also
with the modified Bhalla CT score [17], which is also reflected in our own findings.

Our findings reveal a very strong positive linear correlation between the LUS-CF
score and LCI (rs = 0.87, p = 0.000), suggesting the reliability of the LUS-CF score in the
detection of functional impairment in CF patients. The correlation coefficient between
LUS and LCI was superior to the correlation with spirometry parameters, which can be
explained by the increased sensitivity of LCI in the detection of lung function impairment
and the specificity of the LUS-CF score that included all B line spectra, consolidations with
or without bronchiectasis, and loss of aeration.

A strong negative correlation was found with CF-specific parameters for obstructions
such as FEV1 (rs = −0.65 (p = 0.000) and FEF 25–75 (rs = −0.542 (p = 0.000). These findings
are similar to those of another study that evaluated LUS patterns in CF, and which showed
a correlation with lung function expressed by pre-BD FVC r = 0.538 and pre-BD FEV1
r = 0.536 [17].

Descriptive data on LUS artefacts in a number of conditions have been published, but
the development of LUS scores has opened the door to objective evaluation. These studies
show a correlation between LUS scores and inflammation [29], lung function in CF, and
even mortality prognosis [43] in several diseases.
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The reliability of LUS in CF lung disease is sustained by its very good sensitivity
and specificity in detecting consolidations (Se = 94.4%, Sp = 93.02%), a reliable positive
predictive value of 89.4%, and an important NPV = 97.3%. LUS detected atelectasis with
a good sensitivity of 83.7% and a significant specificity of 94.5%. The positive predictive
value was important for atelectasis (PPV = 92.5%), and NPV = 72.3%. These findings are
similar to those of other studies [16,17,40].

As for LUS sensitivity and sensibility in bronchiectasis, detection varied with the type
of bronchiectasis, with a decent sensitivity for detecting cylindrical bronchiectasis (77.7%)
and saccular bronchiectasis (Se = 68.4%, Sp = 94.9%), but a lower specificity of 9% for
cylindrical bronchiectasis, explained by the fact that they were quantified by B lines which,
as stated, suggest several diseases [44].

The results regarding atelectasis detection were significant; LUS showed good sen-
sibility and specificity in detecting atelectasis: Se = 83.7%, Sp = 94.5%, PPV = 92.5%,
NPV = 72.3%. As for bronchial thickening, low sensitivity and specificity were found:
Se = 31.7%, Sp = 35.2%, PPV = 54.1, NPV = 14.2%.

This study has a few limitations. Lung ultrasound was performed by a single prac-
titioner, and while the number of patients included in the study was satisfactory, it is
possible that a larger study would have offered more consistency. Another limitation is
that important artefacts such as air trapping/emphysema—one of the premature signs of
lung damage in CF—has no US correspondence. No artefact for emphysema quantification
was found, nor has any been published previously. Furthermore, small mucus plugging
or mild bronchial wall thickening was not detected by LUS, as no LUS artefacts for these
changes have been identified to date.

An additional important issue is related to the lack of specificity of B lines, which can
quantify a number of diseases [44], ranging from interstitial lung disease or bronchiolitis
to acute respiratory distress syndrome or bronchiectasis [45]. We specifically quantified
different extensions of bronchiectasis (i.e., cylindrical, varicose, cystic) by the presence of B
lines to increase the accuracy of our study, and we eliminated the patients in exacerbations
in order to decrease the misinterpretations of interstitial inflammation that can occur in
exacerbations with bronchiectasis. As bronchiectasis is the hallmark of CF lung disease,
special attention was given to its detection via LUS, and we found LUS to be reliable for
the detection of bronchiectasis—a finding that is similar to those of recent studies in adult
pathology [46]. The presence of more than three individual B lines per intercostal space,
in longitudinal sections, detected before CT examination, suggested certain structural
changes. In some of the patients, the above-mentioned studies quantified bronchiectasis to
different degrees; in others, bronchial wall thickening or small mucus plugging—specific
features identified on CT; therefore, they are not specific to a single lesion, but their presence
definitely indicates a lung lesion.

The validation of our score is expressed by the strong correlation found with the
modified Bhalla CT score—especially in severely altered lung diseases. However, CT
remains the gold standard for CF lung morphological evaluation, as it can accurately
detect alterations that are not encryptable via LUS so far, such as air trapping and mucus
plugging, considering that bronchiectasis and air trapping are important validated outcome
parameters [47].

Even if HRCT is the gold standard for lung disease in CF, it cannot be used as often as
necessary—especially in children diagnosed with CF, who require sedation when being
exposed to repetitive irradiating scans, even if a low dosage is used.

LUS can be a reliable instrument for screening and monitoring children with CF—
especially in the advanced forms of the disease—reducing the levels of exposure to CT ra-
diation.

The strength of this study is the presentation of the LUS-CF score as a non-invasive
and reliable tool for the screening of advanced structural damage in CF.
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5. Conclusions

LUS in the monitoring of CF patients’ lung disease is reliable for advanced lung
disease and for lesions of moderate severity, but for the detection of early changes LUS is
not a consistent method of lung investigation, with CT remaining the gold standard.

Our study has shown that the LUS-CF score is a parameter that can be used for an
associated evaluation, and can play a complementary role in the diagnosis and monitoring
of CF lung disease in children.
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Abstract: Respiratory distress (RD) is one of the most common causes of admission to the neonatal
intensive care unit. Correct diagnosis and timely intervention are crucial. Lung ultrasonography
(LU) is a useful diagnostic tool for the neonatologist in the diagnosis of RD; the neonatal lung
ultrasonography score (nLUS) can be used in the diagnostic process, but some authors hypothesise
that it is also useful for the management of some neonatal RD. The aim of this study is to analyse the
changes in nLUS score before (T0) and after (T1) the start of respiratory support with nasal CPAP in
neonates over 32 weeks of age with RD. Thirty-three newborns were enrolled in this retrospective
study. LU was performed before and after the start of CPAP. The median nLUS scores at T0 and T1
were 9 (IQR 7–12) and 7 (IQR 4–10), respectively, and showed a significant difference (p < 0.001). The
magnitude of reduction in nLUS score, expressed as a percentage, was inversely related to the need
for subsequent administration of exogenous surfactant. The study suggests the usefulness of the
nLUS score in assessing the response to CPAP in neonates over 32 weeks gestational age.

Keywords: lung ultrasonography; respiratory distress syndrome; preterm infants

1. Introduction

Respiratory distress (RD) is one of the most common causes of neonatal intensive
care unit (NICU) admission in preterm and term infants and is associated with acute and
chronic adverse outcomes.

The underlying causes can vary; transient tachypnoea of the newborn (TTN), respi-
ratory distress syndrome (RDS), pneumonia, meconium aspiration syndrome (MAS) and
persistent pulmonary hypertension (PPHN) are among the most common [1].

Overall, RD occurs in up to 7% of newborns [2], more commonly in preterm infants,
with incidence inversely proportional to gestational age [3–5].

In infants with a gestational age of over 32 weeks (GA), the differential diagnosis
between TTN and RDS is difficult. TTN can be treated with oxygen therapy, RDS must be
treated with respiratory assistance (RA), although non-invasive ventilation is preferable.
Continuous positive airway pressure (CPAP) is mandatory, especially in the acute phase
of RDS [6–9]. In addition, treatment of the severe form of this condition includes the
administration of exogenous surfactant [10,11].

The need for ICU admission may complicate the management of these neonates,
especially if transfer from a spoke centre to a hub centre is required [12]. Predicting the
course of RD in neonates over 32 weeks GA is difficult. An objective diagnostic tool capable
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of detecting RD early in this particular group of neonates and monitoring treatment would
be a useful tool for the neonatologist.

Lung ultrasonography (LU) in NICU is a safe, harmless, bedside diagnostic tool that
has been shown to be more accurate than chest X-ray in diagnosing the major neonatal lung
diseases. It is also a safe tool that does not use ionising radiation and can be repeated sev-
eral times if necessary to provide timely information on the progression of the underlying
pathology [13,14]. Its use has increased exponentially in recent years [15]. The standard-
isation of this examination, which by definition depends on the operator, has increased
owing to the introduction of protocols and guidelines [16,17]. The main ultrasound signs
of the different causes of neonatal respiratory disease are now widely described and allow
accurate differentiation between them [18,19]. Lung ultrasonography has a high accuracy
in the diagnosis of TTN [20]. The typical ultrasound image of TTN is represented by a
symmetrical B-line distribution with a regular pleural line. The double lung point, the
transition point between the normal part of the lung and the fluid-filled part, has high
specificity for the diagnosis of TTN [21,22].

In contrast, neonates with RDS have an irregular and thickened pleural line, multiple
hyperechoic subpleural consolidations, and widespread B-lines. In severe RDS, the lungs
may appear completely white due to confluence of B-lines [23–26].

The neonatal lung ultrasonography score (nLUS) is a simple tool that has been shown
to accurately predict the need for exogenous surfactant administration [27–29]. It assigns
a severity score to pulmonary pathology based on ultrasound patterns of the anterior
superior, anterior inferior, and lateral regions. For each area examined, a score of 0 is
assigned if only A-lines are present; 1 if A-lines are present in the upper part of the lung
and coalescent B-lines are present in the lower part of the lung or at least three B-lines are
present; 2 if coalescent B-lines are present; 3 if extensive consolidations are present [28]. The
approach does not include examination of the posterior lung areas, as the LUS score aims to
screen critically ill patients with an examination that can be performed as quickly as possible
and does not necessarily require mobilisation with the associated risk of destabilisation.

The LUS score, performed in the first hour of life, also appears to be able to predict
admission to the neonatal intensive care unit (NICU) for transient neonatal tachypnoea or
respiratory distress syndrome in term and late-preterm infants [30].

To our knowledge, there are currently no studies comparing the nLUS score before and
after the initiation of non-invasive respiratory support in patients with these characteristics.
The aim of this study is to analyse the changes in nLUS score in neonates before initiation
of respiratory support and during support with nasal CPAP (nCPAP) in order to improve
neonatal care. The description of a possible pattern of worsening or improvement of the
score may lead to early detection of neonates with a milder or more severe form of RDS
and consequently to early treatment.

2. Materials and Methods

This is a retrospective study analysing a group of patients born at Fondazione Poli-
clinico Universitario “A. Gemelli” IRCCS (Rome, Italy) and Fatebenefratelli Isola Tiberina-
Ospedale San Giovanni Calibita (Rome, Italy) from December 2019 to January 2021.

The primary aim of this study is to analyse changes in the nLUS score in neonates
before the start of respiratory support and during support with nasal CPAP. The secondary
aims are to analyse the relation between nLUS, oxygen requirement, clinical course of the
underlying pulmonary pathology and to identify and analyse the difference in changes in
nLUS score in infants intended to receive replacement therapy with exogenous surfactant
versus those who will not need it.

We considered eligible for inclusion in the study every infant of gestational age over
32 weeks presenting respiratory distress at birth (Silverman score≥ 3) and with nasal CPAP
(nCPAP) needed in the first six hours of life, with an oxygen requirement greater than
25%. Exclusion criteria were: genetic or chromosomal abnormalities or major congenital
malformations, congenital lung pathologies, congenital heart disease, absence of written

111



Diagnostics 2022, 12, 1909

informed consent to participate from parents/legal guardians, timing of ultrasound scans
not respected. Within the first 3 h of life (T0), before the start of respiratory support with
nCPAP, for any eligible infant, a lung ultrasonography was performed and the nLUS score
was calculated. We repeated the exam at 4–6 h of life (T1), during respiratory support,
according to our protocols. We reported and analysed the nLUS score, calculated at T0
and T1 (Figure 1). Any infants who needed respiratory assistance before the first scan was
excluded from the study. For any eligible infants, written informed consent was obtained
from parents or from legal guardians before enrolment. We collected data from clinical
record about gestational age, LUS score at T0 and T1, difference between nLUS score at T0
and T1 (nLUS at T0–nLUS at T1) expressed as absolute number and percentage, level of
nCPAP used, oxygen requirement, exogenous surfactant administration. We also collected
and analysed data about sex, birth weight and antenatal steroids administration.

 
Figure 1. Sonograms at T0 and at T1 of a patient diagnosed with RD. After the positioning of the
nCPAP the nlus score has lowered accordingly with the reduction of the coalescent b lines areas. In
the second sonogram, the appearance of A lines can easily be noticed.

Non-invasive respiratory assistance and the possible need to administer exogenous
surfactant therapy were managed according to European Guidelines [31] and standardised
internal protocols. The decision to start support with nCPAP was made in the presence of
one of the following criteria: dyspnoea with Silvermann > 3, polypnea with respiratory
rate > 75 breaths per minute, oxygen requirement of at least 30% to maintain saturation
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in the appropriate range, episodes of apnoea and bradycardia [32]. For all neonates,
endotracheal surfactant was administered when oxygen requirements were greater than
30% despite optimisation of non-invasive respiratory care with nCPAP [33].

The nLUS has been previously validated in the neonatal field. Each lung was divided
into three areas (upper anterior, lower anterior, lateral) and examined using a linear probe,
frequency 12 MHz, through both transverse and longitudinal scans. Images were obtained
using a LOGIQ E9 General Electrics ultrasound machine. For each lung area (upper anterior,
lower anterior and lateral), a 0–3 score was given relating to lung’s echogenicity patterns
Figure 2. The total nLUS (between 0 and 18) was obtained from the sum of the scores
of the six areas studied. The execution of the ultrasound scans and the assignment of
the relative LUS score were carried out by trained physicians. In order to minimise the
discomfort of the infants during the examination, ultrasound scans were performed using
pre-heated ultrasound gel. Non-pharmacological measures, such as non-nutritive sucking
and gentle physical containment, were used to prevent patient agitation. All examinations
were performed using sterile disposable probe covers, as established by internal protocols.

 

Figure 2. The lung ultrasonography score (nLUS). Lungs are divided into three areas: upper anterior;
lower anterior; lateral. Each area is scored. Score values are related to the patterns that are shown in
the upper part of the figure. Scores is given as follows: 0, only A-lines; 1a,b, presence at least 3 B-lines
or A-lines in the upper part of the lung, coalescent B-lines in the lower part of the lung; 2, coalescent
B lines with or without consolidations limited to sub-pleural space; 3, extended consolidation.

Statistical Analysis

Data were analysed using IBM Statistical Package for Social Science 25.0 version (SPSS,
Inc., Chicago, IL, USA). Normality of continuous data was evaluated using Shapiro–Wilk
test. Because the data distribution was not normal, continuous data are expressed as
median and interquartile range (IQR). The dichotomous variables are reported as absolute
numbers and percentage. The nLUS score at T0 and T1 were compared using Wilcoxon
test for related samples. We obtained the difference between nLUS score at T0 and T1 as
absolute number and percentage. Oxygen requirement at T0 and T1 were also compared
using Wilcoxon test for related samples. We tested correlation between CPAP level and
improvement of nLUS score and between CPAP and oxygen requirement using Spearman
correlation. Lastly, we divided the enrolled neonates into two groups, based on the need for
therapy with exogenous surfactant, in order to compare the extent of the reduction in the
nLUS score in the two groups. The numerical variation of the nLUS score was expressed as
absolute number and as percentage and was compared using the Mann Whitney U test. A
p-value < 0.05 was considered statistically significant.

3. Results

Thirty-three (33) neonates were included; median GA was 35 (IQR 34–37) and the
median of their birth weight was 2530 g (IQR 2230–2993). About 20 neonates (60.6%) had a
diagnosis of RDS, 6 neonates had TTN (18.2%), 7 neonates had pneumonia (21.2%). About
13 neonates (39.4%) received exogenous surfactant (Table 1), none of them needed a second
dose of surfactant. A total of 13 (39.4%) were infants of diabetic mother.
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Table 1. Study population details.

N = 33

GA (weeks) 35.4 (34.2–37.3)

Birth weight (grams) 2530 (2230–2993)

Vaginal delivery 11 (33.3%)

AGA 29 (87.9%)
SGA 2 (6.1%)
LGA 2 (6.1%)

Female 8 (24.2%)
Male 25 (75.8%)

Antenatal steroids 4 (12.1%)
No antenatal steroids 29 (87.9%)

RDS 20 (60.6%)
TTN 6 (18.2%)

Pneumonia 7 (21.2%)

Exogenous surfactant 13(39.4%)
Data are expressed as number (percentage) or median (IQR).

Only 3 neonates (9.1%) showed worsening lung ultrasonography; 10 neonates (30.3%)
remained stable and 20 (60.6%) showed improvement in lung ultrasonography, with signif-
icant changes in LUS score after the start of respiratory support with CPAP: the median
of nLUS score at T0 was 9 (IQR 7–12), the median of nLUS score at T1 was 7 (IQR 4–10).
Wilcoxon test showed a p-value < 0.001.

The median of the differences between nLUS at T0 and nLUS at T1 (nLUS T0-nLUS
T1) was 2 (IQR 0–3). Levels of CPAP used were between 4 and 8 cm H2O, depending on
the extent of respiratory distress and oxygen requirement.

Median of oxygen requirement was 30% at T0 (IQR 25–30%) and 25% at T1 (22–30%).
19 neonates (58%) had a reduction in oxygen requirements at T1 compared to T0. The
difference between oxygen requirement before and during respiratory assistance with
CPAP was not significant: Wilcoxon test showed a p value of 0.48 (Table 2).

Table 2. nLUS, oxygen requirement before (T0) and after CPAP (T1).

T0 T1 Z (Wilcoxon) p-Value

nLUS 9 (7–12) 7 (4–10) −3.66 <0.001

FiO2 30% (25–30%) 25% (22–30%) −7 0.48
Data are expressed as median (IQR).

Spearman’s correlation showed an inverse relation between nLUS T0-nLUS T1 and
oxygen requirement at T1, with a coefficient of −0.6 (p value 0.001). The extent of the
reduction in the nLUS score expressed as a percentage was found to be inversely correlated
with the need for subsequent administration of exogenous surfactant with a Spearman
coefficient of −0.48 (p value 0.005).

About 20 neonates had diagnosis of RDS and 13 received exogenous surfactant. Their
gestational age was 34 (IQR 35–37), 6 (46%) were born from diabetic mothers and 8 (62%)
were born from caesarean section. Their LUS score was 12 (IQR 7–12) at T0 and 10 (8–12) at
T1. Neonates who needed surfactant therapy showed a change in the LUS from T0 and T1
equal to 0 (median; IQR 0–2); those who did not receive surfactant had a variation of 3 (me-
dian; IQR 0–6); Mann Whitney U test showed a significant difference between the groups
(p 0.02) (Table 3). In Table 4 we reported the nLUS score related to underlying pathology.
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Table 3. nLUS reduction.

Exogenous Surfactant
(n = 13)

No Exogenous Surfactant
(n = 20)

U
(Mann Whitney)

p-Value

nLUSt0-nLUSt1 0 (0–2) 3 (0–6) 67.5 0.02

nLUSt0-nLUSt1(%) 0% (0–16%) 28%(4–77%) 58 0.007

Data are expressed as median (IQR).

Table 4. nLUS and diagnosis.

LUS T0 LUS T1 DeltaLUS

RDS 10 (7–12) 8 (6–11) 1.5 (0–2.5)

TTN 8 (7–9) 2 (0–2) 5 (3.25–7)

Pneumonia 9 (7–10) 9 (7–10) 0 (0–0)

4. Discussion

Our results showed an association between the short-term clinical improvement
achieved by the use of early CPAP treatment for respiratory distress in neonates and the
nLUS score. The majority of patients studied (60.6%) experienced a reduction in nLUS
score and clinical improvement, as evidenced by a reduction in oxygen demand (58%) after
initiation of respiratory support with CPAP. Current knowledge suggests that the improve-
ment in oxygenation and respiratory mechanics can be explained physio-pathologically by
greater alveolar distension with a consequent improvement in the ventilation-perfusion
ratio and by the prevention of alveolar collapse. According to recent evidence, early
CPAP treatment appears to have several advantages in the treatment of neonatal dis-
tress syndrome: By opening the lungs, residual functional capacity can be restored and
maintained, reducing airway fatigue and preventing alveolar collapse and re-expansion
(atelectotrauma). Early CPAP could also improve surfactant deficit [34]. The nLUS score
appears to be effective in monitoring changes in the lungs after the start of respiratory
support with CPAP, and we found that the score decreases significantly after the start of
CPAP treatment. It also correlates with changes in the trend of oxygen demand.

The level of CPAP does not seem to correlate with the reduction in nLUS score: This
seems to indicate a positive effect of non-invasive respiratory support independent of
the level of pressure applied. However, with increasing pressure, oxygen demand is
significantly reduced, showing a greater clinical benefit for higher pressure values in the
range considered (4–8 cm H2O).

The nLUS score differed according to the underlying pathology: infants with RDS
had higher nLUS score values than the others, especially in the group receiving therapy
with exogenous surfactant. This confirms what has already been reported in the literature,
namely that the nLUS score is able to predict the need for exogenous surfactant with good
accuracy. Although the small sample size does not allow the development of a ROC curve
and the consistent establishment of a cut-off, the infants receiving surfactant had higher
LUS score values than the infants treated with non-invasive respiratory support.

The magnitude of the reduction in nLUS score, expressed as a percentage, was in-
versely correlated with the need for subsequent administration of exogenous surfactant.

We found an inverse relationship between nLUS T0-nLUS T1 and oxygen demand
at T1.

This is useful information to assist the clinician in making decisions about the man-
agement of the neonate with respiratory distress, especially when the decision involves
transfer from a spoke centre to a hub centre, hospitalisation in the NICU and administration
of exogenous surfactant. An objective diagnostic tool capable of early detection and moni-
toring of the progression of RD in this population of neonates would be a useful tool for
the neonatologist and could reduce the time between the onset of the patient’s symptoms
and their treatment.
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The main limitations of the study are the retrospective study design, the small sample
size and the heterogeneity of the characteristics (gestational age, neonatal weight, pathology,
level of assistance needed) of the patients studied. In addition, a modified nLUS score
has recently been proposed [35]. In the new score, the examination of the posterior lung
fields is added. It would be interesting to repeat these data in a prospective study using the
modified nLUS score.

In summary, these are promising results suggesting the serial use of lung ultrasonog-
raphy and the LUS score not only in the initial diagnosis but also in the monitoring of
newborns with respiratory problems. Indeed, lung ultrasonography could be a valuable
tool to assess in real time the actual improvement in lung status after starting respira-
tory support. It is an aid for the clinician to adjust management and subsequent support
accordingly, increasing or decreasing as needed. In addition, lung ultrasonography can
help the clinician to select patients who do or do not require administration of exogenous
surfactant. In the last decade, some concerns have been raised about the harmfulness of
ultrasound. However, these concerns should be taken with a grain of salt. There are only
a few studies on this topic, mostly based on animal models. One of the most interesting
is by Schneider-Kolsky et al. [36]. In this paper, pulsed Doppler ultrasound was found to
be harmful to the brain of chicks and may impair cognitive functions. To our knowledge,
these data have not been confirmed in any study on human models. In any case, it is right
to limit the use of Doppler ultrasound on the brain to selected patients and diseases. No
harmful effects have been found with ultrasound of the lungs. On the other hand, the
ionising effect of X-rays on the chest is very well-known. At present, it is imperative to limit
neonatal exposure to X-rays [37], and this goal can be achieved thanks to the increasing use
of ultrasound and wireless ultrasound probes [38], which offer the highest level of safety in
the diagnostic treatment of neonates, including those isolated for SARS-CoV-2.

5. Conclusions

The study suggests the usefulness of the nLUS score for assessing response to CPAP
in neonates over 32 weeks GA. The nLUS score appears to decrease in infants who respond
to CPAP; little or no decrease in nLUS score after CPAP may identify infants who require
early administration of exogenous surfactant. Further studies are needed to confirm
these findings.
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Abstract: In lung ultrasound (LUS), the interactions between the acoustic pulse and the lung surface
(including the pleura and a small subpleural layer of tissue) are crucial. Variations of the peripheral
lung density and the subpleural alveolar shape and its configuration are typically connected to the
presence of ultrasound artifacts and consolidations. COVID-19 pneumonia can give rise to a variety
of pathological pulmonary changes ranging from mild diffuse alveolar damage (DAD) to severe acute
respiratory distress syndrome (ARDS), characterized by peripheral bilateral patchy lung involvement.
These findings are well described in CT imaging and in anatomopathological cases. Ultrasound
artifacts and consolidations are therefore expected signs in COVID-19 pneumonia because edema,
DAD, lung hemorrhage, interstitial thickening, hyaline membranes, and infiltrative lung diseases
when they arise in a subpleural position, generate ultrasound findings. This review analyzes the
structure of the ultrasound images in the normal and pathological lung given our current knowledge,
and the role of LUS in the diagnosis and monitoring of patients with COVID-19 lung involvement.

Keywords: COVID-19; clinical review; lung ultrasound imaging

1. Introduction

Chest ultrasonography is gaining ever more consideration among physicians as a
useful diagnostic tool. In recent years, cardiologists, intensivists, and many pulmonologists
have explored the diagnostic capability of ultrasound in chest diseases.

Novel aspects in clinical methodology regarding how to approach respiratory patients
with the help of ultrasound have already been discussed in literature [1,2].

Moreover, recent studies have furthered our knowledge of the physical mechanisms
underlying the formation of the images in lung ultrasound (LUS) [3–10].

The recent COVID-19 pandemic has contributed to expanding the indications for
the use of ultrasound to assess and monitor viral lung lesions. However, problems have
also emerged relating to the poor specificity of the ultrasound findings reported in the
pulmonary involvement of COVID-19 [11] and the need for better knowledge of the
ultrasound signs connected to the interstitial diseases (which are notoriously represented
by artifacts) strongly emerged.

Similarly to what has been already done to distinguish between primary pulmonary
and secondary cardiogenic lung pathology [12], a valuable strategy is that of integrating
the morphological data related to ultrasound and data derived from both the clinical
examination and the epidemiological context.

Knowledge of the relationship between artefactual images and the superficial histology
of the lung, in terms of airspace distribution [5], represents a field of extreme interest
since this can improve the low specificity of ultrasound signs of sonographic interstitial
syndrome (SIS).

Ultimately, the ultrasound semeiotics of the lung are based on artefactual findings and
anatomical images (consolidations) [13].

Lung artifacts carry important information on the subpleural density and subpleural
structural disorder [5,14,15]. The more the lung is similar to air, the more evident the
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replicas of the pleural line (generically called A-Lines) and the replica and mirror effects of
the thoracic wall structures will be. Conversely, the denser the pulmonary subpleural layer
is, the more vertical artifacts (known as B-Lines) and white lung will be visualized.

B-lines represent a large variety of vertical artifacts that identify a wide range of
superficial lung diseases that do not consolidate the organ. The pathology is represented by
edema (cardiogenic and non), non-consolidating pneumonia, and interstitial lung diseases
and by all those conditions that are able to modify the subpleural ratio between full and
empty, in favor of the former. Lung consolidations appear when the lung is severely
air-deprived [13].

Based on current knowledge, in this review we will synthetize the physical basis of
the artifacts and consolidations that are observed in LUS images and the relationships of
these findings with the explored histopathology in COVID-19 pulmonary damage.

COVID-19 pneumonia has a macro/micromorphology and histopathological pattern
of which we have sufficient knowledge through CT images and postmortem examinations,
and its prevailing anatomical picture is an inhomogeneous increase of subpleural density
(due to interstitial thickening and consolidation). Consequently, the experience acquired in
the laboratory along with the clinical use of LUS can be used for the LUS interpretation of a
COVID-19 pulmonary injury.

1.1. Historical Perspective of Ultrasound (US) Vertical Artifacts

While the meaning and genesis of A-Lines and consolidations are well known, in this
section special emphasis will be given to the significance of vertical lung artifacts, generally
known as B-Lines.

References to vertical artifacts in ultrasound imaging date back to the 1980s. “Comet-
tail artifacts” were described in abdominal and thoracic ultrasound images even though a
clear explanation regarding their origin was not provided [16,17].

In 1985 Avruch explained the origin of vertical artifacts in experimental models as a
“resonance” phenomenon occurring when the ultrasound enters a fluid film surrounded by
a tetrahedral disposition of bubbles. These artifacts were named “ring-down artifacts” [18].

In their seminal work, Lichtenstein and co-workers described pulmonary “comet-tail
artifacts” related to pulmonary edema [19,20]. By comparing ultrasound images with chest
CT scans at the same level, an association between these artifacts (subsequently called
B-Lines) and thickened interlobular septa was observed. With these observations as a
starting point an association between the “comet-tail artifacts” or B-Lines and increased
pulmonary extravascular water was speculated. Many studies observed a correlation
between the number of vertical artifacts and the severity or the evolution of the cardiogenic
pulmonary edema [21].

In many cardiological and critical care settings, the presence of “comet-tail artifacts”
was considered synonymous with the presence of pulmonary extravascular water, even if
the evidence showed that these artifacts were present in many pathological conditions of
the pulmonary interstitium [22].

More recently, the hypothesis that the US vertical artifacts do not represent discrete
anatomical structures of the lung, but are the expression of the ultrasound interaction on a
lung surface (the immediately subpleural tissue), which is denser than normal but not yet
consolidated [3,7], has been proposed.

In other words, several anatomic structures may be responsible for the genesis of the
artifacts. The requirement for this is essentially the existence of acoustically permissive
structures (acoustic channels and traps) surrounded by aerated spaces and linked to the
pleura. In this sense, not only may the thickened interlobular septa be responsible for the
vertical artifacts [23,24], but micronodules, groups of collapsed alveoli, neo production of
collagen, and so on, could also be responsible.

A clear demonstration of this is the possibility of reproducing similar artifacts in
non-biological materials [10,24] and in healthy lungs when deflated to a critical, non-
physiological level of density [14].
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1.2. An Introduction to the Clinical Use of Artifacts

Traditionally, the most important artefactual patterns in LUS are A-lines, B-lines, and
white lung [12,13].

A-lines are horizontal artifacts related to a normal pleural plane. A-lines are a replica of
the pleural line and a blurred superposition of the parietal acoustic discontinuities appears
between the pleura line and the first A-line (as well as between every pair of subsequent
A-lines) due to the mirror and replica effects caused by the strong reflection of the pleural
line [7], (Figure 1). This pattern represents how ultrasound scanners visualize the echo
signals that are bouncing between the probe, the chest wall planes, and the lung surface.

Figure 1. Normal lung. Pleural line is regular. The first artefactual replica of the pleural line is clearly
seen (deeper arrow). Between the pleural line and the first A-line, a blurred superposition of the
parietal acoustic discontinuities appears due to the mirror and replica effects caused by the strong
reflection of the pleural line. Linear probe, 8 MHz.

The expression of the A-lines is however closely linked to the acoustic energy incident
on the pleural plane and to its reflectivity, and introduces further useful elements for
better ultrasound semeiotics of the lung, as it is possible that in many lung pathologies the
reflectivity of the pleural line may be impaired (see later) [4,7,10].

As already mentioned, the so-called B-Lines are linked to the existence of acoustic traps
distributed along the pleural surface, which are capable of capturing the acoustic energy
among the aerated spaces and returning it as a prolonged signal over time. According to
this view, acoustic energy can be partially trapped and subsequently re-radiated towards
the probe after multiple reflections between the separated aerated spaces, giving rise to
vertical artifacts [4,7,9,10].

Some recent studies have validated this hypothesis and introduced further elements
for a more accurate definition of the relationships between the morphology of the artifacts
and the distribution of the air spaces within the subpleural interstitium. In essence, this
links the distribution and visual appearance of the different B-lines to the subpleural
histology [5] (Figures 2 and 3).
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Figure 2. B-lines with variable appearance (cardiogenic pulmonary edema). B-lines are qualitatively
characterized by their brightness, the full screen extension, the pleural origin, and the presence or
absence of internal modulation. Convex probe, 6 MHz.

Figure 3. Vertical artifacts from a patient with scleroderma and pulmonary fibrosis. They show
variable brightness, width, and length. Convex probe, 3 MHz.

In our opinion, therefore, considerable importance is assumed by the morphology
of the artifacts as it is shown that the configuration of the acoustic traps determines the
appearance of the individual artifacts. A large list of phenomena and configurations acting
as active acoustic channels along the pleural surface may play a crucial role in producing
many different types of artifacts in many diffuse and localized superficial interstitial
diseases, which depend on different re-arrangements of the air spaces. Therefore, every
pair of acoustic channel and acoustic trap has its own spectral signature, which is related to
the shape, size, and nature of the medium that constitutes the channel and the trap [6,7,10].
In practical terms, a visual inspection can show different vertical artifacts with respect
to their pleural origin. Every vertical artifact has its own structure [5,20]. It can show a
sequence of alternating white and black/gray horizontal bands (Figure 3) or a constant
gray level, or it can appear more or less confused as has been illustrated by mathematical
and physical models [7,9]. The width of the vertical artifacts is variable and this can even
change from the start to the end point.

The imaging parameters play a fundamental role in the formation of the artifacts, and
the visibility of a vertical artifact depends on multiple non-orthogonal factors. Therefore,
given the intrinsic variability of the artifacts as a function of multiple factors, making an
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objective diagnosis on the basis of the artefactual information is a difficult task when using
the usual ultrasound devices [6].

Differences in the appearance of vertical artifacts between hydrostatic (cardiogenic)
lung edema and adult respiratory distress syndrome (ARDS) were described some years
ago [12] (Table 1). In light of recent evidence [25], the differences can be determined by
the distribution and morphology of the acoustic traps generated in the two pathologies.
A review on the ultrasound differential diagnosis of pulmonary and cardiac interstitial
pathology reiterated some of these important concepts in light of current knowledge
regarding the response of the pleural plane to ultrasound waves [26].

Table 1. Differences between acute cardiogenic pulmonary edema (ACPE) and ARDS (pneumogenic)
sonographic interstitial syndrome (SIS).

Cardiogenic Pneumogenic

Diffuse homogenous SIS Diffuse inhomogeneous SIS, and spared areas

Smooth, linear, and regular pleural line Coarse, irregular, and cobbled pleural line

Bright (laser-like), and modulated artifacts Rough attenuated vertical artifacts

Normal sliding sign Reduced sliding sign

In some cases of particular subpleural echogenicity, the term “vertical artifacts” or
B-Lines is not appropriate, even if the echogenic aspect may recall the coalescence of several
vertical artifacts.

White lung [3,7,12] is a focal or multifocal LUS artifact, characterized by an undiffer-
entiated echogenic background, with the absence of A-lines, and without clear evidence
of vertical artifacts. This pattern suggests the presence of a relatively random scatterer
distribution (many small airspaces close to each other which contribute to the formation of
many small acoustic traps) which gives rise to a complex multiple scattering phenomenon.
It appears to correlate with CT ground-glass attenuation.

In conclusion, from a clinical point of view, lung pathological artifacts indicate a
physical state of the subpleural lung that is denser, but which has not yet consolidated,
caused by: (1) interstitial pathology enlarging the interstitial tissue but sparing residual
peripheral air spaces; (2) pathological deflations of a normal healthy lung or pathological
subversion of peripheral air spaces; or (3) mixed situations. In this way, the anatomic
term “interstitial syndrome”, used to describe the presence of vertical artifacts could be
changed to “hyperdense not-consolidated subpleural lung”. The spatial distribution and
the variations in the morphology of the vertical artifacts can provide information on the
structure of the subpleural lung at infra-millimeter dimensional levels. In the next sections
the generic term of sonographic interstitial syndrome (SIS) is still used for historical reasons.

2. Clinical Interpretation of SIS

SIS is a non-specific echographic pattern. As it appears in various pathologies of
the lung, its interpretation must include further information relating to its appearance
and clinical context. Similarly, ultrasound COVID-19 findings, being also based on the
presence of SIS, are not specific in themselves. To increase the specificity of ultrasound,
when approaching SIS, it is important to focus on four steps in every situation:

1. Characteristics of the pleural line;
2. Characteristics of the artifacts;
3. Extension and distribution of SIS;
4. Relationships with clinical data and integrated multi-district sonography.

2.1. Characteristics of the Pleural Line

Once an US pulse reaches the visceral pleural surface it is near-totally reflected by
the non-diseased lung because the size of the intra and interalveolar septa are relatively
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thin (with respect to the wave length of the carrier frequency). In these cases, the US pulse
meets a sort of air wall, it is near-totally reflected towards the probe and the outer lung
surface is represented as a thick white line where the thickness of this line is related to the
length of the US pulse. It is necessary, here, to highlight that the perceived thickness of the
pleural line is, in theory, equal to the length of the US pulse. However, this is true only if the
direction of the wave propagation is orthogonal to the pleural plane. When the insonation
is not orthogonal, and, even more importantly, when the visceral pleura is not “healthy”
(in the presence of slightly thickened interstitial spaces, for example), it can appear blurred
and apparently thickened.

In cases where the pleura is not a good acoustic reflector, even in the absence of vertical
artifacts, the signs to be taken into consideration are the blurred and thickened appearance
of the pleural line and, as a consequence, the less evident replica and mirror effects of the
parietal structures below it.

The above is in agreement with known clinical experience. In ACPE, the pleural line
is regular, smooth, linear, and with normal sliding. Generally, in primitive pulmonary inter-
stitial diseases, the pleura contributes to the generation of artifacts, and is stably irregular,
cobbled or even finely interrupted, especially in the basal regions [26–28]. Typical signs of
ARDS are spared areas, and a normal or poorly altered pleural line with normal sliding
next to areas with irregular pleura, which shows reduced or absent movements [29–31].
The pleural line is slight and focally irregular in score 1 (see Section 4) COVID-19, and
becomes progressively more irregular as the disease progresses.

2.2. Artifacts’ Characteristics

Different vertical artifacts are observed in acute cardiogenic pulmonary edema (ACPE),
and acute respiratory distress syndrome (ARDS) or pulmonary fibrosis [3,29] (see Figure 3
and Table 1).

In the case of ACPE (especially early ACPE), the lung architecture remains unchanged
and shows only septal enlargement by transudate. The artifacts in early pulmonary edema
are B-lines with their characteristic pleural point-like origin and brightness. In contrast, in
pulmonary fibrosis, vertical artifacts are variable in morphology and distribution, and are
often distinguishable by their low level of brightness and rapid attenuation.

In ARDS, the artefactual pattern is pneumogenic, inhomogeneous, and typically gravi-
tational, with the most aerated lung in an elevated position and the denser or consolidated
lung in the sloping position [32].

In COVID-19, a distribution of artifacts similar to that seen in early ARDS is present,
but many single B-lines are brighter, and patchy columnar areas of white lung can be seen.

2.3. Extension and Distribution

SIS can be either focal, multifocal, or diffuse [27]. Mono- or oligofocal SIS is often seen
around monolateral pulmonary consolidation, representing a denser but not consolidated
tissue. This finding is suggestive of bacterial pneumonia.

When SIS is diffuse and bilateral, it is indicative of a diffuse pulmonary pathology. It
can be either homogeneous or inhomogeneous. Homogeneous SIS can show a gravitational
distribution, without spared areas. This could be indicative of cardiogenic pulmonary
edema [12]. When SIS is bilateral and inhomogeneous, with spared areas, it could be
indicative of non-cardiogenic pathology [22,26]. SIS in COVID-19 patients is typically
pneumogenic and appears inhomogeneous and patchy, and is more prevalent in the basal
portions of the lungs.

2.4. Relationships with Clinical Data and Integrated Multi-District Sonography

Given the non-specificity of vertical artifacts, it is only possible to suspect that one con-
dition is more probable than another through an inferential abductive process of reasoning,
which allows clinicians to make a more accurate diagnosis [1].
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Knowledge of the clinical history and the preclinical probability of disease is useful and
becomes crucial in the event of a COVID-19 epidemic. In the case of suspected cardiogenic
SIS, echocardiography can add much information (cardiac signs of diastolic/systolic heart
failure) [29]. Inferior caval vein dynamics give a rough preload estimate. A multi-district
approach is useful when many diseases co-occur to establish a clinical picture or when
cardiac or renal complications occur in COVID-19 patients.

In the case of diffuse pneumogenic SIS associated with fibrotic interstitial lung dis-
eases (ILDs), a typical appearance and distribution of artifacts with a congruent clinical
picture (non-epidemic, subacute, or chronic onset) can aid in the diagnosis. Creating an
acoustic pulmonary map is useful for narrowing down the diagnostic options, especially in
diffuse ILDs [31].

3. Clinical Basis of COVID-19 Lung Ultrasound Imaging

Coronavirus disease 2019 (COVID-19) appeared in Wuhan, China, in December 2019,
and rapidly increased to a pandemic level around the world. Its etiological agent is a novel
coronavirus named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [33]. In
the previous two decades, coronaviruses have caused other epidemic diseases—SARS-CoV-1
and Middle East respiratory syndrome (MERS-CoV). In SARS-CoV-1 coronavirus pneu-
monia, peripheral lung involvement was common but unifocal involvement was more
common than multifocal or bilateral involvement. On CT images, GGOs with consoli-
dations were the main findings, and reticulation was noted after the second week [34].
On CT images, MERS-CoV pneumonia showed subpleural and basilar airspace lesions,
with extensive subpleural GGO and consolidation. Studies concerning the use of US in
SARS-CoV-1 and in MERS-CoV are lacking. However, on the basis of the CT findings, we
can suppose that the ultrasound signs in these pathologies would have been similar to
those in patients with COVID-19. COVID-19, SARS-CoV-1, and MERS-CoV cause lung
damage and, in their final stages, also multiorgan failure [35].

In general, in COVID-19 the most serious initial symptoms are related to pneumonia,
while the evolution towards respiratory failure is similar to ARDS [36]. In light of our
current knowledge regarding COVID-19, this picture may be too simplistic.

Many viruses cause pneumonia. Histopathology of viral pneumonia varies, and is
related to the pathogenesis of pulmonary infection. Consequently, a computed tomographic
(CT) pattern of viral pneumonia reports, at best, the fine pathology at the lobular level.
Generally, interstitial viral pneumonitis shows a thickened interstitium with lymphocytic
infiltration, and viral particles can be seen in both the bronchial and alveolar epithelium.
Hyperplasia and desquamation of the alveolar lining cells and hemorrhage are the result of
the harmful action of some viruses [37]. Histopathological findings in cases of SARS-CoV-1
and influenza infection (H1N1, H5N1) are characterized by diffuse alveolar damage (DAD),
hemorrhage, edema, and hyaline membrane [31].

The histopathological picture of initial COVID-19 involvement is characterized by
patchy DAD, interstitial thickness, and pneumocyte hyperplasia. Late stages show alve-
olar congestion, desquamation, organizing pneumonia, and hemorrhage [38–40]. More
recent papers pay attention to the thickening of alveolar capillaries surrounded by edema,
intraluminal fibrin thrombi, and CD61+ megakaryocytes in association with platelets [41].
Despite a direct viral infection of the endothelial cells being reported, other mechanisms
of vascular involvement have been proposed. Magro et al. [42] examined lung tissue
from five COVID-19 patients with respiratory failure. Histopathological patterns were
characterized by significant capillary fibrin deposition. Vascular deposits of terminal com-
plement components (C5-b9, C4d, MASP2) were noted, suggesting a systemic activation
of a lectin-based complement pathway. Therefore, a complement-mediated coagulative
dysregulation is possible. The proportion of COVID-19 patients with abnormal initial radio-
graphic findings is low (50% or less). In these patients, chest computed tomography (CT)
has a high sensitivity (97%) but a lower specificity (56%) for lung involvement, showing
subpleural patchy ground-glass opacities (GGO), reticular and crazy paving patterns, and
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finally consolidations. A study demonstrated that lung involvement gradually increased
to consolidation up to two weeks after the onset of the disease (72%, half of these with
subsegmental appearance). In general, consolidations are considered an indication of
disease progression [43,44].

When interpreting the lung ultrasound findings related to COVID-19, both the struc-
tural variations of the superficial lung tissue and CT findings are important. The former
defines the appearance of the ultrasound images while the latter their sonographic visibility
(only superficial alterations are visible with LUS).

In CT, GGO are present in 100% of cases, appearing in peripheral locations in 89%
of cases. While 93% of patients have multilobar and posterior lung involvement, 91% of
patients have bilateral findings [43]. These characteristics allow us to indicate ultrasound as
a diagnostic tool in COVID-19 lung involvement. In accordance with the physical basis of
the formation of ultrasound images, reticular and ground-glass opacities appear as artifacts,
while the consolidative ones are anatomical tissue images [13,45].

Ultrasound reproduces superficial consolidations in explorable thoracic regions with
excellent accuracy, including the presence of air and fluid bronchograms. Consolidations,
that are evident in CT, appear on ultrasound if they emerge from the pleura. CT superficial
interstitial thickenings appear on ultrasound as small consolidations or as vertical artifacts
with variable lengths and modulations in relation to their shape and size. Ground-glass CT
typically appears as white lung [3,4,13].

4. SIS in COVID-19

SIS is an expected finding in COVID-19 because edema, DAD, lung hemorrhage,
interstitial thickening, hyaline membranes, and non-consolidative infiltrative lung diseases
(if abutting the pleura) generate artefactual signs in LUS. In physical terms, the common
denominator of these conditions is an increase in the density of the involved lung areas
compared to the healthy lung [15]. The topographical distribution of COVID-19 findings,
as visible in CT, justifies their appearance and the typically bilateral, multilobar, and patchy
pattern [1]. The most affected lung areas are the posteroinferior (93.8%) followed by the
lateral (88.7%) [46].

Many studies have addressed lung ultrasound findings in COVID-19 patients. Most of
these adapted past experiences in other fields (intensive-care medicine and ARDS-CoV-1)
to COVID-19 cases. In clinical practice, there are various ways to assess the extent of
pulmonary involvement in COVID-19. In general, the larger the number of the explored
areas, the greater the likelihood of a significant picture of overall lung involvement.

A total of 12 areas over the chest, namely the anterosuperior, anteroinferior, latero-
superior, lateroinferior, posterosuperior, and posteroinferior lung regions on each side,
showed an optimal accuracy [47]. In agreement with this method, scoring (generally from
0 to 3) each area in accordance with the most severe lung ultrasound finding gives a total
gravity score (for example, when exploring six regions on each hemithorax a maximum of
36 is reached).

Clinical and experimental evidence concerning the relationships between pulmonary
ultrasound signs and changes in the subpleural histology [5,7,48] allowed the formulation
of a specific gravity score of COVID-19, which was initially computed in 14 areas, and
published at the beginning of the pandemic [49,50]. This score is synthetized in Table 2 and
in Figure 4.

This specific methodology was subsequently validated by two studies attributing a
prognostic validity to the US COVID-19 score, and proposing an evidence-based approach
through a specific methodology [51,52].

Similarly, using different practical approaches, much literature data supports these
original suggestions, showing both the utility of chest ultrasonography in pulmonary
COVID-19 and the correlations between the diagnostic CT and ultrasound findings, whether
this be at the level of a first diagnosis or as predictive tools in COVID-19 patients.
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Table 2. COVID-19 Scores.

Score Description

0 Pleural line is regular. Horizontal artifacts and mirror effects are present. Normal lung.

1 Pleural line has slight alterations with sporadic vertical bright artifacts. The presence of
relatively small acoustic channels due to focal interstitial thickening is speculated.

2
Pleural line has relevant alterations. Progression of subversion of peripheral air space
geometry causes a predominance of vertical artifacts. Small subpleural consolidations,

related to deaeration, can be present.

3
Pleural line is irregular and cobbled. Subpleural lung is denser and more disordered.

White lung with or without larger consolidations may be present. Small and large
consolidations are subpleural regions minimally or completely deprived of air.

Figure 4. Classification of pathological lung ultrasound findings in COVID-19 patients. Arrows
indicate the pleural line. Top: convex probe. Bottom: linear probe.

All in all, LUS represents a valuable tool in symptomatic patients with high negative
predictive value for ruling out the disease.

As compared to HRCT, LUS is characterized by a very high sensitivity and specificity
in detecting signs of interstitial pneumonia in COVID-19 patients (77–97% and 77–100%,
respectively) [53–55].

From a technical point of view CT and US provide completely different assessments
(CT scans lung parenchymal volumes, while in SIS, ultrasound generates a surface density
map) and for this reason the diagnostic agreement between LUS and CT in terms of score
was not always adequate.

However, in practical terms, LUS can be considered as an equally accurate alternative
for CT in many situations where CT is not easily accessible or when molecular tests are
not available. The use of lung ultrasound (LUS) as a triage tool has been proposed since
the beginning of the COVID-19 pandemic [49] and subsequent studies have confirmed its
role [56]. The high sensitivity of ultrasound for the superficial lesions of the lung from
the interstitial stages represents its great value. Despite not showing pathognomonic
COVID-19-signs, LUS is an established point-of-care tool for the evaluation of patients in
the emergency department [57]. Every trained physician evaluating the admitted patients
can perform an LUS to make a primary discrimination between subjects with pneumonia
and subjects without pneumonia, and to monitor its pulmonary status.
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Other aspects are worthy of mention. Asymptomatic carriers represent 17.9–33.3% of
patients with COVID-19 [58,59] and they may contribute to the spread of the infection. The
yield of screening for COVID-19 with LUS in asymptomatic patients is not known. In a
retrospective study 22% of the asymptomatic patients with positive COVID-19 RT-PCR
showed LUS findings. In comparison, LUS showed a positive predictive value of 100% [60].

The usefulness of LUS to predict complications in COVID-19 pneumonia has been
described and sonography seems a powerful predictor of in-hospital mortality, playing a
crucial role in risk stratification of patients with COVID-19.

Lung ultrasound score measured at the time of inclusion of the patients was inde-
pendently associated with admission to the intensive care unit, the need for supplemental
oxygen and respiratory support, and mortality. Conversely, a normal scan within 24 h of
admission is indicative of a positive evolution of the pathology [61–63].

Moreover, LUS involvement in COVID-19 patients correlated with IL-6 levels and with
the P/F ratio [64]. In hospitalized COVID-19 patients, pathological LUS was associated
with venous thromboembolism [65].

Finally, using the score proposed in [50], a median value higher than 24 was associated
with an almost 6-fold increase in the odds of worsening, defined as a combination of high-
flow oxygen support, intensive care unit admission, or 30-day mortality as the primary
end-point [51].

The worsening of pneumonia in patients with COVID-19 appears in echography with
the spatial diffusion of signs of interstitial disease and consolidations. This is in accordance
with the proposed grading system. On the contrary, the clinical improvement coincides
with the regression of these findings (vertical artifacts, white lung, and consolidations),
which leads to a downstaging of the score. Mild signs of interstitial pathology (vertical
artifacts) may persist for a long time or indefinitely (see Section 7).

Beyond its use as a diagnostic and prognostic tool, LUS can be used to define optimal
PEEP, guide recruitment, or monitor recruitment and should be part of the diagnostic
toolset in intensive care units [66]. Ultrasound-guided recruitment is generally carried out
according to the principles set out by Bouhemad et al. [67].

US signs of COVID-19 pneumonia are not specific, as they are also present to various
degrees in other pathologies. Therefore, the diagnostic accuracy of pulmonary ultrasound
in this pathology is strongly influenced by the pretest probability of belonging to an exposed
population in a particular epidemiological context, and showing compatible symptoms.

As for any etiology of acute respiratory distress, lung ultrasound must incorporate
examinations of the pleura, and of the cardiovascular system, so as to detect myocarditis,
for example, and to acquire some hemodynamic data at least.

Five SARS-CoV-2 variants are known—alpha, beta, gamma, delta, and omicron. The
delta variant was dominant in the summer of 2021 and the omicron variant was identified
in November 2021. There are currently no data demonstrating differences in ultrasound
appearance between COVID-19 variants in cases of pneumonia [68].

5. Why Does COVID-19 Consolidate the Lung?

Radiographic and ultrasound lung consolidations are characteristic findings in bac-
terial pneumonia and atelectasis. In viral pneumonia, CT ground-glass opacities (GGO)
are usual, while consolidations can be present. These, however, are rare in varicella zoster,
Epstein-Barr, paramyxo- and hantavirus pulmonary involvement [37]. Peripheral GGOs
are typical in COVID-19, explaining the frequency of SIS in this disease. Consolidations
are observed with CT in 72% of COVID-19 patients [43]. Subsegmental consolidative
peripheral involvement is present in half of the subjects. Gravitational consolidations, on
the other hand, are characteristic of ARDS patients. In ARDS microatelectasis are seen in
the early phase. Atelectasis, reduced lung compliance, organizing pneumonia, bacterial
infections, and pulmonary fibrosis develop in the fibroproliferative or reparative phases.
The distribution of densities results from the generalized increase in weight of the overlying
lung causing compression in a sponge like manner [65].
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The nature of the lung consolidation in COVID-19 is complex, and theoretically,
all the mechanisms described are possible. However, knowledge of the nature of these
lesions would have a positive impact on the pharmacological and ventilatory treatment of
these subjects.

Gattinoni et al. [69] noted that COVID-19 subjects with respiratory failure showed dif-
ferent patterns of pneumonia with different pathophysiology. At the beginning a “Type L”
of pulmonary involvement, characterized by a nearly normal compliance, low pulmonary
weight, CT GGO, and low lung recruitability may be seen. The evolution of this phenotype,
if it occurs, is towards a “Type H” pattern, showing low compliance, high pulmonary
weight, non-aerated tissue, and high lung recruitability.

In COVID-19 the transition between different pulmonary phenotypes probably de-
pends on the interaction of many factors, one of the most important of which could be a
maladaptive immune response rather than an increased viral load.

An immune overreaction was described in SARS-CoV-1 and MERS-CoV and in severe
influenza (H1N1, H5N1) [70,71]. Cytokine storm causing severe capillary damage and
organ dysfunction was supposed. Systemic vasculitis was observed in one report of
SARS-CoV-1 [72].

Considering the relationships between inflammation, immunity, and coagulation,
the evidence of endothelial activation, upregulation of adhesion molecules, endothelial
disruption, and activation of coagulation pathways in many bacterial, viral, and parasitic
(malaria) diseases is not surprising. In all these situations, an activation of complement
component C3 could exacerbate vascular damage. It is interesting to note that excessive
complement activation may lead to the activation of a clotting pathway and diffuse throm-
botic microangiopathy, and is responsible for a massive local release of pro-inflammatory
cytokines [42,73].

In ultrasound, COVID-19 consolidations have the appearance of small cuneiform
lesions abutting the pleura, often containing a central echogenic spot of residual air (Score 3),
surrounded by white lung (see Figure 5).

 

Figure 5. Patient with COVID-19 lung involvement. A small consolidation under the pleura, sur-
rounded by white lung.

The major consolidations are generally seen in a posterobasal, laterobasal, or superior
position, with or without air bronchograms. Observations related to histopathological
findings of hemorrhage, vascular fibrin, and cell deposition and clotting have already
been discussed. Recently, Tang et al. [74] showed that in 183 patients with confirmed
COVID-19, the non-survivors revealed significantly higher D-dimer and fibrin degradation
product (FDP) levels compared to the survivors. Therefore, despite atelectasis-organizing
pneumonia and complete alveolar exudation maybe being the cause of consolidations,
the hypotheses of vascular, thrombotic, or ischemic lung damage which are at the base of
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some of these findings, should be considered. A published report on three patients with
confirmed COVID-19 pneumonia, in which contrast-enhanced ultrasound (CEUS) imaging
was conducted to study lung consolidations [75], showed an abnormal early, inhomoge-
neous, and partial arterial enhancement without evidence of a segmentary arrangement of
pulmonary arteries. Consolidations of less than 2 cm did not show enhancement.

These observations suggest the existence of a further pattern of COVID-19 lung in-
volvement in which some consolidations do not represent atelectasis or easily recruitable
areas, but rather tissue with large perfusion defects. Further confirmations of these obser-
vations would imply a complete review of the therapies for COVID-19, which should be
finely tuned not only as regards the antiviral approach, but also regarding the selective
ventilation methods and valid treatments to interrupt the many targets of the maladaptive
immune response.

In this context, ultrasound (B-mode and CEUS) can play a key role as a predictive
instrument of aggravation by detecting and characterizing the consolidations, and as a tool
for managing a targeted therapy and ventilation.

6. COVID-19 in Pediatrics

During the COVID-19 pandemic, LUS played an important role in screening affected
individuals and also, to a lesser extent, the pediatric population [76]. The clinical COVID-19
manifestations in children are mild or moderate compared to adults. Dong et al. [77]
reported that approximately 4% of children were asymptomatic, 51% had a mild illness,
39% had a moderate illness, and 6% had a severe or critical illness. In those pediatric
patients who contracted COVID-19, vertical artifacts, pleural irregularities, subpleural
consolidations, and patchy white lung were described. Musolino et al. [78] confirmed the
presence of bilateral lung involvement in 70% of the patients and pleural irregularities in
60% of the patients. Children with a moderate disease presented more vertical artifacts
than patients with a mild disease (85.7% vs. 36.4%, respectively). No pleural effusion was
detected. Denina et al. [79] noted subpleural consolidations in 25% of cases and confluent
B-lines in 62%. The existing studies confirm that LUS findings in children are similar to
those described in adults and are not specific for the COVID-19 disease.

7. Post-Acute Sequelae of COVID-19 Pneumonia

Little is known about the possible clinical complications persisting after the resolution
of acute COVID-19. Among hospitalized patients with COVID-19 respiratory impairment,
over 50% show abnormalities on CT and the latter are more common in subjects with a
more severe pulmonary disease [80].

The most common abnormalities are ground-glass opacity, densities in the form of
subpleural bands, reticular thickening, and evidence of fibrotic changes with air trapping.
It has been speculated that some patients could progress to advanced lung fibrosis or
post-COVID interstitial lung disease [81].

In view of the high sensitivity of pulmonary ultrasound in detecting parenchymal
alterations in primary and secondary fibrosing diseases of the lung [3], it is conceivable that
LUS may have a role in post-COVID patient surveillance. In some studies LUS showed an
outstanding discrimination ability compared to CT in identifying fibrotic changes in the
post-COVID-19 follow-up [82]. LUS should be proposed as the first-line tool in follow-up
programs, while chest CT could be performed based on LUS findings.

8. Conclusions

Lung ultrasound is nowadays a rapidly evolving field. The COVID-19 pandemic has
contributed to a better understanding of its technical basis and its clinical use. In this review
we highlighted known clinical applications, as well as US findings and applications of lung
US in the context of the current COVID-19 pandemic.

Chest US is used to a great extent in the bedside management of COVID-19 pneu-
monia (home, emergency department, ward, and ICU) and for monitoring the evolution
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of lung lesions. Lung US is comparable to CT for detecting the superficial parenchymal
involvement in COVID-19 and its severity. Moreover, based on the ultrasound findings, a
prognostic stratification of the patients can be implemented.

In the face of a general poor specificity of ultrasound signs in COVID-19 pneumonia,
there is a need for a better understanding of the physical mechanisms that determine the
image formation starting from the received ultrasound signals, together with the use of a
dedicated methodology and signal-processing procedures.
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Abstract: Purpose: We aimed to assess the role of lung ultrasound (LUS) in the diagnosis and
prognosis of SARS-CoV-2 pneumonia, by comparing it with High Resolution Computed Tomography
(HRCT). Patients and methods: All consecutive patients with laboratory-confirmed SARS-CoV-2
infection and hospitalized in COVID Centers were enrolled. LUS and HRCT were carried out on all
patients by expert operators within 48–72 h of admission. A four-level scoring system computed
in 12 regions of the chest was used to categorize the ultrasound imaging, from 0 (absence of visible
alterations with ultrasound) to 3 (large consolidation and cobbled pleural line). Likewise, a semi-
quantitative scoring system was used for HRCT to estimate pulmonary involvement, from 0 (no
involvement) to 5 (>75% involvement for each lobe). The total CT score was the sum of the individual
lobar scores and ranged from 0 to 25. LUS scans were evaluated according to a dedicated scoring
system. CT scans were assessed for typical findings of COVID-19 pneumonia (bilateral, multi-lobar
lung infiltration, posterior peripheral ground glass opacities). Oxygen requirement and mortality
were also recorded. Results: Ninety-nine patients were included in the study (male 68.7%, median
age 71). 40.4% of patients required a Venturi mask and 25.3% required non-invasive ventilation
(C-PAP/Bi-level). The overall mortality rate was 21.2% (median hospitalization 30 days). The median
ultrasound thoracic score was 28 (IQR 20–36). For the CT evaluation, the mean score was 12.63 (SD
5.72), with most of the patients having LUS scores of 2 (59.6%). The bivariate correlation analysis
displayed statistically significant and high positive correlations between both the CT and composite
LUS scores and ventilation, lactates, COVID-19 phenotype, tachycardia, dyspnea, and mortality.
Moreover, the most relevant and clinically important inverse proportionality in terms of P/F, i.e., a
decrease in P/F levels, was indicative of higher LUS/CT scores. Inverse proportionality P/F levels
and LUS and TC scores were evaluated by univariate analysis, with a P/F–TC score correlation
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coefficient of −0.762, p < 0.001, and a P/F–LUS score correlation coefficient of −0.689, p < 0.001.
Conclusions: LUS and HRCT show a synergistic role in the diagnosis and disease severity evaluation
of COVID-19.

Keywords: lung ultrasound; high resolution computed tomography; SARS-CoV-19; interstitial
pneumonia; ARDS

1. Introduction

COVID-19 is an infectious disease with a wide range of clinical symptoms, rang-
ing from asymptomatic to mildly symptomatic and severe forms, pointing to a major
role of the host response to SARS-CoV-2 (severe acute respiratory syndrome coronavirus
2) [1]. The clinical spectrum of SARS-CoV-2 infection is broad, ranging from asymptomatic
infection to flu-like illness, to severe and diffuse viral pneumonia with a life-threating
course, related to cytopathic and immune-mediated injury in the pulmonary parenchy-
mal. Patients may show symptoms that include fever, high temperature, cough, myalgia,
sputum production, headache, hemoptysis, diarrhea, dyspnea, and, in some cases, acute
respiratory distress syndrome (ARDS), acute cardiac injury, or secondary infection. Most
of infections are not severe, 81% are mild, 14% of the cases are severe (with dyspnea,
hypoxia, or >50% lung involvement on diagnostic imaging), and 5% develop a critical
disease with respiratory failure, shock, or multiorgan dysfunction [2]. The risk of death
from COVID-19 strongly depends on the patient’s age and previous health status. Older
patients are much more prone to critical and fatal disease outcomes, especially with comor-
bidities, including cardiovascular diseases, hypertension, chronic kidney disease, diabetes,
and pulmonary disease [3]. Thrombotic microangiopathy and complement activation,
pulmonary embolism, and elevated D-dimer levels have also been reported with high
frequency in patients with COVID-19 [4–7]. Numerous previous studies, including the
paper by Giannini and al. [8,9], have already discussed the significance of the D-dimer
level as an independent predictor of mortality in severe cases of ARDS during SARS-CoV-2.
COVID-19 laboratory diagnosis is based on real-time polymerase chain reaction (RT-PCR)
assay obtained by oro-nasopharyngeal swab sample, bronchoalveolar lavage, or tracheal
aspirate, while imaging plays a major role in the early diagnosis of the pleuropulmonary
complications [8–10]. The pathophysiology of severe COVID-19 infection is marked by
elevated numbers of neutrophils in the nasopharyngeal epithelium, in the distal parts
of the lungs, and in blood. The experience gained during the Italian epidemic pointed
to patients’ age as one of the most important risk factors for COVID-19 mortality [11].
However, a recent study demonstrated that patients who died of COVID-19 appear to have
lost considerable lifetime, independent of their age. Imaging findings significantly support
clinical judgement to ensure effective and timely management and prognosis; indeed,
the identification of disease severity allows appropriate selection for early involvement
of intensive care [10–12]. Contrary to X-ray, chest computed tomography (CT) plays a
pivotal role in the diagnosis and monitoring of interstitial pneumonia [13,14]. Typical
CT patterns of COVID-related pneumonia include multifocal bilateral peripheral ground
glass opacities associated with subsegmental patchy consolidations, commonly subpleural
and predominantly involving lower lung lobes and posterior segments [15,16]. Likewise,
lung ultrasound (LUS) shows certain advantages for detecting and monitoring COVID-19
“pneumonia” [17]. This diagnostic technique is safe, repeatable, and can be used with
low cost at the bedside in absence of radiation exposure [16–18]. Moreover, it is useful
for rapid assessment of the severity of SARS-CoV-2 pneumonia/ARDS (acute respiratory
distress syndrome) in diagnosis and follow-up settings, and for monitoring lungs during
recruitment maneuvers and in prone positions [19,20]. The use of LUS for patients with
suspected COVID-19 may reduce the risk associated with transporting unstable patients to
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CT rooms, which is especially important for preventing nosocomial outbreaks due to high
contagiousness of virus [21,22].

Thoracic ultrasound has been employed for the diagnosis of many thoracic diseases
and is an accepted detection tool for pleural effusions, atelectasis, pneumothorax, and
pneumonia. However, the use of ultrasound for the evaluation of parenchymal lung
disease, when the organ is still aerated, is a relatively new application. The diagnosis of
a normal lung and the differentiation between a normally aerated lung and a lung with
interstitial pathology are based on the interpretation of ultrasound artifacts universally
known as A- and B-Lines. Even though the practical role of lung ultrasound artifacts
is accepted by many clinicians, their physical basis and the correlations between these
signs and the causal pathology is not understood in detail [23]. The utility of a lung
ultrasound (LUS) in the diagnosis of interstitial lung disease (ILD in very early SSc has
also been described including, more recently, its potential for the detection of SSc-ILD in
asymptomatic preclinical stages. Recent research has focused on the predictive value of
LUS [24,25], which is promising for the application of LUS as a screening method for SSc-
ILD in clinical practice. Although these are strong arguments in favor of the application of
LUS in SSc, to date there is no unanimous consensus on the role LUS plays in the diagnosis
and/or prognosis of SSc-ILD [26].

The use of LUS for patients with suspected COVID-19 may reduce the risk associ-
ated with transporting unstable patients to CT rooms, which is especially important for
preventing nosocomial outbreaks, due to the high contagiousness of the virus. The pur-
pose of our study was to determine the role of LUS in the diagnosis and prognosis of
SARS-CoV-2 pneumonia, considering high-resolution computed tomography (HRTC) as
the gold standard.

2. Materials and Method

2.1. Patients

From March 2020 to October 2020, all patients who had been diagnosed with COVID-19
infection by RT-PCR on nasopharyngeal swab samples and throat swabs, and subsequently
hospitalized at our COVID Centre, were enrolled in the study. Patients underwent LUS and
CT within 48–72 h of admission to our emergency department. Anamnestic, epidemiologi-
cal, and demographic data were collected either from the patients themselves or from their
families, and were recorded. All the results, clinical and laboratory data, and pulmonary
CT and LUS were analyzed retrospectively and aggregated anonymously. Comorbidities
and related therapies, including obesity, chronic kidney disease, hypertension, type 2 di-
abetes mellitus, atrial fibrillation, coronary artery disease, dementia, chronic obstructive
pulmonary disease (COPD), chronic hepatitis, history of cancer in the last 5 years, and
smoking were also recorded.

Clinical phenotypes were classified into four groups as follows:
1. pauci-symptomatic subjects (fever, no hypoxemia);
2. mildly symptomatic patients (fever, mild hypoxemia with pO2 40–60 mmhg, need

of oxygen therapy with nasal cannula and vent-mask);
3. moderately symptomatic patients (fever, moderate to severe respiratory failure with

pO2 < 40 mmhg, need of CPAP/NIV);
4. patients with severe disease (severe respiratory failure with pO2 < 40 mmhg, ARDS,

with or without invasive ventilation).

2.2. Statement of Ethics

The study protocol was approved by the Institutional Ethics Committee of Ancona
(ID 0179104/I, 28 July 2021). The study was conducted in accordance with the principles of
the Declaration of Helsinki. Due to the retrospective design of the study and anonymous
collection of data, informed consent signature was waived, in compliance with Italian law.
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2.3. Laboratory Data

Venous blood samples were collected from all patients to assess complete blood counts,
with differentiation, fibrinogen, D-dimer, NT pro-bnp, troponin, and biochemistry tests
(creatinine, LDH, C-reactive protein, ferritin, procalcitonin, glycemia, lymphocytes, PT,
PTT, INR).

All patients underwent blood gas analysis on admission, by radial artery cannulation
or puncture. The oxygenation status was assessed by O2 partial pressure value (pO2),
CO2 partial pressure value (pCO2) and hemoglobin oxygen saturation (SO2). We used the
P/F ratio to compare different values of arterial pO2 in patients receiving different fractions
of inspired oxygen (FiO2) by non-invasive ventilation. PaO2/FiO2 (P/F) ratio was used to
classify the severity of ARDS, according to the Berlin definition, even though most of the
evidence derived from intensive care settings.

According to the 2012 Berlin definition by the ARDS Definition Taskforce, a ratio of
the partial pressure of arterial oxygen (PaO2) to the fraction of inspired oxygen (FiO2)
(P/F ratio) of ≤100, 101–200 or 201–300 mmHg is deemed as severe, moderate, or mild,
respectively.

Lactate levels were also recorded to evaluate any possible degree of tissue perfusion.

2.4. Oxygen Requirement

Ventilatory support was categorized into three groups: nasal cannula, Venturi mask
and, non-invasive ventilation (CPAP and b-pap). Patients admitted to intensive care
required tracheal intubation.

2.5. LUS Protocol

Lung ultrasound examinations were performed at the bedside by trained sonographers
(three internists and two radiologists) using portable ultrasound machines (Alpinion E
cube i7 and Mindray DP10), equipped with a convex probe (3.5 MHz) and a linear probe
(7.5–10 MHz). No harmonic filter was used. The linear and convex probes were each used
in every patient. A reduced mechanical index was used as often as possible to obtain
interpretable images. The depth was set to provide a clear view of the pleural line and
3–4 cm of the field below it. The gain was set in the intermediate position. The focus was
placed at the level of the pleural line.

All the devices, the US scanner, probes, and cables, were wrapped in single-use plastic
covers to reduce the risk of contamination and to facilitate the sterilization procedures.

Lung Ultrasound Scoring System

The thorax was explored in twelve areas, six on each hemithorax, by intercostal scans
(Figure 1). In critically ill patients who could not maintain the sitting position, paravertebral
scans were acquired and moved as posteriorly as possible and towards the lowest and
apical points, by placing the patient in an oblique position. Each area was assessed with
the probe perpendicular to the chest wall, searching for the following signs: pleural line (a
horizontal hyperechoic line between the ribs), A-lines (horizontal replica artifacts repeated
at a constant distance equal to the distance between the pleural line and probe surface),
vertical artifacts (vertical hyperechoic artefacts spreading from the pleural line towards
the bottom of the screen), white lung (focal or multifocal artifacts characterized by an
undifferentiated echogenic background, with the absence of A-lines and without evidence
of vertical artifacts), and consolidation (presence of a tissue-like pattern) [23–25].

A standardized and COVID-19-dedicated four-level scoring system was used to cate-
gorize the ultrasound examination, according to published papers [26,27]:

Score 0: The pleural line is regular. Horizontal reverberant artifacts (A-Lines) and
mirror effects are present. Absence of visible alterations with ultrasound.

Score 1: The pleural line has slight alterations with sporadic vertical bright artifacts.
These are often grouped and separated by the absence of visible alterations of the lung.
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Score 2: The pleural line is broken at many points. Vertical artifacts are more numerous.
Small subpleural consolidations may be present, often showing a cuneiform shape.

Score 3: The pleural line is irregular and cobbled. The subpleural lung is denser and
more disordered. White lung with or without larger consolidations may be present. Small
and large consolidations are evident in the scanned parts of the lung.

For each patient, the total score was computed by adding the scores for each area
explored. The total scores ranged from 0 (best) to 36 (worst).

Severity of US pulmonary involvement was classified as mild (1–5), moderate (>5–15),
or severe (>15).

The presence of pleural effusion and lung sliding was recorded. Ultrasound images
and videos were stored and numbered from the right posterior basal regions.

 

 

Figure 1. 12-zone method; anterior, lateral, and posterior chest. In each zone a score was assigned;
0 = no B-lines; 1 = multiple spaced or isolated B-lines; 2 = diffused coalescent B-lines; 3 = lung
consolidation.

2.6. High Resolution CT (HRCT)

All patients had an initial chest HRCT scan within 48 h of hospitalization, using a
multidetector 64-channel CT machine (Toshiba Aquilion PRIME). The detailed parameters
for CT acquisition were as follows: tube voltage, 120 kVp; tube current, standard (reference
mAs, 60–120); slice thickness, 1.0 mm; reconstructed interval, 1.0 mm. Patients were
placed in a supine position. To minimize motion artifacts, patients were instructed on
breath-holding and images were acquired during a single breath-hold. The scanning range
was from the apex to the lung base. All the images were stored in a picture archive and
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communication system. Image analysis was performed using the institutional digital
database system.

Two radiologists with more than 10 years’ experience evaluated the images in consen-
sus, to determine the disease pattern, distribution, stage, and severity score for each patient.
When discordant, the final decision was reached collegially. No negative control cases were
examined.

The scans were first assessed, whether negative or positive, for typical findings of
COVID-19 pneumonia (bilateral, multi-lobar lung infiltration, posterior peripheral ground
glass opacities) as defined by the RSNA consensus statement and peer-reviewed literature
on viral pneumonia. Recorded findings included ground glass opacity (GGO), crazy-paving
pattern, and consolidation [16]. Atypical COVID-19 CT patterns were recorded.

CT findings were described as follows: (1) ground-glass opacities; (2) Consolidation;
(3) ground-glass opacity with consolidation (assessing their respective predominance);
(4) crazy-paving patterns; (5) no abnormalities.

Ground-glass opacification was defined as hazy increased lung attenuation with
preservation of bronchial and vascular margins, and consolidation was defined as opacifica-
tion with obscuration of vessel margins and airway walls. Crazy paving represented GGO
opacity with superimposed inter- and intralobular septal thickening [10,11]. Consolidation
consisted of parenchyma deprived of air.

For each pulmonary lobe (five lobes), the volumetric parenchymal involvement was
estimated with a score system as follows: 0 = no involvement; 1 = <5% involvement;
2 = 5–25% involvement; 3 = 26–49% involvement; 4 = 50–74% involvement; 5 = >75%.

The total CT score was the sum of the individual lobar scores, and ranged from 0 (no
involvement) to 25 (maximum involvement) [11,15–28]. A correlation between the total
LUS score and a Pan score of 0 to 24 was shown to be significant in a previous work [29–31].

In addition, CT scans were evaluated according to their distribution, side, and lobe
involvement predominance. Finally, the presence of underlying non-related lung disease
such as emphysema or fibrosis was recorded.

2.7. End Points of the Study

The primary endpoint was to compare the lung ultrasound severity score and chest
CT severity in COVID-19 clinical management. Furthermore, we wanted to explore the
correlation between the imaging severity score and COVID-19 phenotypes, clinical and
laboratory parameters, and oxygen requirements, thus establishing a prognostic role for
lung ultrasound in COVID-19 patients.

2.8. Statistical Analysis

Categorical data were expressed as numbers and percentages, and continuous vari-
ables either as mean and standard deviation (SD) or median and interquartile range (IQR),
according to their distribution, and were tested by the Shapiro–Wilk test.

The sample size was 79 patients for a confidence level of 95%.
The ultrasound thoracic score and the CT score were tested for correlation by a

linear regression analysis, and a dispersion graph was reported to describe the degree
of correlation. The respective correlations of the CT and ultrasound thoracic (US) scores
with several outcomes were assessed, as well as the respiratory and laboratory parameters,
by calculating the Spearman correlation coefficient. The ROC curve analysis was used to
evaluate mortality as a function of the LUS score, and to identify an optimal cut-off value.
A p-value < 0.05 was considered as statistically significant. All the analyses were performed
by STATA software (StataCorp. College Station, TX: StataCorp LLC), version 15.5.

3. Results

Ninety-nine patients were included in the study, with a median age of 71 years (IQR
58–78 years); within the study group the incidence of SARS-CoV-2 was higher in males
68.7% than in females 31.3% (Table 1). All patients underwent a CT scan and a US scan.
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Table 1. Anthropometric, demographic, clinical, and biochemical characteristics of the study cohort
(n = 99).

Parameters Values

Age (years), median [IQR] 71 [58–78]

Sex, n (%)
M
F

68 (68.7)
31 (31.3)

Signs and Symptoms

Presence of fever, n (%) 90 (90.9)

Presence of cough, n (%) 90 (90.9)

Pharyngeal hyperemia, n (%) 63 (63.6)

Asthenia, n (%) 76 (76.8)

Vomiting, n (%) 5 (5.1)

Diarrhea, n (%) 11 (11.1)

Dyspnea, n (%) 89 (89.9)

Tachycardia, n (%) 67 (67.7)

Phenotype, n (%)
type 1
type 2
type 3
type 4

7 (7.1)
21 (21.2)
60 (60.6)
11 (11.1)

Pre-existing Comorbidities Values

Hypertension, n (%) 85 (85.9)

Diabetes, n (%) 34 (34.3)

Atrial fibrillation, n (%) 13 (13.1)

Ischemic heart disease, n (%) 33 (33.3)

Ictus, n (%) 14 (14.1)

Dementia, n (%) 31 (31.3)

Chronic obstructive pulmonary disease
(COPD), n (%) 56 (56.6)

Active cancer in the last five years, n (%) 14 (14.1)

Hyperinflammatory syndrome % 84 (84.8)

Smoke, n (%) 66 (66.7)

Obesity, n (%)
No

Grade I
Grade II
Grade III

58 (59.6)
30 (30.3)

8 (8.1)
2 (2)

Chronic liver disease, n (%) 7 (7.1)

Chronic kidney disease, n (%) 31 (31.3)

Mortality, n (%) 21 (21.2)

Days of hospitalization, median [IQR] 30 [20–40]

Ventilation, median [IQR] 0.50 [0.28–0.60]
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Table 1. Cont.

Parameters Values

Oxygen interface, n (%)

None
Nasal cannula
Venturi Mask

CPAP/Bi-level
Orotracheal Intubation

14 (14.1)
18 (18.2)
40 (40.4)
25 (25.3)

2 (2)

Therapy

Anticoagulants, n (%) 72 (72.7)

Antiplatelets, n (%) 35 (35.4)

ACE Inhibitors, n (%) 32 (32.3)

Ultrasound thoracic, median [IQR] 28 [20–36]

Ultrasound score, n (%)

Score 0 2 (2)
Score 1 18 (18.2)
Score 2 47 (47.6)
Score 3 32 (32.2)

CT score, mean (SD) 12.63 (5.72)

CT score, n (%)
Score 1
Score 2
Score 3

20 (20.2)
59 (59.6)
20 (20.2)

Abbreviations: IQR: interquartile range; SD: standard deviation; M: male; F: female; BMI: body mass index.
The biochemical parameters and the blood-gas analysis results are shown in Table 2. In general, patients were
characterized by hyper-inflammation syndrome, lymphopenia, high levels of C-reactive protein, neutrophils, and
ferritin, and abnormal coagulation parameters (fibrinogen, d-dimer).

Table 2. Laboratory characteristics of the study population (n = 99).

Laboratory Values

Hb (mg/dL), mean (SD) 12.2 (2.2)
White blood cells (×103), mean (SD) 9.73 (4.38)

Lymphocytes (a.v.), median [IQR] 0.8 [0.6–1.3]
Neutrophils (a.v.), mean (SD) 7.56 (3.15)

Platelets, mean (SD) 282,098 (141,397)
Azotemia (mg/dL), mean (SD) 54.7 (34.85)

Creatinine (mg/dL), median [IQR] 0.9 [0.8–1.2]
Sodium (mmol/L), mean (SD) 138.8 (4.2)

Potassium (mmol/L), mean (SD) 4.8 (3.9)
AST (U/L), mean (SD) 42.6 (124.6)
ALT (U/L), mean (SD) 48.8 (136.8)

Glycemia (mg/dL), median [IQR] 110 [88.3–175]
CRP (mg/dL), median [IQR] 5 [2.6–12]

INR, median [IQR] 1.12 [1.10–1.20]
aPTT (s), mean (SD) 31 (6.8)

Fibrinogen (mg/dL), mean (SD) 483.3 (141.4)
Nt-pro-bnp (pg/mL), median [IQR] 1578 [600–3500]

D-Dimer (pg/mL), median [IQR] 2300 [782.5–4210]
LDH (mU/mL), mean (SD) 361.5 (138.4)

Troponin (ng/mL), median [IQR] 0.032 [0.014–0.090]
Procalcitonin (ng/mL), median [IQR] 0.2 [0.03–0.90]

Ferritin (ng/mL), median [IQR] 450 [280–700]
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Table 2. Cont.

Laboratory Values

Blood Gas Analysis

pH, median [IQR] 7.45 [7.40–7.47]
pO2 (mmHg), median [IQR] 68 [58.3–84.8]

pCO2 (mmHg), median [IQR] 35 [33–42]
HCO3- (mmol/L), median [IQR] 25 [23–26]

spO2 (%), median [IQR] 93.1 [90–96]
Lactates (mmol/L), median [IQR] 2.25 (1.02)

P/F, median [IQR] 231 [136.3–295.3]
FiO2 admission, median [IQR] 0.30 [0.21–0.50]

Abbreviations: IQR: interquartile range; SD: standard deviation; Hb: hemoglobin; PLT: platelets; AST: aspar-
tate aminotransferase; ALT: alanine aminotransferase; CRP: C-reactive protein; LDH: lactate dehydrogenase;
CPK: creatine phosphokinase. Reference ranges: [Hb] F = 12–16/M = 12–18 g/dL; WBCs: 4500–11,000, Neu-
trophils: 1500–7000; Lymphocytes: 1500–7000; PLT: 150,000–450,000; Azotemia: 15–50 mg/dL; Serum Creatinine:
0.51–0.95 mg/dL; Sodium: 135–145 mmol/L; Potassium: 3.5–5 mEq/L; AST (F = 8–43 U/L; M = 8–48 U/L); ALT
(F = 7–45 U/L, M = 7–55 U/L); Glycemia: 60–110 mg/dL; CRP: 5–10 mg/dL; INR: 0.9–1.3; aPTT: 28–40 s; Fibrino-
gen: 200–400 mg/dL; NT-proBNP: ≤900 pg/mL; D-Dimer: <500 pg/mL; LDH: 80–300 mU/mL; Troponin: <0.1;
procalcitonin: 0–1; ferritin: M: 20–200 ng/mL, F: 20–120 ng/mL; Iron: M: 31–144 μg/dL, F: 25–156 μg/dL; CPK:
60–190 U/L. Blood gas ranges: pH: 7.35–7.45; pO2: 80–100 mmHg; pCO2: 35–45 mmHg; HCO3−: 22–26 mmol/L;
spO2: 95–100%; Lactates: <2 mmol/L.

Table 1 synthetizes the anthropometric, demographic, clinical, and biochemical char-
acteristics of the study cohort.

The main symptoms on admission were fever and cough, detected in 90.9% of patients,
and dyspnea in 89.9%, whilst asthenia was present in 76.8% of patients and pharyngeal
hyperemia in 63.6%.

Table 2 illustrates the pre-existing diseases of the patients and their therapies, while
Table 3 shows the patients’ phenotypes and their clinical evolution during their hospital
stay. Among pre-existing diseases, the most prevalent was hypertension (85.9%), while
chronic obstructive pulmonary disease (COPD) was present in more than half of the
patients (56.6%). Hyper-inflammation syndrome, due to the excessive production of
proinflammatory cytokines and the dysfunction of the immune response, was found in
84.8% of patients.

Table 3. Univariate analysis of relationships between ultrasound thoracic score and other parameters
in patients infected by COVID-19.

Parameters Correlation Coefficient p

Age (years) 0.289 0.034
Dyspnoea 0.319 0.051

Tachycardia 0.457 0.002
COVID-19 phenotype 0.589 <0.001

Dementia 0.197 0.256
Platelets −0.118 0.286

Prothrombin time 0.057 0.917
NT-proBNP 0.174 0.419

D-dimer 0.218 0.047
pH −0.469 0.008
pO2 −0.486 0.003
spO2 −0.226 0.467
P/F −0.689 <0.001

Death of patients 0.492 0.008
Ventilation 0.562 <0.001

Lactates 0.479 0.001
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The clinical phenotype 3 was the most prevalent, which was characterized by fever,
and moderate to severe respiratory failure, with pO2 < 40 mmhg and need of Nnon -invasive
ventilation (CPAP/NIV).

Oxygen support was needed for 66% (65%) of patients, specifically nasal cannulas (CN)
7%, venturi mask (VM) 24%, high flows (HFNC) 10%, and non-invasive ventilation—biPap
15% and CPAP 10%.

The LUS and CT scores were analyzed for correlation with the mortality outcomes,
coagulation, and respiratory parameters using the Spearman correlation coefficient. As
reported in Tables 3 and 4, the results were for both scores similar. Table 3 shows negative
correlation of P/F and LUS score (r =−0.689), and pO2–LUS score (r =−0.486), and positive
correlation of ventilation–LUS score (r = 0.562), and lactates–LUS score (r = 0.479). Table 4
shows negative correlation of P/F with TC score (r = −0.689) and pO2 (r = −0.470) and
positive correlation with type of ventilation (0.530).

Table 4. Univariate analysis of the relationships between CT score and other parameters in patients
infected by COVID-19.

Parameters Correlation Coefficient p

Age (years) 0.369 0.029
Dyspnoea 0.488 <0.001

Tachycardia 0.321 0.007
COVID-19 phenotype 0.639 <0.001

Dementia 0.124 0.298
Platelets −0.189 0.321

Prothrombin time 0.025 0.874
NT-proBNP 0.098 0.513

D-dimer 0.289 0.041
pH −0.396 0.019
pO2 −0.470 <0.001
spO2 −0.199 0.148
P/F −0.762 <0.001

Death of patients 0.466 0.001
Ventilation 0.503 <0.001

Lactates 0.442 0.001

The LUS signs of COVID-19 in every patient were B-lines. The frequencies of irregular
or blurred pleural lines were 45% and 15%, respectively. Sub-centimetric lung consolidation
was seen in 18 patients (18%).

The median ultrasound thoracic score was 28 (IQR 20–36) and the most frequent scores
per single scan were 2 and 3 (47.6% and 32.2%, respectively) (Table 1).

The mean CT score was 12.63 (SD 5.72), with most of the patients showing a score 2
pattern (59.6%).

Patients with clinical phenotypes 3 or 4 (71% of the patients enrolled) presented higher
rates of bilateral involvement, with more involved zones, B-lines, pleural line abnormalities,
and consolidation.

The relationship between the LUS scores and the CT scores was assessed by a linear
regression analysis and dispersion graph (Figure 2), showing a positive linear relationship
between the two evaluation scoring systems, which despite not being high (rho = 0.352),
did however reach statistical significance (p = 0.008) (Figure 3).
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Figure 2. Linear regression analysis and dispersion graph.

Using the Spearman correlation coefficient, use LUS and CT scores were analyzed
for correlation with the mortality outcome, coagulation, and respiratory parameters. As
reported in Tables 3 and 4, the results were almost similar for both scoring systems. Table 3
showed negative correlation for P/F and LUS score (r = −0.689), and pO2–LUS score
(r = −0.486), positive correlation for ventilation–LUS Score (r = 0.562), and lactates–LUS
Score (r = 0.479). Table 4 showed negative correlation for P/F and TC score (r = −0.689),
and pO2 (r = −0.470), and positive correlation by type of ventilation (0.530).

The bivariate correlation analysis displayed statistically significant and high positive
correlations for the CT scores as well as the LUS scores with the following parameters:
ventilation, lactates, COVID-19 phenotype, tachycardia, dyspnea, and mortality.

The LUS scores showed a significant association with in-hospital mortality (OR 0.7,
0.95% CI 0.59–0.82) Table 5; p < 0.001), with the risk of invasive respiratory support increas-
ing with a greater LUS score measured on patient arrival.

Table 5. ROC-AUC value of the LUS score compared to the different factor.

AUC of LUS Score AUC (95% CI)

Dyspnea 0.77 (0.61–0.92)
Tachycardia 0.79 (0.68–0.879

Dementia 0.57 (0.45–0.69)
Mortality 0.70 (0.59–0.82)
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     (a) 

 
                                 (b)                                 (c) 

Figure 3. CT and LUS imaging scans of different scores. In these figures the pleural line (indicated by
red arrows) is indented, and vertical areas of white (blue arrows) are visible below the indent, which
reflect local alterations in the acoustical properties of the lung caused by replacement of air with
water, blood, or collapsed tissue. A typical case of a COVID-19 pneumonia patient. (a) B-lines at the
right and left of the lower lateral lung reflecting pneumonia (score 2); (b) B-lines at the right and left
of the lower lateral lung reflecting pneumonia (score 3); (c) chest CT showing multiple infiltrations.

These positive correlations demonstrate that a higher composite LUS or CT score
corresponded to a higher mortality rate and a more severe COVID-19 phenotype. Fur-
thermore, there was a direct proportionality between increased CT and LUS scores on one
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hand and elevated lactate levels and a need for ventilation on the other. Remarkably lower
correlations, though still statistically significant, were found for age and d-dimer.

4. Discussion

Lung CT is currently the standard for comparison of other imaging methods for
anatomical definition down to the level of the secondary lung lobule.

The most important radiology societies [11–16] recommend the use of CT in the
presence of moderate and severe features of COVID-19 when RT-PCR results are negative
or not available, when there is high pre-test probability, and in the management of patients
with worsening or severe respiratory symptoms.

The possibility of using ultrasound to evaluate pulmonary changes in COVID-19
has been proposed since the beginning of the pandemic [26]. Two factors indicated this
possibility; first, the prevailing sub-cortical distribution of the injuries, necessary for their
US visibility, shown by the Computed Tomography (CT); and second, the histopathology of
COVID-19 pulmonary involvement, which generates different degrees of physical density
(de-aeration) within the lung, ranging from diffuse patchy alveolar damage to consoli-
dations. Subpleural hyper densities are detectable by ultrasound [30,31], and COVID-19
histopathology (expressed by hyperdensities) represents a measure of the injury of the
respiratory tissue which, in the most severe cases, can lead to respiratory failure.

The most frequently observed anatomical feature of COVID-19 is diffuse alveolar dam-
age (DAD), characterized by high levels of proinflammatory cytokines. Later, a proliferative
phase develops, involving fibroblasts, myofibroblast, lymphocytes, and extracellular matrix,
with intra-alveolar fibrin accumulation. Finally, large vessel thrombosis and microthrombi
containing fibrin and platelets may be detected in arteries smaller than 1 mm. In short,
ultrasound consolidation corresponds to a lung region deprived of air, therefore without
gas exchange. Alternatively, consolidations can represent ischemic regions. This overlap
of viral, inflammatory, immune, and vascular events is clinically expressed by disease
phenotypes with different prognostic weight [32].

This non-homogeneity was highlighted by Gattinoni et al. [33]. They noted that
COVID-19 subjects with respiratory failure showed different clinical patterns of “pneumo-
nia” with different pathophysiology. The transition between different pulmonary COVID-
19 phenotypes probably depends on the interaction of many factors, also affecting the
ventilation modes and contributing to respiratory injury.

If ultrasound allows bedside assessment of the subpleural lung in terms of density,
i.e., absolute or relative reduction of the air spaces and interstitial ratio, or de-aeration, it
is reasonable to expect correlations between ultrasound signs and the clinical picture in
patients with COVID-19 lung involvement [34].

Although LUS is not currently included in the main international guidelines for
COVID-19 patient management, some authors have proposed semi-quantitative LUS scores,
which can be used to quantify lung aeration [35]. This approach has recently been used in
patients with COVID-19 pneumonia. [36,37].

In the light of recent evidence regarding the genesis of pulmonary signs in ultra-
sound [35], and their possible relationship with the superficial histopathology of the lung
in terms of density and de-structuring, it can be theorized that ultrasound can help define a
stratification of tissue damage in COVID-19 patients.

The four-level ultrasound score used in this paper is based on the concept of disease
severity, with consideration given to extension of findings on the lung and the nature of
tissue densities [38].

Despite the profound difference between CT (tomographic) and ultrasound (exploring
only superficial densities), LUS and CT scores showed a weak (but statistically significant)
positive linear relationship. This agrees with other observations [39–41]. A plausible
explanation can be found in the prevalent peripheral, subpleural expression of COVID-19
pulmonary injuries [11,15], which can minimize the differences between the two methods
(axial and superficial estimates).
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Results of this study and other observations agree with this hypothesis. In practical
terms, LUS can be considered an equally accurate alternative to CT in cases of COVID-19,
particularly in situations where CT is not easily accessible or when molecular tests are not
available [42,43].

In our study, a significant positive correlation was demonstrated between LUS score
and CT score, and certain strategic parameters (COVID-19 phenotype, need for non-
invasive ventilation, hematic lactate level, and mortality) (Tables 3 and 4). As expected,
P/F, pH, and pO2, displayed significant negative correlations. However, the most relevant
and clinically important inverse proportionality was found in relation to P/F, i.e., higher
LUS/CT scores were indicative of a decrease in P/F ratio.

This study reinforces the results presented by Perrone et al [37], which demonstrated
a significant correlation between an equivalent US scoring system (of 12 fields), and es-
tablished end points of clinical worsening, including high-flow oxygen support, ICU
admission, and death. This is important, because their methodology of ultrasound explo-
ration of the chest and the score used in their study (specifically proposed for COVID-19
patients) were the same as those we used.

Many other studies showed that the extent of lung abnormalities evaluated by the
LUS score is a predictor of a worse outcome, ETI, or death [44,45]. However, the scoring
systems used, and, above all, the number of regions explored are often not comparable to
each other. For example, it has been assumed that a very marked reduction in the number
of regions explored may decrease the accuracy of LUS, as demonstrated by Falster et al. [46]
using the Mongodi score with analysis of only eight thoracic areas.

From a practical point of view, our results justify the attribution of an LUS score to
every COVID-19 patient, from the early stages of management and during monitoring in
the various settings. LUS may have a potential role in Emergency department for triag-
ing symptomatic patients, managing ventilation, weaning ICU patients, and monitoring
COVID-19 pneumonia and its evolution toward ARDS in critically ill patients. Moreover, it
may be considered a first-line alternative to chest X-ray and CT scan in critically ill patients.

Even though asymptomatic carriers may comprise 17.9–33.3% of patients with COVID-
19 [47,48], and can contribute to the spread of the infection, the role of screening these
asymptomatic carriers is not known. Ultrasonography could help identify infected people
with signs and symptoms at the onset [49]. Compared to its sensitivity, the specificity of US
to pathological artifacts of the lung in COVID-19 and other diseases is generally considered
low.

US signs of COVID-19 are present in various degrees in other pathologies (diffuse
pneumonia, pulmonary edema, interstitial lung diseases). The diagnostic accuracy of
pulmonary ultrasound in COVID-19 is based on the diffuse and bilateral aspect of lung
involvement, on the prevalence of artefactual components, and on a typically patchy
distribution. Of course, the pretest probability of having contracted the infection assumes
significance [34]. At present, to our knowledge, very few lung diseases with a large
epidemic diffusion show these aspects.

In this study, we found that the most common CT findings were GGO, consolidation,
and crazy-paving patterns, including “spider web sign” (defined as a triangular or angular
GGO in the subpleural lung with the internal interlobular septa thickened like a net). A
differential diagnosis between COVID 19 and systemic sclerosis (SSc) with interstitial lung
is made possible by employing CT images; the presence of consolidations and fibrosis
inside GGO in the lower lobes are independent CT diagnostic features for COVID-19 [50].
As expected, the most common ultrasound signs were vertical artifacts and white lung.
A quantitative LUS score for lung aeration assessment has been proposed, based on the
identification of four patterns in number and type of visualized artifacts: normal aeration,
moderate, severe, and complete loss of aeration [51]. Baldi et al. [52] reported a relationship
between the number of B-lines and lung density in mechanically ventilated patients. In
patients with VAP, changes in LUS score before and after antibiotics predicted improvement
in lung aeration. These findings are consistent with the fact that CT scan computes lung

148



Diagnostics 2022, 12, 1856

density, which is also the main determinant of appearance, number, and coalescence of
LUS artifacts.

In agreement with recent evidence that connects the vertical artifacts to acoustic
traps that can capture acoustic energy and restore it over time, and white lung with a
relatively random scattered distribution, a relationship between CT and US features can be
speculated [53]; for example, between septal enlargement and vertical artifacts, or between
ground glass opacity in CT and white lung. Equally probable is a deteriorating progression,
in terms of ventilation, from less dense vertical artifacts to white lung and consolidations.

Consolidations were significantly more frequent in severe and critical patients. In
consolidations, the alveoli are filled by inflammatory exudation, and/or collapsed. If the
role of consolidations in causing a shunt effect is recognized, it can be speculated that
consolidations are aggravating factors and indicators of cytokine storm, vascular damage,
ARDS, or bacterial superinfection.

As regards the laboratory indicator, we found a difference between the ordinary and
severe and critical phenotypes. The decrease of lymphocytes in the severe and critical
patients indicated that many immune cells had been consumed, and the immune function
was inhibited. Damage to lymphocytes may be critical in-patient exacerbation, and the
decreased lymphocytes could be used as an important index in the evaluation of disease
severity. The increased values of neutrophil ratio, C-reactive protein, and procalcitonin
in severe and critical patients may have been related to cytokine storm induced by virus
invasion, and to comorbidity with other kinds of infections, which has been supported
by recent studies [29]. The timely prevention of infection may help reduce complications
and mortality.

The strength of this study concerns the robustness of the data obtained from a large,
real-life, general adult population, where COVID-19-positive individuals with pneumonia
were included. Moreover, all patients were evaluated by the same CT and US methodology,
including the score used.

However, the study has some limitations. Ultrasound scans were performed by
different operators and the inter-operator agreement was not assessed, due to the technical
difficulties imposed by the emergency clinical context.

Moreover, in our study there was no control group, as its purpose was not to validate
the test nor to provide a differential diagnosis with other diseases based on ultrasound imag-
ing, but to evaluate how useful ultrasound can be in the management of a COVID setting.

It is also important to consider that our results were linked to the prevalence of the
disease, which was particularly high during the first wave of the pandemic. With a lower
prevalence, the significance of our analysis should be revisited.

5. Conclusions

LUS score was independently able to predict a higher risk of adverse events in patients
with COVID-19. Indeed, patients with higher LUS scores were more likely to have higher
levels of cardiac injury, coagulopathy, and inflammatory biomarkers, more non-invasive
ventilation with c-pap or b-level, higher incidence of respiratory failure, ARDS, and sepsis,
and higher mortality. The US does not replace the CT examination gold standard for
interstitial pneumonia, and US has poor capacity for risk stratification compared to CT.
More interesting is the role of US for monitoring patients at the bedside every day during
hospitalization, for clinical and instrumental correlation, for follow-up, and for reducing the
risk of radiation. Likewise, chest CT has played a crucial role in characterizing pulmonary
lesions during the COVID-19 pandemic. It can accurately evaluate the type and extent of
lung lesions and could be used to evaluate the severity of the disease. LUS allows only a
superficial mapping of the lung, and the LUS score in theory is not perfectly comparable to
the CT score (a volumetric estimate of injury). It is conceivable that a certain congruence of
results is linked to the superficial expression of lesions, and that therefore in COVID-19
relative symmetry between volume and surface of the pulmonary lesions is maintained. In
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conclusion, LUS and chest CT have been shown to play a synergistic role in the diagnosis
and severity evaluation of COVID-19.
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Abstract: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has spread worldwide
causing a global pandemic. In this context, lung ultrasound (LUS) has played an important role due
to its high diagnostic sensitivity, low costs, simplicity of execution and radiation safeness. Despite
computed tomography (CT) being the imaging gold standard, lung ultrasound point of care exam is
essential in every situation where CT is not readily available nor applicable. The aim of our review
is to highlight the considerable versatility of LUS in diagnosis, framing the therapeutic route and
follow-up for SARS-CoV-2 interstitial syndrome.

Keywords: lung ultrasound; COVID-19; SARS-CoV-2; pneumonia; point of care; interstitial
syndrome; chest ultrasound

1. Introduction

At the end of 2019, a new coronavirus called SARS-CoV-2, emerged in China, which
was first caused an epidemic illness in Wuhan and then spread worldwide causing a
global pandemic [1]. SARS-CoV-2 has high affinity for upper and lower respiratory tract
illnesses [2].

Clinical presentation of SARS-CoV-2 infection has an extremely heterogeneous spec-
trum of severity ranging from self-limiting infection to acute respiratory failure [3].

The diagnostic gold standard of coronavirus lung involvement is chest tomography
with a 97% sensitivity to detect SARS-CoV-2 pneumonia [4].

Typical CT findings of COVID-19 related to pneumonia are bilateral involvement in
100% of cases, with evidence of ground glass opacities, crazy paving signs, subpleural lines
and fat vessel signs, which involve all lung lobes in 88% of cases. CT findings suggestive
of SARS-CoV-2 pneumonia correlate with abnormalities seen on chest ultrasounds [5].
Contrarily, chest X-rays have a poor ability to detect SARS-CoV-2 lung lesions [6] compared
to CT and chest ultrasounds [7].

Although CT scan is the imaging gold standard, it is expensive and includes some
disadvantages such as the need to move patients, risk of spreading infections and use of
human resources [8].

Ultrasound assessment for COVID-19 pneumonia to date has been clear since the
beginning of the pandemic [3,9,10]. LUS was also used during the previous H1N1 viral pan-
demic, showing a good sensitivity and specificity [11]. Compared to CT, lung ultrasound is
cost effective, radiation free, repeatable and performable bedside by a single operator [12].

In the context of the SARS-CoV-2 pandemic, the high sensitivity of thoracic ultrasound
and its manageability should have numerous applications; however, has been extensively
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used mostly in the emergency department (3) and intensive care unit (ICU) [13]. It could
also be a valuable tool in the pre-hospital phase to identify those SARS-CoV-2 patients who
are at high risk of developing respiratory failure requiring hospitalization.

Furthermore, it allows clinicians to monitor the long-term COVID-19 patients [14].
About 14% of SARS-CoV-2 positive patients require hospitalization and oxygen sup-

port and 5% require intensive care. Early identification of severe pneumonia allows for a
more appropriate therapeutic approach to be initiated promptly in a designated hospital
setting or intensive care unit. For this purpose, chest imaging (radiography, CT or LUS) is
essential [15]. As compared to HRCT, LUS has the ability to detect interstitial syndrome
with a sensitivity of 100% and a specificity of 97% [16]. LUS can be used in predicting
outcome of SARS-CoV-2 pneumonia. It could guide the choice of different ventilatory
strategies, from high flow nasal cannula to mechanical ventilation. Finally, LUS has a high
predictive power of severity and fatality of SARS-CoV-2 pneumonia [17].

The role of chest ultrasound in the management of critically ill patient with respiratory
symptoms has been extensively demonstrated, showing its diagnostic value, higher than
chest X-ray and similar to chest CT scan in a wide range of pulmonary diseases [18]. LUS
is particularly accurate in diagnosing dyspnea, differentiating between “wet” causes (car-
diogenic pulmonary edema and acute inflammation) and “dry” causes (chronic obstructive
pulmonary disease and asthma) [19].

Currently in this pandemic, LUS examination allows a complete evaluation of the
patient with COVID-19 related interstitial pneumonia [20].

However, in this paper we underline the clear definition of the clinical context, and
positive swab test in the management of the SARS-CoV-2 patient to define possible differ-
ential diagnosis of interstitial patterns as acute respiratory distress syndrome (ARDS) [21],
pulmonary edema [22] and contusion [23].

2. Lung Ultrasound in COVID-19 Pneumonia: Technique

LUS for COVID-19 can be performed by most ultrasound machines available. A lung
preset is available for many recent machines but operators can adjust settings to provide
good quality images [18].

The feasibility of a lung scan does not provide a predefined scheme for the evaluation
and can be adapted to the needs of the clinician.

However, we suggest depth should be set between 8 and 10 cm and modulated
according to the height of the patient and the thickness of his chest wall.

Focus should be positioned on the pleural line when available. It might be necessary
to adjust the post processing settings to acquire the best image.

The ultrasound chest exploration should be systematic, starting from the anterior to
the inferior areas along the intercostal spaces from medial to lateral.

If the patient is in the supine position, it is advisable to scan the anterior and lateral
thorax dividing each hemithorax into 6 zones with diagnostic accuracy comparable to the
12-zone scanning scheme [24]. When the patient is in forced supine position, it may also be
convenient to use an 8-zone scan scheme. In this approach, 4 zones, 2 anterior and 2 lateral,
are examined for each hemithorax. The anterior zones are between the mid-clavicular line
medially and the anterior axillary line laterally, while the lateral zones are between the
anterior axillary line medially and the posterior axillary line laterally [25].

Regarding the ultrasound analysis of posterior regions of the thorax, which can be
scanned if the patient is able to maintain the sitting position, the detection is performed
along the paravertebral line, the scapular line and the posterior axillary line [26].

The ultrasound probe can be positioned transversely along the intercostal space or
longitudinally perpendicular to the ribs. This last approach makes it possible to identify
“the bat sign” (Figure 1), in which the bat’s wings are represented by the upper and lower
ribs while the outline of the bat’s body is the pleural line [27].
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Figure 1. Longitudinal scan with linear probe: “the bat sign”. (1) Upper rib. (2) Pleural line. (3) A Lines. (4) Lower rib.

It is possible to choose any transducer: cardiac, convex, micro convex or linear. Usually,
the convex probe is the most used because it allows a better visualization of the pleural line
and subpleural space. Moreover, it guarantees a better evaluation of the diaphragmatic
recess. Alternatively, using a phased array for both cardiac and lung ultrasound can
reduce costs [27].

3. Lung Ultrasound in COVID-19 Pneumonia: Findings

LUS Assessment for SARS-CoV-2 Pneumonia is a Clinically Driven “Point of
Care” Method.

LUS detects changes in the relationship between air and tissue at the surface of
the lung [12].

Ultrasound cannot be transmitted through air and allows for air-filled lungs to cre-
ate artifacts.

In a normally aerated lung, a pleural line appears as a hyperechoic horizontal line that
moves synchronously with breaths [28]. Moreover, we recognize several hyperechoic lines
parallel to the pleura named A lines. Those are repetition artifact that indicates a normally
aerated parenchyma [29]. However, in patients with chronic obstructive pulmonary disease
(COPD), atelectasis of the lung and asthma, the A lines are present and well represented
in the presence of normal lung sliding, while in patients with pneumothorax, the only
visible artifacts are the A lines in the absence of lung sliding [25]. The Z lines are also
non-pathological vertical hyperechoic artifacts that originate from the pleural line but do
not reach the border of the screen, do not move with the lung sliding and do not cancel the
A lines. These features allow to differentiate the Z lines from the B lines, which are also
hyperechoic lines and instead can take on pathological significance.

SARS-CoV-2 pneumonia is an interstitial pneumonia with a typically peripheral distribution.
It is characterized by progressive reduction of air-filled lungs and LUS acts as a

densitometer. It detects changes in the abnormal ventilated parenchyma due to lung
density increasing and air content decreasing [30].
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The sonographic findings suggestive of SARS-CoV-2 pneumonia are B-line, fuse B-line
(white lung), abnormalities of pleural line, small and large peripherical consolidations with
or without bronchogram [31].

B lines are vertical hyperechoic artifacts originating from the pleural line and extending
to the bottom of the image erasing the A lines [3].

B line move synchronously with lung sliding and are indicative of interstitial syn-
drome [32]. Cluster of B- lines are the ultrasound sign of the subpleural interlobular
thickening. In the scanned fields, more than three B lines or their confluence, configuring
the “white lung”, suggests an interstitial pneumonia SARS-CoV-2 and the number of B lines
is associated with a greater severity of pulmonary involvement [33] (Figure 2).

Figure 2. Ultrasound findings in SARS-CoV-2 pneumonia: (1) ribs, (2) A line, (3) cluster of B lines, (4) pleural line.

The Kerley B-lines visible on chest X-ray, which are the expression of the thickening of
the interlobular septa in the interstitial syndrome, correlate with the ultrasound finding of
B-lines in numbers greater than 3 per field [25]. In the initial phase, B lines have a focal
distribution and there is a separation between them. As the disease progresses, B lines
tend to merge and their distribution increases. In the resolution phase, they gradually
disappear [26]. Consequently, ultrasound allows us to identify the different evolutionary
stages of SARS-CoV-2 pneumonia [34].

The white lung is a multiple coalescent B line that completely occupies the lung
field. It is due to alveolar de-aeration [3] and it correlates with ground glass on HRCT in
SARS-CoV-2 pneumonia [3,33] (Figure 3).
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Figure 3. Transversal scan with linear probe of COVID-19 pneumonia: fused B lines configuring “white lung”.

Among vertical artifacts of SARS-CoV-2 pneumonia, “the light beam”, a bright vertical
artifact that moves rapidly with sliding, correlates with the early phase “ground glass”
observed on chest CT scan. It arises from a normal pleural line, goes within areas of
normal pattern or with separate B lines and disappears quickly from the screen with an
“on-off” effect [35].

Another suggestive ultrasound sign is abnormalities of the pleural line [36] (Figure 4).
In the initial phase of the disease, small and diffuse irregular thickening of the pleural line
appears. This artifact becomes more nodular in the appearance as the disease progresses,
with areas of discontinuity that usually disappear if the disease progresses favorably [26].

In the subpleural space, consolidations can be found and appear on the ultrasound as
areas of hepatization with irregular edges and air bronchogram [32].

Parenchymal consolidations increase with disease severity [37], while large consolida-
tions with air bronchogram in the lower lobes raise the suspicion of bacterial superinfec-
tion [35] (Figure 5).
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Figure 4. Abnormalities of pleural line in transversal scan: (1) pleural line, (2) pleural line interruption with subpleural
consolidation, (3) single B line arising from subpleural consolidation.

The pulmonary lesions are preferentially located in the posterior zone with bilateral
distribution [38], while in severe forms it could progress to affect all lung fields [36], and
have a patchy bilateral distribution of multiform cluster with sparing areas [39].

Complications of severe forms of SARS-CoV-2 pneumonia are pneumomediastinum
and pneumothorax eventually associated with subcutaneous emphysema [40].

If pneumothorax (PNX) is present, there is no B line, lung pulse and sliding. If these
absences are highlighted on the ultrasound scan, it is necessary to perform another scan
along the middle axillary line. If the lung point is visible, the diagnosis of PNX will be
probable with a sensitivity between 75% and 100% and a specificity between 94% and
100% [41].

If subcutaneous emphysema is present, on chest ultrasound it will be possible to
visualize only B lines arising from the subcutaneous tissue and not from the pleural line
that will not be visible as well as the subpleural space.
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Figure 5. Longitudinal scan with convex probe in COVID-19 patient on mechanical ventilation with bacterial superinfection:
(1) pleural effusion, (2) parenchymal consolidation without air bronchogram, (3) heart, (4) parenchymal consolidation with
air bronchogram.

Scores

Many scores have been evaluated to assess thoracic ultrasound but the most commonly
used is the lung ultrasound score (LUSS).

This score is widely used to assess patients in several clinical contexts. It allows
evaluation of loss of aeration in the scanned area with a numeric outcome [42]. LUSS
numerically describes the spread and progressive severity of pulmonary involvement.
Moreover, numerical value is reduced in the successfully extubated patient. The 12 scanning
zones are evaluated and a score from 0 to 3 is assigned for each one: 0 is assigned to a
normal ultrasound pattern, 1 to the presence of the B lines, 2 to the white lung and 3 to
consolidations [43]. The total score goes from 0 to 36 and it correlates with increasing lung
involvement severity.

Correlation between LUSS and lung weight has been extensively demonstrated [44]
and it could be a useful tool for assessing severity of SARS-CoV-2 pneumonia and monitor-
ing the progression of lung involvement [45].

LUSS evaluation for SARS-CoV-2 has been shown to be a valuable choice for ICU pa-
tients [43,45]. Furthermore SARS-CoV-2 pneumonia and SARS-CoV-2 ARDS have specific
features. In fact, posterior consolidations are preponderant in SARS-CoV-2 pneumonia and
this feature weakens LUSS accuracy [46].

A specific ultrasound approach for SARS-CoV-2 pneumonia has been proposed
since 2020 [47].
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This new score evaluates the scan of seven areas in each hemithorax (three posterior,
two lateral, two anterior). The scanned are located:

- On the paravertebral line upon the curtain sign.
- On the para-vertebral line at the inferior angle of the scapula.
- On the para-vertebral line at the spine of the scapula.
- On the mid-axillary line below the inter-nipple line.
- On the mid-axillary line above the inter-nipple line.
- On the mid-clavicular line below the inter-nipple line.
- On the mid-clavicular line above the inter-nipple line.

This proposal needs two skilled operators and pocket devices to perform ultrasound.
The aim is to minimize risk to health workers operators and reduce the ultrasound operator-
dependance. The limits of this score are shortage of skilled operators and the small number
of pocket devices readily available.

4. Application Setting

In the context of the SARS-CoV-2 pandemic, the high sensitivity of thoracic ultrasound
and its manageability has numerous application settings.

These settings include the triage of patients with flu symptoms in the emergency
department, monitoring of hospitalized patients in both low-intensity care wards and ICU
and in the follow-up of long COVID-19 patients [14,17,48]. It could also be a valuable tool
in the pre-hospital phase to identify those SARS-CoV-2 positive patients who are at high
risk of developing respiratory failure requiring hospitalization.

Chest ultrasound is a non-invasive, patient-safe (radiation free) exam that can quickly
rule out COVID-19 pneumonia with good diagnostic accuracy, making it particularly useful
for triage of the symptomatic patient with suspicion of COVID-19 infection [3].

It has been shown that there is a correlation between ultrasound results, clinical
severity, and the trend over time [36]. In the hospital, patients who need and therefore
receive respiratory support must be carefully monitored in order to identify early clinical
worsening and thus well timed treatment/escalation [37].

4.1. Emergency Department

The SARS-CoV-2 pandemic has revolutionized the medical approach to patients
arriving in the emergency room with respiratory symptoms. In the current context, it is
essential while awaiting swab test results, to define the severity and consequently to refer
the patient to the intensive care unit or intermediate ward as needed. Lung ultrasound is
therefore a first level examination that can be quickly performed bedside and that provides
information about the severity of lung involvement.

Furthermore, in the event a patient is in a critical condition that requires life-saving
interventions, lung ultrasound together with blood gas analysis allows the assessment
of severity without wasting precious time to move the patient to perform chest CT scan,
which can be performed once the patient is stabilized. On the other hand, some authors
have highlighted the predictive value of LUS to detect worsening in patients, admitted to
the emergency department without severe symptoms of SARS-CoV-2 [49]. In confirmed
positive patients with mild–moderate symptoms, lung ultrasound allows an initial evalua-
tion, which together with anamnesis, stable clinical condition, blood gas analysis and chest
CT, defines the appropriate care management of the patient with possible admission to an
intermediate ward or discharge at home with the recommendation of isolation [3].

4.2. Intensive Care Unit

In an ICU setting, lung ultrasound, due to the simplicity of execution and prompt
availability, is particularly useful in documenting any improvement or worsening without
the need to move the patient. Bedside evaluation reduces the risk associated with trans-
porting the unstable patient to CT, the infectious risk for healthcare personnel and possible
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spread of the virus during transports. Consequently, ultrasound evaluation helps in the
saving of human and economic resources [50].

LUS is also known as a valid tool to optimize ventilatory therapy and its use as a
guide for recruitment maneuvers [35,51].

Furthermore, thoracic ultrasound can be a valuable complementary tool in assessing
the need for pronation as it is a good predictor of oxygenation response in the prone
position as has been demonstrated in ARDS patients with a normal LUS pattern in anterior
and basal zones bilaterally [52].

It is also a useful tool for monitoring regional aeration changes during prone ventila-
tion [53]; unfortunately, lung ultrasound cannot detect over-distention (51).

Weaning mechanical ventilation is a crucial point in intensive care unit patient treat-
ment. In this context, it is essential to have diagnostic techniques to verify ventilator
weaning and ultrasounds are a tool to monitor the cardiorespiratory system during wean-
ing, and in particular, the weakness of the respiratory muscles, especially the diaphragm,
which can contribute to weaning failure [54].

Lung ultrasound is also useful in predicting post-extubation distress as it is able to
assess loss of regional lung aeration during a spontaneous breathing trial [55].

4.3. Pediatric Patients

The pediatric population, particularly children under 6 months, are more susceptible
to infections than adults and the mortality rate from seasonal flu is much higher. However,
SARS-CoV-2 infection appears to be less severe in children than adults, presenting more
frequently in mild or moderate form, unlike SARS-CoV-2 infection, which occurs in more
severe form [56]. However, it has recently emerged a new spectrum of SARS-CoV-2
disease characterized by multi-organ inflammation and cardiovascular compromise among
children, although respiratory failure is currently still the main cause of admission to the
pediatric intensive care unit [57].

Radiation exposure, the requirement of sedation and infectious risk reduction are the
main advantages in using lung ultrasound in pediatric population [58].

In children, half of all patients have neither symptoms nor radiological findings [59];
moreover, chest ultrasound has a greater sensitivity than chest X-ray in detecting pneumo-
nia and avoids exposure to ionizing radiation [27].

In children with SARS-CoV-2 pneumonia, CT scan is mainly used to define the severity
disease [59]. Pediatric patients have an increased risk to radiation exposure and often
requires sedation during CT scan.

LUS findings in the pediatric age are similar to those found in adulthood and include
pleural line abnormalities, B line, white lung and subpleural consolidations. LUS could
be an integrative tool complementary to the CT scan in the diagnosis and monitoring of
SARS-CoV-2 pneumonia in children [58]. Nevertheless, current literature in children still
considers diagnosis mainly based on typical findings obtained with CT scan, epidemiology
and contact tracing [56].

4.4. Out-Patients

In hospitalized patients with SARS-CoV-2 pneumonia, LUS plays an important role in
care management.

However, some authors suggest LUS utilization, performed with pocket/portable
sized ultrasound, in the out-patient therapeutic route, management and follow-up [3].

In mild–moderate forms of SARS-CoV-2 pneumonia that do not require hospitaliza-
tion, it is essential to monitor the evolution of the disease and promptly identify worsening
of symptoms.

In home management of COVID-19 pneumonia, use of imaging techniques such as
CT and chest X-ray is not readily available. In this setting, lung ultrasound, due to its high
sensitivity, ease of execution at the patient’s home and cost effectiveness, can be used as a
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screening method for pulmonary involvement [33,60] and could have a potential role in
early hospitalization. Further study should clarify it.

Moreover, is known that patients with severe SARS-CoV-2 pneumonia often have
sequelae that needs follow-up and pulmonary rehabilitation [61]. Muscle impairment
could have a potential role [62].

Some authors suggest an early follow up assessment four to six week after discharge
and a further follow up at twelve weeks in severe SARS-CoV-2 pneumonia. In this route
the recommended imaging method is Chest-X-ray [61].

In our knowledge in Long Term Covid patients LUS could be a potential perfect
methodology to follow those patients due to cost effectiveness and radiation safeness.

5. Conclusions

During this pandemic, point of care lung ultrasound has demonstrated a key role in
the management of patients with COVID-19 associated lung injury.

LUS provides supplemental imaging information. It shows cost effectiveness, radia-
tion safety, reduction of the infectious risk of healthcare personnel as well as savings in
human resources. It is an examination that can be performed at the patient’s bedside by a
single operator, easily repeated at any time and shows a good correlation with HRCT and
is better suited than the chest X-ray.

Its high sensitivity and specificity, together with its flexibility, allows it to be used for
the triage of patients with flu symptoms and the monitoring of hospitalized patients in
order to identify early clinical worsening and thus timely treatment.

LUS can be integrated into the diagnostic and therapeutic pathway of COVID-19
pneumonia by informing the initiation of respiratory support as well as escalation, titration
and weaning from mechanical ventilation. Further study should be considered to better
explain the potential role of LUS for early admission to hospital and in follow-up.
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Abstract: (1) Background: Millions of people worldwide were infected with COVID-19. After the
acute phase of the disease, many suffer from prolonged symptoms, the post-COVID syndrome,
especially the phenotype with lung residuals. Many open questions regarding lung ultrasound (LUS)
have to be answered. One essential question is the means for optimal following-up of patients with
post-COVID-19 residuals with LUS; (2) Methods: A retrospective data analysis of patients after acute
COVID-19 infection diagnosed with post-COVID syndrome in the state hospital of Steyr and the
rehabilitation center of Hochegg was performed. LUS examinations following a 12-zone scanning
protocol were performed, and the LUS score quantified comet tail artifacts. A total of 16 patients were
evaluated twice with LUS from May 2020 until June 2021. (3) Results: All patients’ reverberation
artifacts were reduced over time. The initial LUS score of 17.75 (SD 4.84) points was decreased over
the duration of the second rehabilitation to 8,2 (SD 5.94). The difference in the Wilcoxon test was
significant (p < 0.001); (4) Conclusions: Lung ultrasound was a valuable tool in the follow-up of post-
COVID-syndrome with lung residuals in the first wave of COVID-19. A reduction in reverberation
artifacts was demonstrated. Further studies about the clinical significance have to follow.

Keywords: post-COVID-syndrome; lung ultrasound; COVID-19; LUS

1. Introduction

The COVID-19 pandemic is an immense burden on healthcare workers [1]. Millions of
people have been infected, there are continuously rising numbers, and new virus variants
are still being discovered. Likewise, the follow-up after COVID-19 presents some difficulties.
Some patients suffer from ongoing symptoms such as dyspnea after acute COVID-19,
even though they have a mild form of the disease [2]. In this pilot study of post-COVID
syndrome patients, the usage of lung ultrasound (LUS) in the follow-up through identifying
the change of reverberation artifacts over the course of approximately one year is evaluated.

LUS can identify persistent reverberation artifacts after a COVID-19 infection, com-
monly known as B-lines, though the more accurate terminology through etiology is comet
tail artifacts [3–5].

1.1. Background Lung Ultrasound
1.1.1. Reverberation Artifacts

Artifacts in LUS are generated by air. Reverberation artifacts show a fluid/air mis-
match. An overload of fluid in the interstitium leads to vertical artifacts, so-called B-lines
in pulmonary edema, or comet tail artifacts in infectious and interstitial diseases [4–6]. The
evaluation of the pleural line is mandatory to differentiate B-lines from comet tail artifacts.
A fragmented irregular pleural line points towards inflammation and the presence of comet
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tail artifacts. Such an example would be COVID-19 [4,7]. A smooth pleural line with
vertical reverberation artifacts can be seen in pulmonary edema. Hence, they are called
B-lines (Video S1) [4,5]. Still, there is an active discussion about optimally describing such
artifacts, and the current terminology is still insufficient [8].

Comet tail artifacts indicate diffuse alveolar damage and subpleural consolidations,
and a reduction in lung sliding can also be observed, indicating inflammatory diseases
or diffuse parenchymatous lung diseases (Video S2) [4,9,10]. In the context of critical
COVID-19 patients, massive reverberation artifacts were found and described as having a
light-beam appearance and seeming like a waterfall [11,12].

1.1.2. Consolidations and Pleural Effusion

Hypoechoic areas have a “tissue-like appearance” or “hepatization” in LUS with
small hyperechoic [bronchograms] or hypoechoic (fluid bronchograms) structures within
them point toward pneumonia and are described as consolidations and can appear with
free fluid [pleural effusion] [7,13–17]. Pleural effusions in COVID-19 are rare and can be
seen in bacterial superinfections or other diseases such as heart failure [9,12,18,19]. If the
consolidation is present in an entire lung lobe, the borders will be well-defined as a space-
consuming entity. In moderate or more significant consolidations, the deeper edges appear
irregular and like they were “torn” from the lungs, described as the shred sign [6,20].

1.1.3. COVID-19 LUS, Scoring, Prognosis and Follow-Up

Imaging the lungs is helpful in the follow-up of COVID-19, and LUS can be an add-on
tool to chest radiographs and CTs [9,18,21,22]. Significantly, in settings where CTs are not
readily available, LUS can assist by means of triage [21,22]. Signs of COVID-19 in lung
ultrasound are reverberation artifacts known as comet tail artifacts [4,23,24]. In a setting
where lung inflammation is present, these comet tail artifacts can be quantified, and a
scoring system can be used to predict outcomes in the acute stage of the disease [21,22,25].
Depending on the scoring system used, different cut-off values are described as markers of
poor prognosis [21,25].

The LUS describes a range from 0 to 3 points. 0 points are a typical “physiological”
finding of artifacts, meaning normal A-lines and none or few [up to two per intercostal
space]. An LUS score of 1 describes a loss of aeration with an irregular pleural line and
some comet tails. 2 points is a significant loss of aeration with a markedly irregular pleural
line, a reduction in lung sliding, small consolidations located sub-pleural, and many comet
tail artifacts. A score of 3 points in the LUS score is given with a large consolidation [25–27]
(Figures 1–4).

1.2. Long COVID & Post-COVID Syndrome

There needs to be more data using LUS in post-COVID syndrome patients with lung
residuals. The need for rehabilitation is undoubtedly given after critical and severe COVID-
19 disease [28,29]. A study by Sonnweber et al. showed that post-COVID-19 patients
suffered from persistent symptoms such as dyspnea and impairment in lung function [30].
This study indicated that a follow-up of post-COVID syndrome patients with ongoing
dyspnea should include lung imaging with computerized tomography (CT) scans [30].

As the number of symptomatic patients after an acute COVID-19 infection increased,
the terms “long COVID” (symptoms after four weeks of acute infection) and “post-COVID
syndrome” (symptoms after 12 weeks of acute infection) were introduced and are now
used to describe more than 100 different persistent symptoms after acute infection [7,31–33].
Pathologic chest CTs were found in 35% of patients 60 to 100 days after initial presenta-
tion, and pathological X-rays were present in approximately two-thirds of hospitalized
COVID-19 patients [31,34].
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Figure 1. The 12-zone scanning protocol, as suggested by the Austrian Society of Pneumonology and
the Austrian Society of Ultrasound in Medicine.

Figure 2. Two normal examples with smooth pleural lines and no reverberation artifacts in post-
COVID patients.
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Figure 3. On the left side is a normal image of LUS in post-COVID, and on the right is an irregular
pleural line with comet tail artifacts shown.

Figure 4. Two areas with small consolidations, including the measurement in the images. On the
left side, there is zone four of the left hemithorax (L4), showing an irregular pleural line and a
consolidation. On the right side is zone two on the left hemithorax (L2).

2. Materials and Methods

2.1. 12-Zone LUS Scanning Protocol for Follow-Up

A 12-zone scanning protocol for the follow-up was implemented, describing the arti-
facts and consolidations with the suggested terminology provided in a review endorsed
by the Austrian Society of Ultrasound. The Austrian Society of Pulmonology initially
described this in a WFUMB position paper, which deals explicitly with the etiologic differ-
entiation of LUS artifacts [4,7]. LUS was implemented during the initial visitation at the
treatment center and in the follow-up as a part of the standard ultrasound evaluation in
post-COVID syndrome care in combination with a routine echocardiographic exam [7].

The 12-zone scanning protocol was always used and performed with the same stan-
dard evaluation. Trained personnel in LUS with at least four years of experience scanned
the patients at the respective centers. Additionally, to compare findings over time, the
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LUS score was calculated after the exam with a second look at the designated workstation,
measuring the size of found consolidations (GE healthcare EchoPAC) [26,27].

The exams were reviewed in echo laboratories certified by the Austrian Society of
Cardiology, division of echocardiography. The protocol started in zone one in supine-
positioned patients. The anterior and cranial zone of the respective hemothorax was
scanned first (Figure 1). Initially, the anterior and lateral right hemithorax was scanned,
saving loops of a longitudinal orientation of the transducer [the marker of the transducer
pointing cranially] and a transverse orientation [the marker pointing towards the right side
of the patient]. There was a particular focus on scanning all the intercostal spaces in two
orientations. In the case of pathological findings, loops of reverberation artifacts and their
distribution and consolidations were saved as loops. The examiner was always located
on the right side of the patient. The midline of the thorax was the border between zone
one and two, and the anterior axillary line marked the border between the anterior and
the lateral zones (Figure 1). For the posterior zones, patients were moved to an upright
position. Zones five and six on the posterior side were examined and documented in the
same way as the anterior and lateral zones.

2.2. Image Acquisition

A retrospective data analysis of patients in care after acute COVID-19 infection diag-
nosed with “long COVID” or “post-COVID syndrome” in the state hospital of Steyr and the
rehabilitation center of Hochegg was performed. Lung ultrasound examinations following
a 12-zone scanning protocol as priorly described were performed, and the LUS score was
quantified utilizing reverberation artifacts (comet tails) and consolidations. Examples are
seen in figures two with normal LUS anatomy and three and four with pathologic examples.
A specific lung preset with a low mechanical index, single-focal point modality, and without
harmonic imaging or other cosmetic filters was set with the focal zone placed at the area of
the pleural line [7,35]. The frequency of the LUS preset with a linear transducer was set at 8
to 10 megahertz. The abdominal transducer was set at 4 to 6 megahertz. The VIVID S70
and VIVID T8 ultrasound machines from GE healthcare were used to acquire images.

A linear transducer with a dedicated LUS preset was used in a standard exam. Depth
settings were adapted within a range of 4 to 8 cm. A convex transducer with a depth
setting of 6 to 15 cm was selected in cases of larger patients and for quantifying pleural
effusions or consolidations [7,36]. For larger patients, a cardiac transducer would have
been applicable as well. The gain settings were adjusted to optimally visualize pathologic
findings (Figures 3 and 4) [8].

2.3. Study Population

A total of 16 patients were included for statistical evaluation. The patients were
evaluated twice with LUS from May until June 2020 and in a follow-up visitation around
2021. The mean age was 60 years, ranging from 35–83 years. Out of all the patients, 13 were
male, and three were female. Arterial hypertension was present in 11 patients, and diabetes
mellitus type II in 3 (Table 1).

Table 1. Patient characteristics of post-COVID syndrome patients.

Age Range: 35–83
Mean: 61

Gender
Male: 87.5%

Female: 12.5%

BMI
Range: 22–38
Mean: 28.13

0: The mentioned disease is not present. 1: The mentioned disease is present.

Percentages, standard deviation, and mean values were described for descriptive
statistics. The Wilcoxon test was applied for the hypothesis that there is no difference in
LUS-imaging in two coherent time points in post-COVID syndrome and the alternative
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hypothesis that there is a difference. As it was paired and not normally distributed in the
follow-up rehabilitation, the Wilcoxon test was chosen over the t-test.

Table 2 displays the minimum and maximum numbers of the individual LUS scores
with the mean value of all 16 patients. Table 3 describes the details of evaluating the
12 zones with all the values added for the 16 patients.

Table 2. LUS score at the first and second evaluation.

LUS Score N Minimum Maximum Mean
Standard
Deviation

1st evaluation 16 10.00 27.00 17.7500 4.83735
2nd evaluation 16 2.00 23.00 8.1875 5.93542

Table 3. LUS score of the 12 zones (zone 1 until 6—right (R) hemithorax, zone one until six left (L)
hemithorax) during the first and second evaluation of 16 patients. The mean, the median, and the
total values are displayed.

Zone R1 R2 R3 R4 R5 R6

Evaluation 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd
N 16 16 16 16 16 16 16 16 16 16 16 16

Mean 1.5000 0.8125 1.3750 0.6875 1.6250 0.5000 1.5625 0.8750 1.1875 0.3750 1.9375 0.5625
Median 1.5000 1.0000 1.0000 1.0000 2.0000 0.0000 1.0000 1.0000 1.0000 0.0000 2.0000 0.5000
Total 24.00 13.00 22.00 11.00 26.00 8.00 25.00 14.00 19.00 6.00 31.00 9.00

Zone L1 L2 L3 L4 L5 L6

Evaluation 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd
N 16 16 16 16 16 16 16 16 16 16 16 16

Mean 1.3750 0.9375 1.6875 0.8750 1.4375 0.5000 1.5625 0.6875 1.0000 0.3750 1.5625 0.5000
Median 1.0000 1.0000 2.0000 1.0000 1.5000 0.0000 2.0000 1.0000 1.0000 0.0000 1.0000 0.0000
Total 22.00 15.00 27.00 14.00 23.00 8.00 25.00 11.00 16.00 6.00 25.00 8.00

For all the statistical analysis, the statistical software SPSS was used. The statistical
software SPSS (Version 28, IBM, New York, NY, USA) was used for data analysis. Informed
consent for all published material was obtained.

3. Results

A total of 16 post-COVID patients were evaluated on two occasions. The overall
patient characteristics are displayed in Table 1.

The exams took place from the first time in May until June 2020. The follow-up
visitation was carried out around 2021. Twelve [75%] of the patients had well-controlled
hypertension as a prior known disease. Eight [50%] had LV hypertrophy, three had diabetes
mellitus type two, and three had atrial fibrillation [both 18.75%]. None had known lung
or other than previously mentioned diseases, and none were smokers. Of the 16 patients,
two were female, and 14 were male [Table 1]. The mean BMI was 28.13 ranging from
approximately 22 to 38 [Table 1].

The first scan was performed 1–5 months after severe or critical COVID-19 pneumonia.
The second evaluation was conducted 5–13 months later.

In our cohort, in all patients, comet tail artifacts and consolidations were quantified
by the LUS score. We described a change in pathological findings over 6–13 months. Both
times, a standard lung ultrasound approach with a 12-zone scanning protocol was chosen
(Figure 1) [7]. All patients did show some mild remaining pathological findings. Two of
them had a persistent LUS score above 20 points. The median at the initial scan of 18 was
reduced to 8 points in the follow-up. Most consolidations vanished over time, as well.
One small anterior consolidation did persist (anterior hemithorax on the right side—zone
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one). The detailed occurrence of consolidations is displayed in Table 4. All consolidations
were small.

Table 4. Consolidations found in LUS at the first and second visitation, R [right hemithorax], L
[left hemithorax].

Zone N
Consolidations

1st Evaluation 2nd Evaluation

1
R 1 1
L 0 0

2
R 0 0
L 1 0

3
R 1 0
L 0 0

4
R 2 0
L 1 0

5
R 0 0
L 0 1

6
R 4 0
L 2 0

Interestingly, in the follow-up scan, one consolidation was found in an area (left
posterior hemithorax—zone five) where it was not seen in the initial scan. Due to the
anatomical location of the scapula, this small consolidation might have been missed in the
initial scan. Pleural effusions were not seen in the evaluated patients after COVID-19.

There were significantly more artifacts and consolidations in the initial evaluation
compared to the second evaluation. By means of consolidation, most were found in the
posterior basal regions (left and right number six, Table 4).

In Table 4, all consolidations found in LUS at the first and second visitation are
displayed in the specific region of scanning in which they appeared.

Table 2 shows the minimum and maximum LUS scores at the first and second evalua-
tions. The mean values in both instances are visualized as well. At the initial assessment,
the minimum score of all zones added was 10. The maximum score was 27. In the follow-up,
the minimum LUS score was 2, and the maximum score was 23.

Table 3 and Figure 5 show the detailed analysis of the added number of individual
patients showing that at the time of the first evaluation, the LUS score was higher compared
to the second evaluation, with the highest score at zone six on the right side and zone two
at the left hemithorax. In the second evaluation, interestingly, the most points were found
at both hemithoraces in anterior regions (zone one and two on the left side and zone one
on the right side as well as zone four on the right side).

The reverberation artifacts at the first evaluation displayed in all 16 patients a mean of
approximately 17.75 (SD 4.8). In the follow-up, it decreased to 8.19 (SD 5.9) (graphic 2). The
overall mean LUS scores were reduced by 46%.

The Wilcoxon test in the evaluation of the first and the second LUS did show a
significant reduction in comet tail artifacts utilizing the LUS score (p ≤ 0.001). Interestingly,
none of the included patients showed an entirely normal LUS imaging of the lung. Some
reverberation artifacts were persistent in all patients.
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Figure 5. (a) Total LUS scores of 16 patients in the respective zones in the first evaluation/ (b) Total
LUS scores of 16 patients in the respective zones in the follow-up evaluation.

4. Discussion

Patients with a post-COVID syndrome can face ongoing symptoms over a long period,
including dyspnea [6–8,26]. In a study by Sonnweber et al., it was concluded that serial
testing should be considered in patients with persistent symptoms, including serial lung
function testing, echocardiography, and CT imaging [30]. LUS has been a more widely used
tool in recent years in pulmonary imaging to identify pathological changes in COVID-19
pneumonia in the acute setting [3,5,9,20,36–38]. LUS can function as one of four specified
parameters to provide information on hospital admission in acute COVID-19 disease
alongside cardiovascular disease, day of illness, and leucocyte count [39].

As there are recommendations for LUS during the acute setting, there are also recom-
mendations for follow-up [3,7].

This pilot study used a 12-zone scanning protocol in LUS to describe comet tail artifacts
and consolidations after acute COVID-19 disease. To our knowledge, this is the first study
to follow-up patients after a hospital stay or critical COVID-19 from the first COVID-19
wave to demonstrate existing reverberation artifacts as sequelae of lung disease. A recent
study did show persisting reverberation artifacts after six months of acute COVID-19
disease and compared it with CT scans of the lungs. It is demonstrated that persistent
changes in lung imaging (CT & LUS) are seen after six months, but the clinical relevance is
unclear. The authors suggest that LUS might be a screening tool to rule out relevant lung
diseases after COVID-19, such as pulmonary fibrosis [40–42]. In an ambulatory setting or
rehabilitation, LUS can be a low-cost, easy-to-use, widely available, and radiation-sparing
alternative to serial chest radiographs or CT scans for tracking improvement [3,7,40].

By means of prognosis, a score of 26 is considered a cut-off if a patient is scanned
in the emergency department to have a 90% specificity of a lethal outcome during this
admission. A score of 25 is associated with being admitted to the ICU, with a specificity of
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90% in admitted patients due to COVID-19 [25]. In a study by Lichter et al., a LUS score of
18 or more seemed to be a cut-off for the follow-up in terms of mortality and requirement
for ventilatory support [22].

The previously mentioned scores are in the case of a 12-zone LUS scanning protocol. As
there are several protocols in use and some show 14 zones per each hemithorax, different
values have to be known for the cut-off by means of prognosis [21,35]. In a study by
Skopljanac et al., it was described that the LUS score was associated with oxygen demand
at admission. Similar to a 12-zone scanning protocol, high LUS score values predicted
more intensive respiratory care. A score of 29 was a cut-off for high-flow oxygen therapy
and 30 for mechanical ventilation [21]. In our cohort, high scores after severe COVID-19
pneumonia were found and significantly reduced in the follow-up.

5. Limitations

Some limitations have to be addressed. First of all, it has to be pointed out that a very
heterogeneous group of patients with quite varying time intervals in between scans were
evaluated. The initial follow-up time differed by four months. The follow-up exam was
conducted with a variation in time by eight months. The time intervals were scheduled in
a real-life clinical scenario during the pandemic with limited resources and aimed to find
the optimal timing for all individual patients. A third rehabilitation in a follow-up setting
was planned. Still, practically all participants were lost to follow-up as the clinical status
improved, and the need for another rehabilitation in the next year (2022) was not applicable.

Previously mentioned differences in settings may cause differences in artifact interpre-
tation. That is a pitfall we encourage not to be overseen in daily clinical practice [8].

Another limitation is that this is a study where the data was evaluated retrospectively.
The sample size of 16 patients is small, with a relatively broad range of ages. Besides, only
two included patients were female, and the other fourteen were male. A healthy control
group is missing, as this was in an ambulatory and rehabilitative setting.

We encourage all colleagues fighting against COVID-19 to evaluate patients in rehabil-
itation or in an ambulatory setting with lung ultrasound.

6. Conclusions

LUS might be an easily available and comparatively cheap tool without side effects
that can be used in an ambulatory or hospital setting to follow up on COVID-19 patients
that are hospitalized or in intensive care units after severe or critical COVID-19. Possible
early detection of long-term complications such as pulmonary fibrosis might be in the scope
of a thorough LUS exam using a standardized protocol [7,40,43,44]. In this pilot study, it
was shown that LUS could add information regarding imaging. Whether the changes in
imaging correlate to outcomes and clinical improvement is a topic for further evaluation.

Supplementary Materials: List of videos https://www.mdpi.com/article/10.3390/diagnostics130
10070/s1: Video S1: A normal LUS (scanning one anterior area on the right side (zone r2) in a 12-zone
scanning protocol) on the left side of the video with several B-lines in pulmonary congestion on the
right side of the video in a heart failure patient. Video S2: A normal LUS (scanning one anterior area
on the right side (zone r2) in a 12-zone scanning protocol) on the left side of the video and comet
tails adjacent to a small area of consolidation in critical COVID-19 on the right side of the video in
a patient without other known diseases. The A-lines have vanished and only comet tails are seen.
Video S3: LUS changes in post-COVID syndrome from initial visitation to the second visitation six
months later. Initially, there are plenty of comet tail artifacts. After six months, the pleural line looks
smooth, and there are one or two reverberation artifacts seen. Both exams show the area of the right
anterior hemothorax (zone one on the right hemithorax). Video S4: LUS changes in post-COVID
syndrome from initial visitation to the second visitation 11 months later. Initially, there are plenty
of comet tail artifacts. After six months, the pleural line looks smooth, and there are one or two
reverberation artifacts seen. Both exams show the area of the right anterior hemothorax (zone one on
the right hemithorax

174



Diagnostics 2023, 13, 70

Author Contributions: Data curation, M.A. and A.G.; visualization, Y.C.; writing—original draft,
M.A.; writing—review & editing, M.A., R.W., R.H.Z., G.M. and M.G.; M.G. is the corresponding
author. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Written informed consent was obtained from all subjects involved in
the study to publish this paper.

Data Availability Statement: Not applicable.

Acknowledgments: For this publication, a special thanks go to the first author Martin Altersberger.
He began acquiring images and loops from the first wave of COVID-19 until today. Without his effort
and contribution, none of this would have been possible. Other special thanks go to Yerin Cho and
her amazing work on editing the videos and creating the graphics.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

LUS Lung ultrasound
CT Computerized tomography
LV Left ventricle
COPD Chronic obstructive lung disease

References

1. Schneider, M.; Altersberger, M.; Binder, C.; Hengstenberg, C.; Binder, T. The COVID-19 burden for health care professionals:
Results of a global survey. Eur. J. Intern. Med. 2020, 83, 96–98. [CrossRef] [PubMed]

2. Carod-Artal, F.J. Post-COVID-19 syndrome: Epidemiology, diagnostic criteria and pathogenic mechanisms involved.
Rev. Neurol. 2021. [CrossRef]

3. Santacroce, L.; Inchingolo, F.; Topi, S.; Del Prete, R.; Di Cosola, M.; Charitos, I.A.; Montagnani, M. Lung Ultrasound in COVID-19
and Post-COVID-19 Patients, an Evidence-Based Approach. J. Ultrasound Med. 2021, 15, 295–301.

4. Mathis, G.; Horn, R.; Morf, S.; Prosch, H.; Rovida, S.; Soldati, G.; Hoffmann, B.; Blaivas, M.; Dietrich, C.F. WFUMB position paper
on reverberation artefacts in lung ultrasound: B-lines or comet-tails? Med. Ultrason 2020, 23, 70–73. [CrossRef] [PubMed]

5. Demi, L.; Wolfram, F.; Klersy, C.; De Silvestri, A.; Ferretti, V.V.; Muller, M.; Miller, D.; Feletti, F.; Wełnicki, M.; Buda, N.; et al. New
International Guidelines and Consensus on the Use of Lung Ultrasound. J. Ultrasound Med. 2022. [CrossRef]

6. Lichtenstein, D. Lung ultrasound in the critically ill. Curr. Opin. Crit. Care 2014. [CrossRef]
7. Altersberger, M.; Goliasch, G.; Khafaga, M.; Schneider, M.; Cho, Y.; Winkler, R.; Funk, G.; Binder, T.; Huber, G.; Zwick,

R.; et al. Echocardiography and Lung Ultrasound in Long COVID and Post-COVID Syndrome A Review Document of the
Austrian Society of Pneumology and the Austrian Society of Ultrasound in Medicine. J. Ultrasound Med. 2022. Available online:
http://www.ncbi.nlm.nih.gov/pubmed/35906952 (accessed on 7 October 2022). [CrossRef]

8. Demi, M.; Buda, N.; Soldati, G. Vertical Artifacts in Lung Ultrasonography: Some Common Clinician Questions and the Related
Engineer Answers. Diagnostics 2022, 12, 215. [CrossRef]

9. Soldati, G.; Smargiassi, A.; Inchingolo, R.; Buonsenso, D.; Perrone, T.; Briganti, D.F.; Perlini, S.; Torri, E.; Mariani, A.; Mossolani,
E.E.; et al. Is there a role for lung ultrasound during the COVID-19 pandemic? J. Ultrasound Med. 2020. [CrossRef]

10. Volpicelli, G.; Lamorte, A.; Villén, T. What’s new in lung ultrasound during the COVID-19 pandemic. Intensive Care Med. 2020,
46, 1445–1448. [CrossRef]

11. Volpicelli, G.; Gargani, L. Sonographic signs and patterns of COVID-19 pneumonia. Ultrasound J. 2020, 12, 1–3. [CrossRef]
[PubMed]

12. Huang, Y.; Wang, S.; Liu, Y.; Zhang, Y.; Zheng, C.; Zheng, Y. A Preliminary Study on the Ultrasonic Manifestations of Peripul-
monary Lesions of Non-Critical Novel Coronavirus Pneumonia (COVID-19). SSRN Electron. J. 2020. [CrossRef]

13. Gehmacher, O.; Mathis, G.; Kopf, A.; Scheier, M. Ultrasound imaging of pneumonia. Ultrasound Med. Biol. 1995. [CrossRef]
[PubMed]

14. Buda, N.; Kosiak, W.; Wełnicki, M.; Skoczylas, A.; Olszewski, R.; Piotrkowski, J.; Skoczyński, S.; Radzikowska, E.; Jassem,
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Abstract: During the COVID-19 pandemic, lung ultrasound (LUS) was widely used to assess
SARS-CoV-2 infection. To date, there are patients with persistence of symptoms after acute in-
fection. Therefore, it may be useful to have an objective tool to follow these patients. The aim of our
study was to evaluate the presence of LUS artifacts after SARS-CoV-2 infection in children and to
analyze the associations between time elapsed since infection and symptomatology during acute
infection. We conducted an observational study, enrolling 607 children infected with SARS-CoV-2
in the previous twelve months. All patients performed a LUS and medical history of demographic
and clinical data. We observed irregular pleural lines in 27.5%, B-lines in 16.9%, and subpleural
consolidations in 8.6% of the cases. These artifacts were more frequently observed in the lower lobe
projections. We have observed that the frequency of artifacts decreases with increasing time since
infection. In symptomatic patients during COVID infection, B-lines (p = 0.02) were more frequently
found. In our sample, some children, even after months of acute infection, have ultrasound artifacts
and showed an improvement with the passage of time from the acute episode. Our study provides
additional evidence about LUS in children with previous COVID-19 as a support to follow these
patients in the months following the infection.

Keywords: SARS-CoV-2 infection; COVID-19; children; lung ultrasound

1. Introduction

During the coronavirus pandemic, children are less likely to get infected, and typically
they have a less severe illness with fewer deaths [1–3]. The most frequent clinical symptom
is fever, followed by fatigue, cough, rhinorrhea, sore throat, headache, vomiting, and
abdominal pain [4,5]. Although asymptomatic cases in the pediatric population vary in
relation to the study analyzed between 15 and 35% [6,7], children with clinical signs of
pneumonia represent about 45% of all pediatric cases [8].

In these patients, new evidence from published studies are showing the versatility of
lung ultrasound (LUS) from diagnosis to monitoring and follow-up [9,10]. In the last years,
this method has been increasingly used and there is growing evidence of its utility in the
management of many pediatric lung diseases [11–13].

Moreover, during the COVID-19 pandemic, ultrasound has been widely used to assess
the severity of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection in
both adults and children.

Lung ultrasound is able to identify alterations affecting air content in the peripheral
lung parenchyma. Normally, the air into the lung reflects ultrasound waves completely.
Therefore, healthy lung ultrasounds are characterized by horizontal artifacts beyond the
pleural line. When the peripheral airspace of the lung is subverted with a reduced tissue/air
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ratio, ultrasound incident waves could enter acoustic channels and be trapped in acoustic
microholes on the pleural plane. This determines the generation of vertical artifacts,
resulting in the so-called Sonographic Interstitial Syndrome indicative of a hyperdense
preconsolidated state of the lungs [14]. If the tissue/air ratio is further reduced, thickening
is generated. On the basis of the above, the main ultrasound findings observable in children
with COVID-19 are pleural irregularities, vertical artifacts or areas of white lung, and
subpleural consolidations [15–17].

It has recently been shown that LUS has a high concordance with the gold standard for
diagnosis and assessment of the severity of SARS-CoV-2 pneumonia, computer tomography
(CT) of the chest [18–20]. Considering that today many studies show that in children, as
in adults, there are patients who report the persistence of symptoms after acute infection,
defined as Long-COVID [21–23], it could be useful to have an objective tool to follow the
patients after COVID-19.

Thanks to its wide availability, its safety with the absence of ionizing radiation, its low
cost, and its rapidity of execution, LUS can represent an optimal method to follow children
with previous COVID-19 infection. This can help to exclude the presence of lung sequelae
in patients healed from COVID-19, avoiding them to undergo more invasive tests such
as CT.

The primary aim of our study was to assess the presence of artifacts on lung ultrasound
in children after months of SARS-CoV-2 infection. The secondary aim was to analyze
whether the ultrasound artifacts reduced with the time elapsed from the infection and
whether there were differences according to the symptoms during the acute infection.

2. Materials and Methods

2.1. Study Population

We conducted an observational prospective, single-centre, study from February to
November 2021, at the Department of Maternal Science of a tertiary University hospital
in Rome. The local Ethics Committee approved the study protocol and informed parental
consent was obtained from all patients (RIF.CE 0399/2021).

We enrolled 607 children, 0 to 18 years old, infected with SARS-CoV-2 one to twelve
months before enrollment. The infection was documented by a positive nasopharyngeal
swab result, performed outside the hospital. Both symptomatic and asymptomatic patients
during acute infection were enrolled.

Patients were divided into 4 groups according to the distance from the infection
(≤3 months, 4–6 months, 7–9 months, and >9 months) (Figure 1). For each patient, we
performed a medical history. With a structured questionnaire, the following detailed
demographic and clinical data were collected: age, gender, body mass index, history
of respiratory disease, and exposure to smoke. Moreover, we analysed the presence of
blood SARS-CoV-2 antibodies. Exclusion criteria were new respiratory infections between
SARS-CoV-2 infection and enrollment, congenital heart diseases, immunodeficiency, and
respiratory tract malformation.

2.2. Lung Ultrasound

LUS was performed by a single experienced radiologist blinded to the patient’s condi-
tion using a high frequency (5–12 MHz) linear probe. Ultrasonographic evaluation was
performed according to Copetti et al. [24] and the probe was placed vertically, obliquely, and
horizontally to the ribs in three chest projections: anterior, lateral, and posterior. For this, we
divided the chest into 12 quadrants (two anterior, two lateral, and two posterior quadrants
for each hemithorax) and we have analyzed the following ultrasonographic features:

- pleural line morphology;
- identification of B lines and/or “white lung”;
- identification of subpleural consolidations;
- presence of pleural effusion.
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Figure 1. Enrolment flow-chart.

In a normally aerated lung, the only detectable structure is the pleura. It appears
as a continuous hyperechogenic line that moves back and forth with the breaths (lung
sliding). We considered a pleural line with thickening, granularity, and waviness as
pathological. Below the pleural line, the healthy lung is filled with air. This does not
allow the direct visualization of the normal pulmonary parenchyma, but you can see the
“A-lines”. They are horizontal echogenic lines equidistant and parallel to each other and
the pleura, representing reverberations of the pleura itself.

B-lines were defined as vertical narrow lines arising from the pleural line. B-lines show
a narrow base, extend to the bottom of the screen without fading, and move synchronously
with lung sliding.

If the B-lines were less than 3 for quadrant they were not considered pathological.
We classified B-lines as multifocal (referring to 3 or more separated B-lines for a quadrant)
or confluent.

Finally, the presence of poorly ventilated or solid images near the pleura were iden-
tified such as subpleural consolidations. These were divided by size (<0.5 cm, 0.5–1 cm,
and >1 cm).

Based on these characteristics we identified a modified Soldati-Volpicelli LUS score [10,25]
with five patterns of severity, associated with the degree of pulmonary aeration (Figure 2).

2.3. Statistical Analysis

The statistical software SPSS (version 27.0; IBM, New York, NY, USA) was used for
data analysis. For all the variables studied, we performed a descriptive analysis using
percentage values for qualitative variables, and mean and standard deviation values for
quantitative variables. For qualitative variables, chi-square tests were used. For quantitative
variables without normal distribution, non-parametric Mann-Whitney U Tests were used.
Results with p-values < 0.05 were considered statistically significant.
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Figure 2. Lung ultrasound patterns with the degree of pulmonary aeration.

3. Results

We evaluated 607 consecutive infants (mean age 9.54 ages ± 4.2, 50.9% males) infected
with SARS-CoV-2 in the 12 months before enrollment. Table 1 summarized clinical and
epidemiological data of patients. In our sample, the most common symptom during the
acute phase was fever (47.5%), followed by headache (36.1%), cough (21.9%), ageusia
(19.3%), and anosmia (18.9%).

Table 1. Clinical and demographic characteristics of patients. Variables are expressed as frequencies
(percentages) and means (±SD).

Patients with Previous SARS-CoV-2 Infection n = 607

Age at enrollment, years (SDSD) 9.54 (±4.2)
<6 years, n (%) 172 (28.3%)
7–12 years, n (%) 291 (47.9%)
>13 years, n (%) 143 (23.6%)

Sex, male, n (%) 309 (50.9%)
Body Mass Index, percentile (SD) 64.5◦ (±31.14)
Ab SARS-CoV-2, title (SD) 106 (±98.47)
Time elapsed since acute infection, months (SD) 6.26 (± 2.86)

<3 months, n (%) 75 (12.4%)
3–6 months, n (%) 233 (38.4%)
6–9 months, n (%) 179 (29.5%)
>9 months, n (%) 120 (19.8%)

Exposure to smoke, n (%) 164 (27.0%)
Medical history for:

Bronchiolitis, n (%) 90 (14.8%)
Asthmatic bronchitis, n (%) 109 (18.0%)
Asthma, n (%) 24 (4.0%)
Atopic dermatitis, n (%) 63 (10.4%)
Allergy to inhalants, n (%) 106 (17.5%)
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Table 1. Cont.

Patients with Previous SARS-CoV-2 Infection n = 607

Symptoms during acute infection, n (%) 478 (78.7%)
Fever, n (%) 289 (47.6%)
Cough, n (%) 133 (21.9%)
Respiratory distress, n (%) 43 (7.1%)
Ageusia, n (%) 117 (19.3%)
Anosmia, n (%) 115 (18.9%)
Vomiting, n (%) 39 (6.4%)
Diarrhea, n (%) 86 (14.2%)
Headache, n (%) 219 (36.1%)

We observed irregular pleural lines in 27.5%, B-lines in 16.9%, and subpleural consoli-
dations in 8.6% of the cases. These artifacts were observed more frequently in the lower
lobe projections, particularly patterns B1 and B2 in lower lobes were observed in 80% and
69%, respectively (p < 0.001) (Table 2).

Table 2. Rates of patterns and artifacts lung ultrasound at baseline.

Lung Ultrasound Artifacts n = 607

Pleural line
• Regular
• Irregular

Irregular in only 1 quadrant for hemithorax

- Irregular in >1 quadrant for hemithorax

440 (72.5%)
167 (27.5%)
57 (9.4%)
110 (18.1%)

B-Lines
• Absence of B-Lines
• Presence of B-lines

- B-lines in only 1 quadrant for hemithorax
- B-lines in >1 quadrant for hemithorax

504 (83.0%)
103 (17.0%)
81 (13.3%)
22 (3.6%)

Subpleural consolidations
• Absence
• Presence

- <1 cm
- >1 cm

555 (91.4%)
52 (8.6%)
52 (8.6%)
0 (0%)

White Lung 1 (0.2%)
Pleural effusion 2 (0.3%)
Patterns

• Pattern A2
• Pattern B1

- Lower lobes
- Upper lobes
- Both lobes

167 (27.5%)
120 (19.8%)
96 (80.0%)
12 (10.0%)
13 (10.0%)

• Pattern B2

- Lower lobes
- Upper lobes
- Both lobes

29 (4.8%)

20 (69.0%)
9 (31.0%)
0 (0%)

• Pattern C 0 (0%)

A pulmonary quadrant with the presence of white lung was found in one patient
while a pleural effusion flap was found in another two patients. Among the ultrasound
patterns, the most represented was the A2 pattern, highlighted in 27.5% of cases, while the
C pattern was not found in any patient (Table 2).

We have observed that the frequency of artifacts decreases with increasing time since
infection. Patients of “group 4” (infection > 9 months) had fewer ultrasound artifacts than
patients of groups with more recent COVID infection (groups 1, 2, and 3) (Figure 3).
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Figure 3. Association between artefacts (A) – patterns (B) lung ultrasound and time elapsed since infection.

In particular, pleural line abnormalities and B-lines were highlighted in 38.7% and
16% of patients within 3 months from the acute infection and in 10% and 7.5% of patients
with infection after 9 months (p = 0.001). Finally, subpleural consolidations were found in
8% of patients of “group 1” and in 2.5% of patients of “group 4” (p = 0.02). Similar results
were found while analyzing lung ultrasound patterns.

In symptomatic patients during COVID infection, B-lines (p = 0.02) and pattern B1
(p = 0.04) were found more often (Table 3).

Table 3. Association between patterns/artifacts lung ultrasound and symptoms during acute infection.

Symptoms during Acute Infection

Yes
(n. 483)

Not
(n. 122)

p-Value

Pleural line abnormalities 136 (28.1%) 31 (25.4%) n.s.
B-lines 91 (18.8%) 12 (9.8%) 0.02
Subpleural consolidations 40 (8.3%) 12 (9.8%) n.s.
White Lung 1 (2.1%) 0 (0%) n.s.
Pleural effusion 2 (4.2%) 0 (0%) n.s.
Pattern A2 137 (28.4%) 30 (24.6%) n.s.
Pattern B1 104 (21.5%) 16 (13.1%) 0.04
Pattern B2 20 (4.1%) 9 (7.4%) n.s.
Pattern C 0 (0%) 0 (0%) n.v.
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In our sample, males had more B-lines than females but this result has not found
statistical significance. We have found that children with a positive history of asthma had
more pleural line abnormalities than patients without asthma (p = 0.04). No differences were
found in the positive history of exposure to smoke, bronchiolitis, and asthmatic bronchitis.

Finally, we observed a significant difference in body mass index between patients with
and without lung artifacts. In particular, patients with lung artifacts had a lower mean rank
of body mass index percentile than patients without artifacts (Figure 4). We did not find
other differences based on epidemiological dates.

Figure 4. Association between lung ultrasound artifacts and Body Mass Index. Data not statistically
significant have not been reported (subpleural consolidation and Pattern C).

4. Discussion

In our study, we found that a small number of children with previous COVID-19,
even after months of acute infection, have ultrasound artifacts compatible with a lung
involvement during SARS-CoV-2 infection. We have shown that these artifacts are observed
less frequently after time from the acute episode, and they were more frequent in the lower
lobes than in the upper lobes. Moreover, we have found more often B-lines and pattern
B1 in patients with acute symptoms during SARS-CoV-2 infection. On the other hand,
there were no particular differences in the clinical characteristics of the patients except for a
difference in body mass index between patients with and without lung artifacts and for
pleural line abnormalities in patients with a positive history of asthma.

Since the proposal for more frequent use of LUS in COVID-19 patients [26], there has
been increasing evidence in adults that LUS is able to detect artifacts of SARS-CoV-2 infection.
However, the main patterns are similar to those that we have described in children.

In our sample, the most frequent LUS findings were pleural lines abnormalities,
B-lines, and subpleural consolidation. To date, it is clearly reported which are the main lung
ultrasound artifacts during SARS-CoV-2 infection in the pediatric population. Ultrasound
artifacts described in our patients are analogous to those described by Musolino et al. [16].
In their study, they enrolled 10 children hospitalized for SARS-CoV-2 infection. In all
symptomatic cases, LUS revealed signs of lung involvement during COVID-19 infection. In
particular, vertical artifacts, areas of white lung and subpleural consolidations, and pleural
irregularities were the main findings in pediatric COVID-19 pneumonia. There were no
cases of pleural effusions.

Other pediatric studies showed the presence of pulmonary artifacts at the ultrasound
ongoing of COVID-19: Denina et al. and Guitart et al. have reported similar artifacts to
ours [27,28].
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Sawamura et al. [29] showed that in adults 90 days after the acute infectious episode,
there were lung lesions detected at HRTC. Of the 91 patients included, 81% had at least
one pulmonary lobe with abnormalities 90 days after discharge. Ground-glass opacities
(76%) and parenchymal bands (65%) were the predominant abnormalities. This study
confirms our results. Even after months of acute infection, lung lesions are still evident
with instrumental investigations.

However, it is important to remember that lung ultrasound findings reflect the com-
mon abnormal findings of infection pneumonia. Pleural line irregularities, B lines, and
subpleural consolidation are also present in other viral infections.

Moreover, we found that lung artifacts are more frequent in the lower lung lobes. This
result is similar to that of other studies [30–32]. This may be due to the physiologic regional
inhomogeneity of the lung as a result of the influence of gravity [33]. The erect lung is
marked by striking regional non-uniformity in perfusion and ventilation resulting in blood
flow and ventilation predominating in the lower lobes [34].

The prevalence of lung lesions in the lower regions is not a new concept, but it can
also be observed in other viral infections [35].

The secondary aim of our study concerned analyzing possible associations between
lung artifacts with time elapsed since the acute infection and the presence of clinical
symptoms during acute infection.

We found that the frequency of artifacts decreases with increasing time since infection.
The presence of typical viral lung artifacts and the improvement of the ultrasound picture
at a distance of time from the infection support the hypothesis that the highlighted artifacts
are a direct consequence of a lung involvement during viral infection, still present several
months following the acute infection. To avoid mistakes, we have discarded patients
with new airway infections in the time elapsed between acute SARS-CoV-2 infection
and enrollment.

Our results go in line with the results of Denina et al. [36]. In their study, a clinical-
instrumental follow-up was carried out on 25 pediatric patients four months after the
acute infection, showing the presence of ultrasound artifacts in the course of follow-up and
observing an improvement in ultrasound patterns over time. Although to date there is a
lack of studies about the follow-up of SARS-CoV-2 infection in children, taken together,
these findings highlight the importance of LUS for pediatric COVID-19 follow-up avoiding
the use of ionizing radiation and reducing costs.

In our cohort, we observed B-lines and pattern B1 more often in patients with symp-
toms during SARS-CoV-2 infection. We also found lung artifacts in asymptomatic patients.
This data has already been described in the literature. Ng et al. [37] described CT patterns
in 25 asymptomatic young patients who had laboratory-confirmed COVID-19. In their
study, chest CT showed abnormalities in six patients (24%), four (16%) had ground glass
opacification, one (4%) had a small peripheral subpleural nodule and one (4%) had a dense
solitary granuloma. Ng’s results are similar to ours. Whereas the coronavirus is a respira-
tory virus, it seems plausible that, even in the absence of clear respiratory symptomatology,
there is an involvement with the pulmonary parenchyma evidenced by the ultrasound.

Further interesting data emerged from our study. In our cohort, males had more
B-lines than females. Even if this result is not statistically significant, it is in concord
with that reported in the literature about sex differences in COVID-19 infection [38]. In
fact, biological sex differences may manifest themselves in susceptibility to infection,
early pathogenesis, innate viral control, adaptive immune responses, or the balance of
inflammation and tissue repair in the resolution of infection [38].

Moreover, we have found that children with a positive history of asthma had more
pleural line abnormalities than patients without asthma. In the literature, it is reported that
patients with asthma had predominant A-lines plus lung sliding [39].

In our opinion, pleural line abnormalities could reflect the exaggerated accumulation
of air in the lungs in children with asthma who have an efficient inspiratory drive that is
not followed by an efficient expiratory phase due to partially occluded bronchi.
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Finally, we observed significant differences in body mass index between patients with
and without lung artifacts. In particular, patients with lung artifacts had a lower mean rank
of body mass index percentile than patients without artifacts. This result is in contrast with
other studies published in the literature, that show an association between BMI and both
COVID-19 severity and mortality. Obesity was associated with a significantly increased risk
of critical COVID-19 and in-hospital mortality [40]. Our difference may be due to the fact
that the lean child has less acoustic impedance during the performance of lung ultrasound
and this can improve the vision of artifacts.

Our study has some limits. First of all, only one blinded sonographer without a double-
blind control performed LUS examinations. Then, in our study only one lung ultrasound
was performed for each child, therefore we were not able to evaluate the evolution of
ultrasound patterns in each individual patient. Finally, in our study, we did not have a
control group of healthy children.

In conclusion, we can speculate that LUS is a valid tool to investigate pediatric popu-
lations with previous SARS-CoV-2 infection. This is possible because SARS-CoV-2 lung
lesions are peripheral [41], allowing lung lesions to be identified by ultrasound.

Based on our experience, we consider lung ultrasound to be a safe and harmless
method. Some studies have shown ultrasound damage in gas-containing tissues (lungs
and intestine), but these experiments were performed on animal models and with acoustic
intensity significantly higher than the range commonly used in the diagnostic clinic.

In short, the literature indicates that the bio-effects of ultrasound do not reach clinical
levels relevant, and their existence is proven only in in vitro studies and animal models.

For this, to date based on current data in the literature, we believe lung ultrasound
is safe and repeatable, especially in pediatrics. This reduces the use of radiation that has
been shown to be harmful to the maturing lung. Due to its simplicity of execution, ease
of learning, and proven usefulness, we believe that every pediatrician should perform
it for the management of the acute phase and the follow-up of patients with infectious
lung diseases.

In this context, our study provides additional evidence about LUS in children with
previous COVID-19 as a support to follow these patients in the months following the
infection. In fact, in our sample, some children, even after months of acute infection, have
ultrasound artifacts compatible with a previous SARS-CoV-2 infection and showed an
improvement with the passage of time from the acute episode.

If our data were confirmed we should consider revisiting the definition of Long
COVID, currently based only on the symptomatological aspect, integrating it with the lung
ultrasound findings. Further studies are necessary to support our findings because of the
lack of data in the literature regarding LUS in the follow-up of children with previous
SARS-CoV-2 infection.

Finally, we recommend performing a lung ultrasound in the follow-up of the pediatric
patient with a previous SARS-CoV-2 infection.
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Abstract: Background: The SARS-CoV-2 infection has occurred in neonates, but it is a fact that
radiation exposure is not recommended given their age. The aim of this review is to assess the
evidence on the utility of lung ultrasound (LUS) in neonates diagnosed with COVID-19. Methods:
A systematic literature review was performed so as to find a number of published studies assessing
the benefits of lung ultrasound for newborns diagnosed with COVID and, in the end, to make a
comparison between LUS and the other two more conventional procedures of chest X-rays or CT
exam. The key terms used in the search of several databases were: “lung ultrasound”, “sonography”,
“newborn”, “neonate”, and “COVID-19′. Results: In total, 447 studies were eligible for this review,
and after removing the duplicates, 123 studies referring to LU were further examined, but only
7 included cases of neonates. These studies were considered for the present research paper. Con-
clusions: As a non-invasive, easy-to-use, and reliable method for lung lesion detection in neonates
with COVID-19, lung ultrasound can be used as a useful diagnosis tool for the evaluation of COVID-
19-associated lung lesions. The benefits of this method in this pandemic period are likely to arouse
interest in opening new research horizons, with immediate practical applicability.

Keywords: lung ultrasound; neonates; newborns; COVID-19; SARS-CoV-2

1. Introduction

From the beginning of the pandemic until now, over 250 million cases of SARS-CoV-2
infections have been reported, according to the Worldometer website [1]. Out of these, a
limited number of approximately 15% of cases are infections among children, infants, and
newborns, according to the latest data provided by the American Academy of Pediatrics
and the Children’s Hospital Association, in agreement with the data provided by the CDC.
As their results indicate, approximately 7.8% of the newborns from tested COVID-positive
mothers showed a positive PCR test at birth [2].

These small numbers of neonates with COVID-19 infection were confirmed by a study
from Wuhan, China, where only three cases were reported out of a total of 33 pregnant
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women, with an infection rate of 9.09% [3]. In most of the cases, the newborns developed
an asymptomatic or mild form of infection [4].

It is a fact that lung ultrasonography (LUS) has the great advantage of being easy to
use; it is safe and non-invasive for infants, and at the same time, it is a useful method in
the management of pulmonary and cardiac diseases in neonates. Lung artifacts detected
by ultrasonography vary slightly with age, so it may be suitable for neonatal respiratory
pathology, especially in the SARS-CoV-2 infection [5–7].

A number of studies demonstrate the usefulness of LUS in the evaluation of COVID
-19-associated lung lesions in children, indicating that LUS sensitivity was higher than
in the case of CT and CXR. Even if CT images present the highest accuracy, CT should
not always be recommended for all children with COVID due to its significant irradiation
potential. Furthermore, recent studies demonstrated a strong correlation between LUS
and CT scores, proving that an ultrasound score higher than 20 (using 12-area score) is
associated with an increased risk of complications and death [8,9]. As COVID-19 has
become a worldwide disease, in many hospitals, the availability of CT scans for many
patients diagnosed with COVID-19 is not widespread. Chest X-rays are more readily
available, but they lack the necessary specificity and sensitivity for detecting COVID-19
pneumonia so as to be considered a reliable substitute method for CT scans [10]. Recent
studies show the usefulness of LUS in detecting COVID-19, especially for pneumonia
detection [11,12].

The findings concerning lung ultrasound procedures in the diagnostic assessment of
children with COVID pneumonia are similar to the ones described in the case of adults
and children with other types of pneumonia [13,14].

Lung ultrasound showed its utility in many other neonatal respiratory diseases,
such as respiratory distress syndrome, transient tachypnea of the newborn, pneumonia,
meconium aspiration syndrome, pulmonary hemorrhage and atelectasis of the newborn,
pneumothorax, and so on [15,16]. Therefore, the aim of this review is to evaluate the utility
of LUS for newborns diagnosed with COVID-19.

2. Materials and Methods

For the current literature review, the PubMed and ScienceDirect databases were
searched, with a focus on articles written in English between December 1st 2019 and
November 4th 2021. The articles were selected by searching the PRISMA tool (preferred
reporting items for systematic reviews and meta-analyses), and in accordance with this,
a systematic literature review was conducted. A total of 81 articles published between
December 1st 2019 and November 4th 2021, covering the COVID period, were found in-
volving the MeSH Terms ((“Ultrasonography”[Mesh]) AND “Lung”[Mesh]) AND “Infant,
Newborn”[Mesh]. After this process, only seven articles were included and discussed in
this study, according to the below-mentioned criteria.

The articles under scrutiny were selected according to the following criteria:

- Pathology: COVID-19 pneumonia, SARS-CoV-2 infection;
- Intervention/tool: lung ultrasound;
- Age/population of interest: newborns, neonates, infants, <first 28 days of life.

Inclusion criteria:

1. Original articles, special articles, systematic reviews, case reports, and scientific letters
were considered;

2. Studies involving a number of COVID-positive subjects were also included, as well
as studies with only some of the participants being newborns;

3. Only studies involving the lung/chest/thoracic ultrasound method were included;
4. There were no exclusions regarding the language of the articles. One article written

in Chinese with only the abstract in English was also included.

Only six published articles met the required criteria, and because it was found that the
subject is scarcely addressed in the literature, it was necessary to perform two additional
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advanced searches on PubMed and ScienceDirect. A total of 133 articles from the reviewed
period were found on PubMed, while 233 publications were found on ScienceDirect by
searching with the following keywords: “lung”, “ultrasound”, “sonography”, “newborn”,
“neonate”, and “COVID” (Figure 1—PRISMA flowchart). After this extended search,
another study was found and was also included in the review. The flowchart below
shows the steps that have been followed and the methodology used in deciding upon the
eligible articles. From a total of 447 studies initially found, we removed duplicates, and
we manually excluded articles with no ultrasound references. Ultimately, articles with no
newborn mention were also excluded.

 

Figure 1. PRISMA flowchart. Literature review.

3. Results

After our search, we found and analyzed seven articles discussing the lung ultrasound
method in newborns diagnosed with the SARS-CoV-2 infection, with a total of 58 subjects.
The baseline characteristics of the patients were heterogenous; therefore, we underlined
the most relevant ones, where data were available. The gender distribution was 41.93%
males and 58.06% females, respectively. Regarding the gestational age, 15% of the neonates
were preterm, while 85% were born on term. The infection was detected using the Reverse
transcription polymerase chain reaction (RT-PCR) in 61.3% of the cases, while for the other
subjects, the IgM tests were used. The age (days of life) of the patients when the COVID-19
infection was confirmed varied as follows: two studies with 3.8 ± 5.2 (mean ± standard
deviation), another two studies with the median age of 8 days of life, and one study with
the age between 1 and 18 days.
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However, with the knowledge gained from the other articles based on this imagistic
tool used in the evaluation of neonatal respiratory pathology, we can outline a number of
further research directions (Table 1—characteristics of the articles included in the study).

Table 1. Characteristics of the articles included in the study.

No. Title Authors
City and
Country

Year of
Publication

Type No. of
Cases

Observations

1

Quantitative assessment of
COVID-19 pneumonia in

neonates using lung
ultrasound score [17]

Wei Li et al. Wuhan
China 2021 original

article 11

2

Bedside lung ultrasound
score (LUSS) on assessing
pneumonia in COVID-19

neonates [18]

Wei Li et al. Wuhan
China 2020 original

article 11

3
Point-of-care lung

ultrasound in three neonates
with COVID-19 [19]

R. Gregorio-
Hernández

et al.

Toledo
Spain 2020 original

article 3

4
Use of lung ultrasound in

neonates during the
COVID-19 pandemic [20]

Marcia Wang
Matsuoka

et al.

Sao Paulo
Brazil 2020

special arti-
cle/original

article
27

positive and
negative
COVID

neonates

5
Usefulness of chest

ultrasound in a neonatal
infection due to

SARS-CoV-2 [21]

Pineda
Caplliure A

et al.

Valencia
Spain 2021 scientific

letter 1

6

Application of pulmonary
ultrasound in the diagnosis
of COVID-19 pneumonia in

neonates [22]

X Y Feng
et al.

Wuhan
China 2020 original

article 5

abstract in
English,
article in
Chinese

7

Diagnostic Imaging in
Newborns, Children and

Adolescents Infected with
Severe Acute Respiratory
Syndrome Coronavirus 2
(SARS-CoV-2): Is There a

Realistic Alternative to
Lung High-Resolution

Computed Tomography
(HRCT) and Chest X-Rays?
A Systematic Review of the

Literature [7]

Costantino
Caroselli

et al.
2021 review 44

newborns,
children and
adolescents

3.1. LUS Artifacts

The main changes described after performing ultrasound procedures in the lung fields
of newborns were:

• Decrease in and disappearance of A-lines;
• Sparse B-lines;
• Confluent B-lines;
• Abnormal pleural lines;
• Subpleural consolidation (Table 2—lung ultrasound findings and prevalence of the

main changes from included studies).
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3.1.1. A-Lines Disappearance

The most common ultrasonographic changes found in the analyzed studies were the
variations of physiological A-lines from decrease to disappearance, varying between 62.8%
and 100% [17,18,22]. A-lines are described as hyperechogenic, horizontal, and equidistant
ones that are parallel to the pleura [6]. These are the reflections of the ultrasound waves as
they occur as an echo between the pleura and the transducer, similar to a reverberation
artifact [6]. These variations of A-lines with some sparse or confluent B-lines can be
considered the first sign of an alveolar-interstitial pattern [5].

3.1.2. B-Lines

Sparse B-lines were the next most frequent modification with an occurrence rate
between 55.3% and 100%, reported in four reviewed studies [17–19,22].

3.1.3. Abnormalities of Pleural Lines

Abnormal pleural lines, such as thickening, interrupted, or irregular pleural lines, were
reported differently in the referenced studies, ranging between 21.9% and 100% [17–19,22].

3.1.4. Consolidations

Subpleural consolidation, recognized as a sign of viral pneumonia in association with
variation of B-lines, were reported only in a few cases (between 1.5% and 66.6%) in the
lung ultrasound exam in the target group [17–22]. No pleural effusion or pneumothorax
was reported.

The predominant lesion distribution was bilateral in the inferior lobes and posterior
segments, where the highest scores were recorded (right inferior posterior regions with a
score 1.27 ± 0.47) [17].

Wei Li et al. found that most of the neonates included in their study had increased
levels of creatine kinase myocardial band (CK-MB) but with no echocardiographic abnor-
malities [17].

3.2. LUS Scores in Neonates with COVID-19 Pneumonia

Only three articles used a score for the semi-quantitative analyses of the lung lesions.
Two studies indicated a 12-area score, while the other one adopted a score with just six
segments (anterior, lateral and posterior for each hemithorax) [17–19]. The 12-area score
was determined by Mongodi et al., with six regions per hemithorax, the axillary lines
as landmarks, placed in anterior and posterior positions, and using the nipple line as a
demarcation mark between the upper and lower regions [23].

Two out of the three studies were located in Wuhan, the epicentre of the COVID-19
pneumonia. One compared 11 neonates with the SARS-CoV-2 infection (two preterm
and nine babies at term, with asymptomatic or mild forms) with a healthy control group
similar in characteristics (age, gender). Lung ultrasound score was higher in the infection
group (8.4 ± 1.7 vs. 2.3 ± 1.4), and the most frequent lesions were erased A-lines and
sparse/confluent B-lines. Additionally, it is important to note that abnormalities were iden-
tified by ultrasound in three of the infected newborns with previous normal radiographic
exams. The authors concluded that all pulmonary injuries were bilateral with multiple
areas affected, specifically located in the lower lobes and in the middle lobe [17,18].

The other study, which was conducted in Wuhan, China, examined a number of
five cases presenting gastrointestinal and respiratory symptoms. In all these cases, the
pulmonary ultrasonography showed pleural line abnormalities and pulmonary edema in
different conditions, described as confluent B-lines with an interstitial pattern. Additionally,
some small areas with pulmonary consolidation were visible. A very important fact to
remember is that lung ultrasound has a higher sensitivity rate compared with chest X-ray
and thoracic computer tomography in the diagnosis of pulmonary edema [22].

Another article presents the evolution of three neonates during their admission to
a neonatology department in Toledo, Spain. They were examined every 48 h using the
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ultrasound technique, and the cases were graded by severity following a three-area score for
each hemithorax. The highest recorded score was 10/18 in a newborn with severe hypoxic-
ischemic encephalopathy and meconium aspiration. These newborns presented a number
of comorbidities, such as meconium aspiration pneumonia, bronchopulmonary dysplasia,
and Hirschsprung’s disease, shown as the limitations of the study. They compared the
findings with a previous LU performed in a neonate with bronchopulmonary dysplasia,
but with no following results. All neonates described in this report had a mild form of
respiratory infection [19].

A significantly larger studied group included 27 neonates from Sao Paulo, Brazil. The
study presents the imagistic aspects in patients who tested positive for SARS-CoV-2 or
who were highly suspected to be infected. The subjects were divided into two groups,
one with respiratory symptoms and the other with no pulmonary manifestations. In the
COVID-19 group with respiratory symptoms were reported several coalescent B-lines,
pleural irregularities, and some subpleural consolidation [20].

Pineda Caplliure et al. examined a case confirmed with COVID-19 pneumonia that
presented a fluctuant evolution with a depreciation at 24 h after admission. The newborn
was examined by echocardiography, chest X-ray, and lung ultrasound, which showed the
specific subpleural and pleural changes with variation of B-lines [21].

Most of the newborns were asymptomatic or presented mild forms of infection, only
20% of the subjects presenting fever. Additionally, respiratory, gastrointestinal, and cardiac
manifestations accompanied the symptomatic forms of the infection. The comorbidities
were reported in one study with the above-mentioned examples (Hernández et al.) [19].

4. Discussion

Following the evaluation of the above-mentioned articles, it can be noted that a small
number of studies discusses in depth the ultrasound method as a useful instrument of
exploration in COVID-positive newborns, a fact that is also confirmed by Caroselli et al. in
their review, which found only seven articles about lung ultrasound at newborns, infants,
and children with SARS-CoV-2 infection [7].

There is a growing trend in the use of pulmonary ultrasonography, especially in
newborns, as evidenced by the numerous recent articles using this imagistic technique, if
we compare with the results obtained by conventional radiography or the CT exam [7,24].

Jones et al. note a significant decrease of about 38.8% in the use of chest X-ray proce-
dure, but with very good results in detecting pneumonia with the aid of lung ultrasound.
This indicates that ultrasonography is a suitable diagnosis tool that can replace the other
more conventional methods that are likely to be more harmful and potentially more inva-
sive [7,25]. Additionally, Feng et al. prove that chest ultrasound has a higher sensitivity
and accuracy rate compared to X-ray and CT procedures in the diagnosis of pulmonary
edema, suggesting that ultrasonography could be used in the monitoring and evaluation of
the lung injuries caused by SARS-CoV-2 infection [22]. LUS findings are directly correlated
with CT score at intensive care unit admission and inversely correlated with blood test
results (PaO2, C-reactive protein) [9,26]. Other studies following a similar research line
demonstrate that LUS has a higher specificity and sensitivity rate in detecting consoli-
dations, interstitial and alveolar syndromes, and pleural effusion, specific for a pediatric
pneumonia, compared to conventional chest radiography [27–29].

Berce et al. underline the importance of LUS as a useful method in a bacterial or
viral outbreak or in epidemic times [30]. Lately, several studies have shown a significant
role of LUS in the evaluation of COVID-19 pneumonia, not only regarding its accuracy
in the detection of lesions, but also in evaluating the risk of death and complications
development [8,31].

The majority of patients examined in the referenced studies were asymptomatic or
had a mild form of infection, causing pulmonary and gastrointestinal symptoms, but also
an unusual symptomatology was described, such as erythema [32]. According to Lingkong
Zeng et al., the most frequent manifestation was dyspnea, present in a number of four
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neonates, out of a total of 33 cases [3]. The pulmonary symptoms were mentioned by Li et al.
in their 11-cohort group, accompanied by digestive complaints [17]. Additionally, Feng
et al. report the same manifestations [22]. Both the respiratory and digestive manifestations
can be determined by ultrasonography [6,33,34].

Another system with modified parameters was the cardiac one, with reported elevated
CK-MB levels and the suspicion of myocardial injury or dysfunction [3,18,35]. The cardiac
function was examined using echocardiography, which showed normal parameters in all
cases [21,35]. Taking into consideration that all patients are clinically vulnerable and the
long-term effects of the SARS-CoV-2 infection are yet to be discover, it would be necessary
to have an additional investigating tool, such as the genetic expression of miRNAs, with a
higher selectivity and specificity rate than the usual biomarkers [36]. For a better analysis
of myocardial dysfunctions, echocardiogram and echocardiography have proven effective,
as they are used in the ‘SAFE protocol’ for critically ill neonates [5,37,38].

According to Volpicelli and Francisco, an interstitial pattern with variation of B-lines
with occasional spared areas are indicative of a viral pneumonia. The studies included in
this article describe similar changes in lung parenchyma with sparse B-lines as a typically
detectable lesion [39]. These changes emerging from viral infections are identified in the
findings following CT examinations of the above-mentioned virus infection [7,40,41]. One
study concluded that LUS detected all the COVID-19 pneumonia cases compared to the
CT exam, with a sensitivity and specificity of 100% and 78.6%, respectively [42].

The peripheral, subpleural area was the front-runner for the ultrasound changes
visualized during the SARS-CoV-2 infection due to the small size of the viral particles that
easily reach the distal bronchioles and alveoli [17]. The pathological modifications were
seen as consolidation spread around the pleura due to the impacting of the alveoli with
mucoid material, especially in an immature lung [43,44]. The results of the studies analyzed
describe the same topography with a predominance of the lesion in the lower lobes and in
the posterior segments [45]. Likewise, Mento et al. conclude that the posterior zones must
be explored in all patients with COVID-19 pneumonia, being the most affected area, and
they also recommend a 12-area ultrasound examination [46]. In addition, Smargiassi et al.
propose a multiple area approach for the lung ultrasound exam [47].

Decrease or disappearance of A-lines is the most common pattern detected by lung ul-
trasonography, according to the above-mentioned studies, and it is also the first pulmonary
change that appears in alveolar–interstitial pathologies [5,48]. For example, Li et al. found
variation in A-lines that were even disappearing in the 83 analyzed regions out of a total of
132 regions, based on their 12-area score. It is Feng et al. who discovered these variations
in all neonates, but without previously dividing the lung in multiple zones [17,18,22].

On the other hand, ‘here to there’ B-lines, described as sparse B-lines, were present
in varying degrees in all patients examined by lung ultrasonography, ranging between
55.3% and 66.6% [17–19]. These facts are significantly consistent with the results presented
by Caroselli et al. in their review of the neonates, children, and adolescents enrolled in
their study, indicating the presence of B-lines in a proportion of 50% [7]. These changes
result from a fluid collection that expands the interlobular septs and is usually found in
pulmonary edema and pneumonia [6,49,50]. Coalescent or confluent B-lines and ‘white
lung’ symptoms were identified in a quarter of the patients [7], but in the studies included
in our review, the figures differ from study to study (7.6%, 66%, and 100%, respectively).
The higher values were presented by the studies with smaller batches of patients (three
and five newborns). For this reason, these results cannot be reproduced and integrated
with other pediatric and literature data available [10,51–54].

Another controversial subject concerns the differences between subpleural consolida-
tions and their occurrence rate. Hernandez et al. had the highest percentage of this type
of lesions (12/18 affected regions—66.6%), because they examined only three patients in
evolution, unlike the other authors that included more subjects in their studies. Therefore,
the probability of finding subpleural consolidation is quite low [19]. Thus, the follow-up of
the infected neonates can reveal advanced modifications, such as lung consolidations [19].
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At the beginning of the COVID-19 pandemic, irregularities and thickenings of the
pleura were among the first signs described by lung ultrasonography, accompanied by
subpleural consolidations [12]. Abnormalities of the pleura are the hallmarks described
by all the reviewed authors discussing pulmonary ultrasound, with a range between
21.9% and 44.4%. The values generated by Caroselli et al. are in the middle of those
reported (34.09%) [7,17–19]. This alteration of the pleura is also seen in community-
acquired pneumonia [55,56].

Pleural effusions have not been found in SARS-CoV-2 infections, but only in excep-
tional cases. No pleural effusions were identified in any of the original articles included in
this review, while Caroselli et al. report a rate of 6.82% showing the use of LUS. This can be
due to the fact that ultrasound is able to detect a small effusion [6,57]. Additionally, the
pleural effusion in COVID-19 pneumonia is a rare finding [58].

Given the fact that CT and chest X-ray exams produce irradiation and are harm-
ful, with long-term side effects, especially for newborns, a radiation-free, non-ionizing,
real-time, user -riendly, and repeatable tool is necessary [59–61]. Moreover, during this
pandemic, hospital circuits have been completely changed, making it more difficult for
patients to be transported to radiology departments to be examined by conventional radio-
graphy or CT [51]. Furthermore, according to the statistics presented by the World Human
Organization, around two-thirds of the world population does not have easy access to
a basic radiology or imagistic department [7]. Additionally, ultrasound equipment is read-
ily available in many hospital departments, wards, and small clinics [62]. Unfortunately,
this is not the case with radiographs or CTs.

Recently, LUS has proved its efficiency in the dynamic monitoring of COVID-19
pneumonia, as well as in the follow-up of patients recovered from this infection [63,64].
Moreover, a recent review proves the usefulness of hand-held ultrasound equipment,
which has the advantage of lower acquisition costs and that is easy to decontaminate,
which is a necessary activity nowadays [65]. Lung ultrasonography is the answer to all the
demands that have been formulated in the course of this article. Once the lung ultrasound
is performed, the procedure could be also used for examining other systems affected by
COVID-19, such as the cardiac and gastrointestinal ones.

We must acknowledge the limitation of this review, as only seven studies were re-
ported in our area of interest, with only a small sample size of patients and a lack of data
homogeneity. Further multicentric studies are likely to enhance the accuracy of the research
results and other important LUS application, as several studies have already showed
significant progress in adults and children with COVID-19 pneumonia.

5. Conclusions

LUS proves to be useful in the detection of lung injury in the studies that were re-
viewed, even if only a small number of publications related to pulmonary ultrasonography
in neonates with COVID pneumonia were found. Considering the advantages of lung
ultrasound, as well as its utility in this ongoing pandemic period, this method is likely to
stir interest in opening new research horizons with increased practical applicability.
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Abstract: Despite the many advantages of lung ultrasound (LUS) in the diagnosis and management
of patients with dyspnea, its adoption among hospitalists has been slow. We performed semi-
structured interviews of hospitals from four diverse health systems in the United States to understand
determinants of adoption within a range of clinical settings. We used the diffusion of innovation
theory to guide a framework analysis of the data. Of the 27 hospitalists invited, we performed
22 interviews from four hospitals of diverse types. Median years post-residency of interviewees
was 10.5 [IQR:5-15]. Four main themes emerged: (1) There are important clinical advantages to LUS
despite operator dependence, (2) LUS enhances patient and clinician experience, (3) Investment of
clinician time to learn and perform LUS is a barrier to adoption but yields improved efficiency for
the health system and (4) Mandated training and use may be necessary to achieve broad adoption as
monetary incentives are less effective. Despite the perceived benefits of LUS for patients, clinicians
and health systems, a significant barrier to broad LUS adoption is the experience of time scarcity by
hospitalists. Future implementation strategies should focus on changes to the clinical environment
that address clinician barriers to learning and adoption of new skills.

Keywords: lung ultrasound; implementation science; point-of-care ultrasound

1. Introduction

In recent years, there has been increasing interest in integrating point-of-care ultra-
sound (POCUS), ultrasound that is performed and interpreted at the bedside by a treating
clinician, into diagnostic pathways within internal medicine. In particular, point-of-care
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lung ultrasound (LUS) has emerged as an accurate and practical imaging modality for
the assessment of undifferentiated dyspnea and for the monitoring of volume status in
patients with heart failure [1–8]. LUS has been shown to have multiple advantages over
the current first-line imaging modality, chest x-ray, including increased accuracy and avoid-
ance of ionizing radiation in diagnosis of some of the most common causes of dyspnea [1]:
pleural effusion [9], pneumonia [10], pulmonary edema [11] and pneumothorax [12]. The
COVID pandemic has underscored the many clinical advantages of LUS, as it is an accurate
diagnostic tool for the diagnosis and monitoring of COVID-pneumonia with the added
potential benefit of reducing the risk of COVID exposure for radiology staff [13,14]. In light
of the growing evidence of its utility, multiple professional societies now endorse LUS use
in acute care settings [1,15].

Despite its many advantages and increasing availability, adoption of diagnostic
POCUS applications, including LUS, remains low. Prior studies have found lack of access
to equipment and training to be the biggest barriers to implementation [16]. However,
given the falling costs of portable ultrasound machines and increasing opportunities for
training, determinants of adoption are likely changing.

The purpose of this study was to understand how internal medicine hospitalists,
internist physicians who care for hospitalized adults [17], perceived LUS as a clinical
tool through the lens of diffusion of innovations (DOI) theory [18] in order to identify
current determinants of implementation and develop strategies to facilitate use among
hospitalists. In addition to understanding how environmental factors such as access to
machines and training affect adoption, we also sought to identify determinants of use once
those fundamental elements were in place. For this reason, we included settings in which
clinicians had easy access to equipment and training.

2. Methods

2.1. Study Design
Conceptual Frameworks

We used the DOI theory to frame our investigation [18]. DOI is a theory that seeks to
explain how and at what pace new ideas and technology are adopted. DOI has been applied
in numerous disciplines, particularly in the study of adoption of medical innovations by
health systems [19]. This theory proposes that one of the elements that influences the spread
of an innovation is the potential adopter’s perception of the innovation. Key attributes of
innovations that can affect the rate of adoption and adopter categories per DOI are outlined
in Table 1. Adopter categories classify individuals within a social system based on how and
when they decide to adopt an innovation. Understanding adopter categories can aid in
efforts to facilitate adoption. DOI also proposes that the social system or context influences
the uptake of new technology.

To capture elements of the environment that may affect adoption of LUS by hospital-
ists, we used the Pragmatic Robust Implementation and Sustainability Model (PRISM) to
guide development of interview questions. PRISM is a pragmatic multi-level contextual
model that includes relatively specific domains relevant to LUS and is tied to implemen-
tation outcomes in the RE-AIM framework [20–22]. The RE-AIM [22] framework was
developed to promote external validity and equity in research on health interventions
and assesses both implementation and effectiveness outcomes. The contextual domains
of PRISM include known drivers of implementation [21] in the external environment
(i.e., national policies, guidelines, and incentives) and the internal setting (i.e., multi-level
organizational characteristics, perspectives, implementation and sustainability infrastruc-
ture). Use of PRISM has been recommended for the planning stages of implementation
of health interventions to help identify determinants (i.e., barriers and facilitators) that
will inform the creation and selection of implementation strategies, thereby enhancing
adoption, implementation, and maintenance of evidence-based practices [20,22].

Use of theorical models and frameworks, like DOI and PRISM, is a recommended
practice in implementation science [23,24] as they provide a lens with which to understand
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determinants of implementation and select strategies that are likely to facilitate implemen-
tation. In this study, we selected DOI to better capture the determinants of adoption at
the clinician level and PRISM to capture elements of the environment that may influence
adoption by clinicians.

Table 1. Diffusion of Innovations Theory Domains.

Attributes
of Innovations

Description

Relative Advantage
Advantage offered over traditional approach or tools (strongest

predictor of adoption)

Compatibility
Alignment of the intervention with values and needs of the group

adopting it (positively correlated with rate of adoption)

Complexity
How difficult the innovation is to use (negatively correlated with

rate of adoption)

Trialability
Degree to which an innovation may be used experimentally on a

limited basis (positively correlated with rate of adoption)

Observability
Visibility of an innovation’s results to others (positively correlated

with rate of adoption)

Categories
of Adopters

Description

Innovators Risk takers; role is to launch a new idea into the system

Early Adopters
Respected members of a group of potential adopters who are

perceived as skilled in selecting new ideas that should be adopted

Early Majority
Need to see some peers successfully using an innovation prior to

adopting it

Late Majority Will adopt innovation if it becomes inconvenient to not adopt it

Laggards Must be certain an innovation will not fail prior to adopting it

2.2. Study Sample and Setting

This study was approved by the Institutional Review Board at University of Colorado.
Verbal consent was obtained from all participants. We interviewed hospitalists from four
diverse hospital settings in which LUS was used by some clinicians. Site 1 was a 700-bed
private hospital in Minneapolis, Minnesota. Site 2 was a 465-bed private hospital in St. Paul,
Minnesota. Site 3 was a 268-bed government hospital in San Antonio, Texas. Site 4 was a
700-bed safety net teaching hospital in San Antonio, Texas. Sites 2, 3 and 4 are University
affiliated. All hospitals trained internal medicine resident physicians. Hospitalists from all
sites were interviewed to capture their experiences, perceptions, and opinions regarding
LUS use in their respective hospitals. We used purposeful sampling for initial study
recruitment and snowball sampling to complete enrollment. Purposeful sampling is a
non-random sampling technique that is used to recruit participants who can provide in-
depth and detailed information about the phenomenon being studied. Snowball sampling
occurs when enrolled study participants identify possible future study participants among
individuals they know [25].

2.3. Data Collection

Between November 2020 and January 2021, the study team conducted semi-structured
interviews with hospitalists at the four study sites to assess their perspectives on LUS
implementation in their local setting. The interview questions (see Supplementary Ma-
terials) were guided by PRISM [20,21] in order to capture contextual factors that may
affect the perception of LUS by hospitalists and evolved over the course of data collection.
Participants were asked questions related to determinants of LUS for multiple indications
including some questions specifically related to COVID as data collection occurred during
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the pandemic. Because the data suggested that there were many determinants of adoption
unique to the pandemic and, in light of the decreasing impact of COVID in high resource
inpatient settings relative to the time of data collection, responses to questions specific to
COVID will be presented separately, so that the data and themes more representative of
usual practice circumstances can be fully described and discussed here. Data acquired
from questions addressing determinants of LUS adoption unique to the COVID pandemic
will be presented in future writing. Qualitatively trained interviewers (AMM, MF and
JGB) conducted all interviews by phone or video conferencing. Data collection continued
until preliminary analyses indicated thematic saturation, when no additional themes were
emerging from the interviews.

2.4. Data Analysis

The interviews were audio recorded and transcribed verbatim. We applied DOI to
develop a deductive coding framework [18,26]. We allowed for new codes to inductively
arise during the data analysis. Members of the research team (AMM and RM) began the
analysis by immersing in the data and then met to develop the initial coding framework and
definitions based on the DOI domains. A subset of transcripts was independently coded,
and the research team subsequently met to reconcile coding differences and further refine
and develop the coding framework. This process continued until a final coding framework
was agreed upon and finalized. A member of the research team (AMM) applied the
framework to the remaining transcripts with a second member (RM) double coding 20% of
the transcripts to ensure consistency in coding across the transcripts. All discrepancies were
reconciled through consensus. The codebook and analysis were reviewed by another team
member (MF) and a doctoral-trained qualitative expert (MAM). Coded data were analyzed
within and across different hospitals to identify themes that represent the participants’
perceptions of the LUS adopter categories through the lens of DOI.

3. Results

Of the 27 hospitalists invited to interview, a total of 22 (15 adopters, 7 non-adopters)
were enrolled and participated in interviews that lasted 30 to 45 min (Table 2). Median
years post-residency of participants was 10.5 [IQR:5-15]. Recruited hospitalists had a broad
spectrum of LUS experience ranging from novices to experts who routinely used LUS for
diagnosis of multiple disease processes, including pneumothorax, pneumonia, pleural
effusion, and pulmonary edema. Adopter status and training experience was determined
by qualitative data. Participants were designated adopters if they considered diagnostic
LUS a tool they had integrated into their usual care of patients. The site-specific data
presented in Table 3 were collected in qualitative interviews of POCUS leaders from each
site. Participants at site 1 completed a residency with an established three-year POCUS
curriculum that required demonstration of LUS competency before residency graduation
or completed a 7-day POCUS course in which participants received 7 full days of POCUS
didactics and supervised scanning with LUS being one of the included applications. Some
participants at sites 2 and 4 had completed or were in the process of completing the Society
of Hospital Medicine (SHM) POCUS certificate of completion program which consists of
on-line didactics, in person conferences with supervised hands-on scanning, completion of
an imaging portfolio as well as a written and practical examination, with LUS being one of
the required applications. The data fit well within the DOI framework and all attributes of
innovation domains were used.
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Table 2. Characteristics of Participants.

Study Participant
and Site

Years
Post-Residency

General ** POCUS Training in Which # LUS was an
Included Application

Adopter Status

Site 1

1-1 6 7-day course Adopter

1-2 20 7-day course Adopter

1-3 1 3-year residency curriculum Adopter

1-4 15 ** POCUS program founder Adopter

1-5 6 7-day course Non-adopter

Site 2

2-1 10 Completed * SHM certifiation Adopter

2-2 3 Residency and post-residency training Adopter

2-3 5 Residency and post-residency training Adopter

2-4 12 Completed * SHM certification Adopter

2-5 4 Local certification process Adopter

2-6 15 ** POCUS program founder Adopter

2-7 3 Residency, locally certified Adopter

Site 3

3-1 8 Residency and post-residency training Adopter

3-2 25 2-day course Non-adopter

3-3 18 2-day course Non-adopter

3-4 17 ** POCUS program founder Adopter

3-5 12 Brief simulation training and bedside teaching from an expert Non-adopter

Site 4

4-1 2 Completing * SHM certification Adopter

4-2 11 2-day course Non-adopter

4-3 15 2-day course Non-adopter

4-4 15 None Non-adopter

4-5 9 Completing * SHM certification Adopter
# LUS, * SHM—Society of Hospital Medicine, ** POCUS—Point-of-Care Ultrasound.

Table 3. Description of Study Sites.

Site
Hospital

Type

Number of
Hospital-

ists

Number
of Hospi-

talists Who
Have

Received
Training

Number of
Hospital-
ists Who

Have
Adopted

LUS

Estimated
Number of

LUS
Exams

Performed
Annually

Incentives
Offered to
Hospital-

ists

LUS
Credentialing
Process in

Place

External
Funding

for
Training

1 Private 78 78 30 3700 yes no yes

2 Private 100 70 10 1000 yes yes no

3 Government 24 19 3 312 no no no

4 Safety Net 68 16 3 468 no no no
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3.1. Overview of Themes

Four main themes emerged from these data (Table 4): (1) There are important clinical
advantages to LUS despite operator dependence, (2) LUS enhances patient and clinician
experience, (3) Investment of clinician time to learn and perform LUS is a barrier to adoption
but yields improved efficiency for the health system and (4) Mandated training and use
may be necessary to achieve broad adoption as monetary incentives are less effective.
Themes were similar across adopter status and study sites.

Table 4. Themes and subthemes.

Theme Subtheme Exemplar Quotes

Important clinical
advantages of LUS

despite operator
dependence

Increased accuracy and expedited
diagnosis

Perceived advantage of LUS among
nonadopters

Operator-dependence

2-2: I feel that I’m better able to pick up when I have dried out their lungs and
gotten all the extra fluid out sooner with lung ultrasound than other modalities.

1-3: If I come around on rounds at 9:00 a.m. and I say, "Let’s get a chest x-ray," the
chest x-ray comes back at 11:00. Now I’m gonna give ’em one dose of diuretic if
they’re overloaded. Versus if I come around at 9:00 a.m. and I check, and I see

they’re overloaded. I can give ’em two doses. That’s humane, as opposed to making
them be up all night peeing.

3-2: I think ultrasound is much more convenient. You can do it yourself. The
problem is comfort level with it. . . . I feel very comfortable with X-ray whereas

ultrasound, it’s just not as familiar to me.
2-1: I think it’s a sharp object. You can hurt yourself and your patients if you do

it wrong.

Enhanced patient &
provider experience

3-3: By definition, you’re going to be at the bedside. You’re often, as you’re getting
set up, gonna be making small talk about maybe not even the ultrasound but

something else. They might be asking you questions about the ultrasound machine,
and you’re answering them. It just creates a conversation, which can only, in my

opinion, benefit everyone.
1-1: just by doing an ultrasound, you have to be in that room for 10, 15 min. These

days, if you watch any hospital environment, if you put up some kind of tracker
device, the physicians barely spend eight minutes in a patient’s room. The rest of

time goes into your coordination, your—the typing notes, all those things. I think
that, first of all, you’re spending significantly more time in patient’s room, which

they realize it, that this doctor’s been here for a while.

Investment of clinician
time yields improved

efficiency for the health
system

Time to master
Time to perform

Replacement of chest x-rays with LUS
Improved efficiency for the health

system

4-1: I think there’s interest, but again, it’s just a lot of—I think people get scared off
by the commitment of having to go through all of that, the time that’s dedicated to it.

2-3: We’re limited by time. We have many patients to see. Even if you want to
ultrasound more, we’re limited by the amount of time we can spend at bedside,

unfortunately.
1-1: My x-ray use . . . over the last two years has dropped by 70 percent for acute

shortness of breath in the hospital. Any time I get a call, and it’s like, "Oh, this
patient is on oxygen, now four liters, and they’re short of breath," I immediately
just go there with my ultrasound and try to figure things out rather than just—
reflexively, previously I have always ordered an x-ray before I even leave my area

where I’m working.
1-3: Yeah, its [LUS] ability to replace x-ray and CT in many areas will be very
helpful. Additionally, in an outpatient setting, I think that it has huge future

implications for monitoring, preventing the need for people to be getting all these
tests just to return to their primary doctor to discuss things. . . . .., I think, [LUS]
has a real big future in reducing that need for multiple different imaging tests over

the course of days.

Mandated training and
use may be necessary to
achieve broad adoption
as monetary incentives

are less effective

3-4: I think the implementation has been slow for a host of reasons. What’s the
incentive for anybody to take this on aside from being a good doctor or being able to
not miss certain findings? There’s really not a lotta personal incentive . . . . How do
you get to the guy who says, “I hate technology. I don’t wanna change. I’ve been
doin’ my way for the last 20 years. What’s so much better about your way?” You
could say your length of stay and your diagnoses will be better, but what does that

really mean to me? The hospital already harasses me for so many other things.
Length of stay is really their problem, not mine.

2-7: The way that our group compensates is about 80 percent, roughly, base salary
and then 20 percent that’s production-based in some way or another. A component
of that production is RVU driven. I think a point-of-care lung gets 2.4 RVU . . . It’s
not a huge incentive, I would say. I think there are probably easier ways to add some

to your bottom line.
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Participants perceived important clinical advantages of LUS including increased
accuracy and expedited diagnoses. However, they acknowledged that ensuring LUS com-
petency was a prerequisite to improving patient outcomes with its use. Some participants
also perceived LUS as improving both patient and clinician experience.

Participants reported the investment of their personal time to become proficient and
perform LUS exams was one of the biggest barriers to adoption but felt that adoption
had important potential benefits for the health system (i.e., reduced length of stay and
diagnostic testing).

Despite both adopters and non-adopters acknowledging the benefits of LUS, only a
minority of clinicians had adopted LUS, even in environments where portable or hand-
held ultrasound machines were easily accessible and training was incentivized. POCUS
leaders interviewed felt that mandated training and use may be necessary to achieve broad
implementation.

3.2. Important Clinical Advantages of LUS despite Operator Dependence

Increased accuracy and expedited diagnosis: Participants perceived multiple clinical ad-
vantages of LUS over chest x-ray including expedited diagnosis, improved accuracy, and
reduced radiation exposure to patients. Many hospitalists felt LUS outperformed chest
x-rays for multiple common diagnoses including decompensated heart failure, one of
the most common reasons for hospitalization in adults. Hospitalist 1-3 said: you can see
pulmonary edema much better on ultrasound [than chest x-ray].

Both users and nonusers of LUS reported expedited clinical decision-making was an
important clinical advantage of LUS use. Hospitalist 2-3 said: If I have a question ‘Why is this
patient hypoxic?’ and I wanna know it now, I get my ultrasound, and I’m in their room, and I’d do
it right there. Chest x-rays, even if I ordered it stat, will take maybe another 15, 20 min.

Perceived advantage of LUS among nonadopters: All participants regardless of adoption
status perceived potential benefits of LUS use. For example, hospitalist 1-5 who had
undergone extensive LUS training for which he had received a monetary incentive, but had
not yet integrated LUS into his practice said: It’s a better tool than the stethoscope and if I were
training today, I doubt I would be using only a stethoscope. Another nonadopter, hospitalist
4-2 said: I don’t think I need to be convinced. Honestly, I am convinced. It’s more how do I get the
training?

Operator-dependence: A concern expressed by some participants was that the accu-
racy of LUS is operator dependent and inadequate training could result in patient harm.
Although this was acknowledged as a potential risk, it was not necessarily considered
a reason to avoid adoption. Hospitalist 3-3 said: “It could also be pretty inaccurate, just
like the physical exam, just like a poorly done history. When it is more operator-dependent, more
human-centered, it’s gonna have that variability. That’s never been a reason, in my mind, not to...
That just means you need to train up to it and learn it and develop confidence.”

3.3. Enhanced Patient and Clinician Experience:

Participants reported perception of improved patient experience and enhanced thera-
peutic rapport with LUS use, in part because patients received more time and attention
from their clinician. Hospitalist 3-3 said: It gives you more time with the patients, and they
really feel like you’re examining them in a meaningful way. Participants perceived LUS as also
having a clinical advantage of offering an additional and powerful opportunity for patient
education. Hospitalist 1-3 said: I’m looking for a big pleural effusion that I’m gonna tap, I get to
review that effusion with them [the patient], and they’re often like, "Whoa, my gosh." I say, "If you
take your diuretics and you lay off salt, a lotta this can be avoided."

Many clinicians reported LUS use improved their own practice experience. Hospitalist
3-3, who had some experience using LUS but was still in the process of deciding whether
to adopt said: [LUS] benefits you in the enjoyment of your job. [It] benefits the patients and
their feeling of a therapeutic alliance . . . although it’s a technology, some of the . . . more human-
centered aspects of it are, to me, the biggest advantages. In addition, even when LUS findings
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didn’t change management, many participants reported it significantly reduced diagnostic
uncertainty which they felt was valuable. Hospitalist 1-3 said: It makes me have much more
peace of mind when I’m making clinical decisions. And gives them a feeling they are providing
better care: Hospitalist 3-5 said: ”I feel like it allows me to help care for my patients better.”

Clinicians also reported enjoying the ability to answer urgent clinical questions quickly
at the beside without relying on traditional imaging services which have an inherent delay.
Hospitalist 3-3 said: There’s a number of advantages that come with something being point-of-care
that you control, as opposed to having to rely on others. If you have a need for a stat chest x-ray,
that stat can be minutes or it could be an hour or sometimes longer. I think that level of control over
the process, not being reliant on other people, being able to do it yourself, I think is huge.

3.4. Investment of Clinician Time to Perform LUS Is a Barrier to Adoption but Yields Improved
Efficiency for the Health System

Time to learn and perform LUS: Hospitalists describe the investment of clinician time as
the most important disadvantage of LUS adoption. Even at sites 1 and 2 where training
is easily available and even incentivized, the time clinicians needed to invest to attain
proficiency, optimize efficiency and perform LUS once scanning efficiency was optimized
was considered the most important barrier to adoption by both adopters and nonadopters.
Hospitalist 2-1 said: It comes down to time and you have to be extremely self-motivated. I’ve seen
people whose enthusiasm flares up and then it washes away. It happens so, so commonly. That’s the
reason why there’s only so few of us have been able to cross the finish line.

Even after optimal efficiency is obtained, clinicians describe the extra time it takes
at the bedside to perform a LUS exam is a barrier to LUS use. Hospitalist 3-1 said: No.
I think it’s really just the time I think is the biggest factor with it. Yeah, that’s really the biggest
disadvantage I think.

Replacement of chest X-ray with LUS: Multiple clinicians at sites 1 and 2 reported using
LUS as initial imaging in patients with worsening respiratory status and reported greatly
decreased use of chest x-rays since adopting LUS because they felt it was more accurate
and helped them expedite appropriate management. Hospitalist 2-1 stated: In the setting
of a patient whose respiratory status is acutely worsening, I don’t even bother with chest x-ray. I
usually just go with the ultrasound machine.

Reducing the number of chest x-rays was perceived by many participants as one of
the potential advantages of LUS implementation at a system level and consistent with
high-value care. Hospitalist 1-1 said: I do think there’s cost advantage if there’s a reduction in
use . . . because x-ray is a multilevel thing, where somebody comes, takes the patient. Somebody
takes the picture. Somebody reads the picture. Somebody uploads it. There’s like five people going in
the background, giving a bunch of time . . . versus an ultrasound, you have the bedside person just
going there, making a decision right there.

Improved efficiency for the health system: Despite the additional cost of clinician time,
many participants felt adoption of LUS could improve hospital efficiency by expediting
and improving accuracy of diagnoses. Hospitalist 2-2 said: Cost savings is clearly there as
far as doing point-of-care ultrasound during my rounding and making a decision. It may shorten
the length of stay, as far as being able to not wait a half day to get a CAT scan and get a CAT scan
read if you are able to do the lung ultrasound and reassure yourself that the patient—that things
are doing fine and they’re ready for discharge. It also, just the sheer cost of CAT scans is there, so I
think there’s cost savings.

3.5. Mandated Training and Use May Be Necessary to Achieve Broad Adoption as Monetary
Incentives Are Less Effective

At site 1 and 2 where ultrasound equipment and training were easily accessible,
participants reported only partial adoption. A large number of hospitalists in both groups
had undergone training but still had not adopted LUS use in clinical practice.

POCUS leaders at sites 1 and 2 reported using monetary incentives to encourage
clinicians to train and perform POCUS. However, these incentives were perceived as
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having limited utility. Hospitalist 1-4: It [monetary incentives] are not the solution. People that
don’t want to do it, still don’t want to do it with money involved.

Clinicians who had received training but had not yet adopted LUS stated they were
more comfortable with other diagnostic tools and were not sure if their decision-making
would be improved by LUS without a significant additional investment in time using LUS
in clinical practice. Adopters speculated on the reasons why trained clinicians had not
adopted LUS. Many adopters felt that curiosity, perseverance, and younger age predicted
clinicians who were more likely to adopt LUS. POCUS leaders at sites 1 and 2 speculated
that graduate medical education (GME) training requirements or a mandate from leader-
ship would likely be necessary to increase uptake of LUS broadly to the early majority and
late majority adopters.

Hospitalist 1-4 said: You can’t actually get to the endpoint [integration of LUS into actual
practice] until GME is at a longitudinal three-year point-of-care ultrasound integrated place.

Hospitalist 2-6: I would anticipate institutionalizing, meaning this needs to be done.

4. Discussion

In this qualitative study of 22 hospitalists who practice in 4 diverse clinical settings, we
have captured key perceptions of LUS through the lens of DOI that are likely to influence
the rate of adoption by hospitalists. Overall, our findings suggest LUS was perceived by
all study participants as offering relative advantages compared to standard tools including
increased accuracy, expedited diagnosis, and improved patient and clinician experience. In
addition, multiple participants from sites that had easy access to equipment and training
reported that LUS had supplanted chest x-ray in their practice, a finding they perceived
as consistent with high-value care. Although there have been studies demonstrating
introduction of LUS can decrease the use of chest x-rays in intensive care units [27,28], this
is a novel finding among hospitalists.

Through the lens of DOI, many participant perceptions of LUS predict rapid adoption
of LUS by hospitalists. However, our study shows that this is not the case. In terms of
barriers encountered, our findings suggest that in environments in which equipment and
training are not readily available, access to these necessary elements of adoption remain the
most important barriers to adoption. This finding is consistent with previously published
surveys on this topic [16]. In contrast, we found that even in environments in which the
barriers of access to machines and training had been removed, only a minority of clinicians
adopt. In these environments, the biggest barrier to adoption reported by participants
is the clinician time required to attain proficiency and once proficiency is achieved, time
to perform the exam. This is a novel finding that has important implications for future
implementation efforts.

A possible explanation for these findings through the lens of DOI would be that LUS
is highly “complex”; however, this is not consistent with what we know about this tool.
Multiple studies have demonstrated that clinicians can achieve proficiency in performing
LUS exams with very brief training [7,29] and LUS exams can be performed in less than
5 min by an experienced operator [4]. Indeed, even those who have adopted LUS say that
they are unable to utilize it due to time constraints when patient volumes are high. This
signals that it is perhaps the environment and not the intervention that poses the barrier to
adoption.

Our participants describe a practice setting in which a task that takes only a few extra
minutes at the bedside, although perceived as inherently valuable on multiple levels and
consistent with their professional values, is considered too time consuming to perform.
This mandate to maximize efficiency at the expense of connecting with patients and
incorporating new skills that are uniformly perceived as an improvement on traditional
tools is striking. It suggests that the perceived scarcity of time within the current inpatient
environment places physicians at odds with their professional values of performing well
considered clinical decisions, life-long learning and building therapeutic rapport with
patients. Further, this reality exists in an era of rapidly advancing medical knowledge
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and technology. Our findings underscore the current dilemma for individuals in clinical
practice: how does a clinician evolve her practice to adhere to changing practice standards
if the need to optimize productivity, often measured in relative value units, leaves no time
to learn?

Recent studies tying physician burnout to time scarcity [28] raise the question of
whether decreased workloads that allow time for incorporation of new skills into prac-
tice may actually decrease the cost of care by both improving outcomes and health sys-
tem efficiency. Reducing clinician burnout reduces its subsequent negative impact on a
health system, including poor quality clinical decisions and physician turnover, which
are costly [30,31]. The problem of perceived time scarcity also raises the question of how
clinicians are to stay abreast of medical advancement if there is no cognitive space in
their practice to do so and may in part explain the well documented lag in adoption of
evidence-based practices [32].

We must also recognize that although time scarcity was the most commonly cited
factor limiting uptake of LUS by hospitalists, it seems possible the word time may be a
stand-in for a host of factors that serve as barriers to the acquisition of new knowledge
and skills in clinical practice. Literature on human factors engineering and the cognitive
sciences emphasizes ways that environmental design, cognitive load, attention demands,
and task allocation are all elements that contribute to the clinician’s sense of being ‘pressed
for time’ [33,34]. This expanded view of the barrier articulated by study participants has
the advantage of promoting inquiry that will lead to a better understanding how these
factors contribute to the adoption of health innovations by clinicians which in turn can be
applied as targeted changes in infrastructure, culture, and procedures to address barriers
to clinician learning and evidence-based practice.

Some participants felt mandating LUS use may be necessary to achieve uniform
implementation across a department or institution, since monetary incentives were not
perceived as effective. However, our findings underscore a current lack of alignment
between clinician and health system incentives regarding LUS adoption. Given business
models greatly influence decision-making in health care, health system leaders must be
convinced of LUS’s value as measured by increased efficiency and reduced overall cost
before investing in the infrastructure needed to facilitate robust LUS implementation. Until
this is achieved, broad adoption by clinicians is likely to remain unrealized.

Limitations and Future Directions

There are important limitations to this study which must be recognized. First, our
findings represent the viewpoints of hospitalists at 4 teaching hospitals in the United
States. Hospitalists in rural, non-teaching hospitals or hospitals in other countries may
have unique perspectives that were not captured by our study. Additionally, our 4 partici-
pating institutions had national POCUS leaders among their faculty which likely increased
general awareness of LUS among local clinicians. Finally, although we interviewed several
nonusers, early adopters were over-represented in our sample, and it should be emphasized
that these early adopters represent a minority in their practice groups.

These data help us understand both hospitalist perspectives of LUS and environmental
factors that influence their decisions to adopt LUS. These findings will allow us to consider
implementation strategies that address the fundamental barriers in different environments.
Additionally, we captured hospitalist attitudes and patterns of adoption that mirror the
adopter categories proposed in DOI. This observation will allow us to create and test
implementation strategies using audience segmentation messaging. However, the major
finding of these data is hospitalists interviewed felt that time was such a limited resource in
their practice that it precluded integration of LUS use despite acknowledging the multiple
benefits to patient care. This suggests implementation strategies that target institutional
buy-in and policy will be needed to achieve complete implementation.
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5. Conclusions

The hospitalists interviewed perceive LUS as having important benefits for patients,
clinicians and health systems. The time required to master and perform LUS was perceived
to be an important barrier to its adoption by hospitalists. This finding highlights the crises
of perceived time scarcity in clinical practice and its impact on the adoption of health
innovations by clinicians.
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Abstract: Background: The ultrasound examination is a surface technique with an accurate diagnosis
of pathological processes adjacent to the pleural line. The purpose of the study was to evaluate the
role of hand-held ultrasound devices (visual stethoscopes) in the diagnosis of peripheral lung disease.
Methods: We conducted a systematic search of literature comparing the diagnostic accuracy of truly
hand-held ultrasound devices compared to conventional high-end ultrasound devices, chest X-rays,
thoracic CT (computer tomography), or physical examinations to diagnose peripheral lung lesions.
ScienceDirect, PubMed, and PubMed Central bibliographic databases were searched within a time
limit of 15 years. Results: The applied search strategy retrieved 439 studies after removing duplicates;
34 were selected for full-text review, and 15 articles met all inclusion criteria and were included in
the analysis. When comparing hand-held ultrasound devices to chest X-rays, negative predictive
values were above 90%, while positive predictive values tended to be lower (from 35% to 75.8%).
Hand-held ultrasound reached a correlation of 0.99 as associated with conventional ultrasound with
a Bland–Altman bias close to zero. Conclusions: Being accessible, radiation-free, and comparatively
easy to decontaminate, hand-held ultrasound devices could represent a reliable tool for evaluating
peripheral lung diseases. This method can be successfully employed as an alternative to repeated
X-ray examinations for peripheral lung disease monitoring.

Keywords: lung ultrasound; hand-held ultrasound device; lung disease; COVID-19 (Coronavirus
Disease 2019)

1. Introduction

Ultrasound is a medical technique that has recently begun to be used for investigating
lung disease, which was a surprising turn for medical imaging technology [1,2]. For
years, the method was thought to be of little use in this area because the air in the lung
scatters and impedes the transmission of sound waves. However, the lung’s surface is
a strong reflector of ultrasound waves and thus creates several reverberation artifacts.
However, these artifacts contain valuable information and correlate with the current lung
pathophysiology [3].

Expert recommendations support the use of ultrasound examination for a vast array of
lung diseases such as pleural effusions, interstitial pulmonary lesions, lung consolidations,
etc., and in different settings, including at point-of-care [4–7]. Lung ultrasonography
gives results comparable to thoracic computer tomography (CT) scanning while having the
advantages of portability, repeatability, low cost, and absence of irradiation [8]. Coronavirus
Disease 2019 (COVID-19) generally begins in the terminal alveoli, close to the pleura, and
can be clearly observed by lung ultrasound [9]. Lung ultrasound is a surface imaging
technique useful in cases of acute respiratory failure, and bedside US should be performed
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for the early diagnosis of COVID-19 pneumonia in all the patients who present to the
emergency department with flu-like symptoms in the era of novel COVID-19 [10].

Several hospitals in COVID hotspots are using hand-held ultrasound. Using these
systems, they are examining patients to determine whether they should be admitted and, if
so, whether they need intensive care [11]. The absence of ionizing radiations means doctors
can use the devices every day to closely track the course of the disease. On the other hand,
auscultation presents a high risk of nosocomial transmission because a stethoscope cannot
be covered entirely by protective equipment [12].

Several organizations, such as the Canadian Association of Emergency Physicians,
and experts recommend using a wireless probe and tablet as the most appropriate ultra-
sound equipment, as they can be easily wrapped in single-use plastic covers to reduce
contamination and promote sterilization. It is possible to put a sheath around the entire
system to prevent any pathogens from contaminating it [13–16].

No systematic review regarding the accuracy of hand-held ultrasound devices for
scanning peripheral lungs diseases has previously been conducted. Considering the
recommendations to use hand-held ultrasound devices because of their portability and
reduced risk of contamination, we performed a systematic search of the literature to assess
pocket-size devices’ performance as a diagnostic method for lung pathology.

2. Materials and Methods

This review was performed in accordance to the PRISMA (Preferred Reporting Items
for Systematic Reviews and Meta-Analyses) guidelines. The study protocol was registered
in PROSPERO with the registration number CRD42021242620.

2.1. Search Strategy

The search strategy was constructed to address the following:

• Problem: lung disease
• Intervention: hand-held (pocket-sized) ultrasound (US)
• Comparisons: X-ray OR conventional US OR computer tomography (CT)
• Outcome: accuracy
• Study design: any

We conducted the literature search in PubMed, ScienceDirect, and PubMed Central
(PMC) bibliographic databases, from 2006 to 8 April 2021, covering the 15-year period that
marked hand-held ultrasound devices’ appearance and development. The search strategy
was designed and carried out with input from all investigators.

The following string was used in searching the PubMed database: (pneumonia[Title/
Abstract] OR lung[Title/Abstract] OR respiratory OR coronavirus[Title/Abstract] OR
COVID-19[Title/Abstract])[Title/Abstract] AND (portable[Title/Abstract] OR hand-
held[Title/Abstract] OR handheld[Title/Abstract] OR pocket-size[Title/Abstract] OR
visual stethoscope)[Title/Abstract] AND (ultrasound[Title/Abstract] OR ultrasonogra-
phy[Title/Abstract] OR visual stethoscope)[Title/Abstract].

2.2. Study Selection

Our predetermined list of exclusions included:

(1) non-English study;
(2) impossible to obtain the full-text considering the university subscription to biblio-

graphic databases or the request submitted to the first or the corresponding author, or
payment for the full-text article;

(3) article type (e.g., opinion of the experts, editorials, case reports, abstracts, commentary,
book chapters, etc.);

(4) not truly-portable ultrasound devices or portable US devices (at the size of a laptop);
(5) no comparison of hand-held ultrasound examination with physical examination,

biological testing or other imaging methods (e.g., X-ray, conventional US, computer
tomography (CT), etc.);
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(6) lung ultrasound performed by non-doctors (e.g., medical students, nurses) or using
portable US devices (small devices compared to the console-style ultrasound machines
that can be carried out by hand);

(7) the studies not applied to human subjects. Duplicated studies were excluded during
the screening.

The articles’ selection involved a two-step screening process and was conducted after
eliminating the duplicated titles using the Conditional Formatting features of Microsoft
Excel. In the first step of screening, two independent researchers screened each article’s
titles and abstracts for relevancy to hand-held US screening of peripheral lung diseases. In
the second step, the full texts were screened by two independent researchers who assessed
the studies for inclusion. In both screening steps, any disagreement was resolved by the
intervention of a third independent reviewer, if necessary.

Articles that described hand-held lung ultrasounds performed by non-doctors (e.g.,
medical students, nurses), those that referred to veterinary medicine, or those that involved
were excluded.

2.3. Data Extraction

Data extraction was performed using a self-developed extraction form. The following
data were extracted independently by two individual researchers:

(1) study settings (e.g., when?, where?);
(2) study design (e.g., target condition, index test, comparative test, methods to estimate

the accuracy of the hand-held US, etc.);
(3) study results (e.g., eligible subjects, evaluated subjects, characteristics of the evaluated

patients, accuracy parameters).

2.4. Quality of Reporting Assessment

The quality of the studies included in the systematic review was evaluated by the
QUADAS-2 tool (Quality Assessment of Diagnostic Accuracy Studies 2) [17].

2.5. Presentation of the Findings

The results were reported using a narrative method: tabulation of the study char-
acteristics (e.g., year, country/region, condition studied, etc.), diagnosis methods (index
test and comparator test), characteristics of the sample (e.g., number of participants, age,
gender), and reported accuracy methods. The evaluated risk of bias and applicability was
conducted for the following domains: patients selection, index test, reference standard,
flow and timing.

3. Results

Four hundred and fifty-three articles were retrieved from all search bibliographic
databases and 15 studies were evaluated (Figure 1): Bedetti et al. [18], Kajimoto et al. [19],
Lisi et al. [20], Cogliati et al. [21], Filopei et al. [22], Platz et al. [23], Sforza et al. [24], Phillips
and Manning [25], Bobbia et al. [26], Bensted et al. [27], Lima et al. [28], Newhouse et al. [29],
Jalil et al. [30] Dini et al. [31], Bennett et al. [32].

Five out of the 15 studies were conducted in Italy [15,17,18,25,32,33] and in most
cases, eligible subjects on a specific period of time [23–26,28,30–32] were evaluated with
a hand-held US device (Table 1). In the majority of cases, the role of the index test
(namely HHUS, hand-held ultrasound) was diagnostic [19–24,26,27,30,32,33] followed
by screening [28,29,32] and only one study as triage [24]. One of the included studies was
a pilot study (Bobbia et al. [26]).
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Figure 1. Flowchart of the literature screening (HHUS = Hand-Held UltraSound).

Table 1. Characteristics of the reviewed studies.

Study, Year [Ref.] Location Sign/Disease Index Test Device Comparator Test

Bedetti et al., 2006 [18] Pisa, Italy
ultrasound lung comets

(ULC) (extravascular
lung water)

Optigo (Philips,
Andover, MA, USA)

(“low-tech beginner”)
conventional US

Kajimoto et al., 2012
[19] Tokyo, Japan pulmonary disease Vscan (GE Healthcare,

Japan) chest X-ray

Lisi et al., 2012 [20] Siena, Italy pleural effusion Vscan, Horten, Norway
(1.7–3.8 MHz) chest X-rays

Cogliati et al. 2014 [21] Milan, Italy
interstitial lung disease

in patients with
rheumatoid arthritis

VSCAN, GE
Healthcare,

Fairfield, CT, USA)
supporting a phased

array transducer
(1.7–3.8 MHz).

conventional US,
high-resolution CT

Filopei et al., 2014 [22] New York City, NY,
USA Dyspnea *

Vscan; GE Vingmed
Ultrasound, Horten,

Norway
chest X-ray, CT

Platz et al., 2015 [23] unclear pulmonary
edema—heart failure VScan, General Electric conventional US

Sforza et al., 2017 [24] Italy acute or worsening of
chronic dyspnea

Vscan (General Electric
Healthcare chest X-ray
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Table 1. Cont.

Study, Year [Ref.] Location Sign/Disease Index Test Device Comparator Test

Phillips and Manning,
2017 [25] Boston, MA, USA

interstitial edema,
pleural effusion,

pneumonia, and the
presence of a
central line

Vscan (GE
Vingmed Ultrasound

A/S, Horten, Norway)

chest X-ray and
conventional
transthoracic

echocardiography
(TTE)

Bobbia et al., 2018 [26] France acute respiratory
failure

Vscan Dual probe,
GE Hea CT, conventional US

Bensted et al., 2018 [27] Sydney, Australia
pneumothorax after
transbronchial lung

biopsy

Vscan; GE
Healthcare,

Chicago, IL, USA)
chest X-ray

Lima et al., 2019 [28] Nepal
subclinical pulmonary

edema on healthy
volunteers

iViz (FUJIFILM
SonoSite, Inc)

Ancillary
measurements
included pulse

oximetry (SpO2; %),
heart rate (HR; /min),

and blood pressure (BP;
mmHg)

Newhouse et al. 2020
[29] Adelaide, SA, Australia unilateral pleural

effusion
Signostics

Uscan© hand-held US conventional US

Jalil et al., 2020 [30] TX, USA SARS-CoV-2
pneumonia

Vscan Extend Dual
Probe, GE

chest X-ray,
SARS-CoV-2 PCR

testing

Dini et al. 2020 [31] Pavia, Italy COVID-19 pneumonia CERBERO (ATL,
Milano, Italy)

nasopharyngeal swab
testing for COVID-19

Bennett et al. 2021 [32] Siena, Italy COVID-19 pneumonia Butterfly iQ conventional US

* (1) exacerbation of chronic obstructive pulmonary disease or asthma (COPD/asthma), (2) acute pulmonary edema (APE), (3) pneumonia
(PNA), (4) pulmonary embolus (PE), (5) pneumothorax (PTX), (6) pleural effusion (PLEFF), and (7) other (OTH), namely anemia, ascites,
and dehydration.

The number of eligible participants were reported by four studies and were equal
with 39 (Cogliati et al. 2014 [21]), 37 (Platz et al., 2015 [23]), 198 (Bensted et al., 2018 [27])
and 54 (Newhouse et al. 2020 [29]). The evaluated sample ranged from 18 (Bennett et al.
2021 [32]) to 165 (Bensted et al., 2018 [27]) (Table 2). The characteristics of the evaluated
subjects and the reported metrics for assessing the accuracy are summarized in Table 2.

Table 2. Demographics of the evaluated subjects and reported accuracy metrics.

Study, Year [Ref.] Sample Size Age, Years Men Accuracy Metric

Bedetti et al., 2006 [18] 20 66 ± 12 18 (90.0)
Feasibility: 100%; Mean ULCs: 35.7 ± 25.3

(“high-tech veteran”) vs. 34.2 ± 26.8
(“low-tech beginner”)

Kajimoto et al., 2012
[19] 90 78.1 ± 9.9 45 (50.0) Se = 96.2%, Sp = 54.0%, NPV = 90.9%,

PPV = 75.0%,

Lisi et al., 2012 [20] 73 68.4 ± 9.2 41 (56.2) AUC = 0.99, Se = 91.7%, Sp = 99.9% for PE
(pleural effusion) >100 mL

Cogliati et al., 2014 [21] 29 64.87 ± 9.9
n = 39

10 (25.6)
n = 39

LUS using a PS-USD: Se = 89% (95%CI = [68
to 100]), Sp = 50% [28 to 72], n = 29

Filopei et al., 2014 [22] 69 69 ± n.a. (52.2)

Se = 36% and Sp = 100% for
pneumonia—focus training group vs.

Se = 89% and Sp = 100% for pulmonary
edema—extended training group
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Table 2. Cont.

Study, Year [Ref.] Sample Size Age, Years Men Accuracy Metric

Platz et al., 2015 [23] 21 73 (36 to 86) 17 (81) number of B-lines: Wilcoxon signed-rank
test

Sforza et al., 2017 [24] 68 78 ± 12 43 (62)

Se = 92.6% [74.2 to 98.7], Sp = 80.5% [64.6 to
90.6], PPV = 75.8% [57.4 to 88.2],

NPV = 94.3% [79.5 to 99], Acc = 85.3% for
interstitial syndrome / effusion

Phillips and Manning,
2017 [25] 64 * 70 ± 15 n.a.

Concordance PS-USD—X-rays: 80%
(interstitial edema), 77% (pleural effusion),

92% (pneumonia), 81% (central line)

Bobbia et al., 2018 [26] 10 62 ± 16 5 (50)

Kappa coefficient PUD—CT using vascular
probe (6–14 MHz): 0.62 [0.37 to 0.86] for
experts and 0.68 [0.44 to 0.91] for trained

physicians

Bensted et al., 2018 [27] 165 44 (mean value) 80 (48.5) Se = 75%, Sp = 93%, PPV = 35%, NPV = 99%

Lima et al., 2019 [28] 20 24.7 ± 5.8 9 (45)
B-line Scores at different altitude: 3 (1400m),

0 (3440 m), 1 (3820 m), 17 (4240m),
12 (5160m)

Newhouse et al., 2020
[29] 53 72.9 ± 12.7 27 (50) No accuracy assessment; image ratings

Jalil et al., 2020 [30] 69 64 ± n.a. 34 (49) LUS vs. RT-PCR testing: Se = 91%,
Sp = 86%, PPV = 86%, NPV = 91%

Dini et al., 2020 [31] 150 88 ± n.a. n.a. (15)
Se = 79% in predicting positive

naso-pharyngeal testing, Sp = 57%,
PPV = 74%, NPV = 62%

Bennett et al., 2021 [32] 18 77.6 ± 10 14 (n.a.)

PS-USD vs. conventional US: Pearson
correlation coefficient 0.99, Bland–Altman

bias close to zero (absolute level of
bias—0.016)

Age is reported as mean±standard deviation or median (range), where range = (first quartile to thirs quartile); n.a. = not available;
Data regarding the men are reported as number (%); 95% confidence intervals [lower bound to upper bound]; * 108 examinations;
ULCs = ultrasound lung comets; Acc = accuracy; Se = sensitivity; Sp = specificity; NPV = negative predictive value; PPV = positive
predictive value; PUD = pocket ultrasound device; LUS = lung ultrasound; PS-USD = pocket-size ultrasound device; CT = computed
tomography; RT-PCR = reverse transcriptase-polymerase chain reaction.

Seven studies included in the analysis had a low risk of bias, and they had a low risk
of applicability concerns (Table 3).

Table 3. QUADAS-2 quality assessments of evaluated studies.

Study, Year
[Ref]

Risk of Bias Applicability Concerns

CommentsPatient
Selection

Index
Test

Comparator
test

Flow and
Timing

Patient
Selection

Index
Test

Comparator
Test

Bedetti
et al., 2006

[18]
unclear unclear unclear low low low low

Kajimoto
et al., 2012

[19]
unclear low low low low low low

Lisi et al.,
2012 [20] low low low low low low low X-ray followed by

hand-held US
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Table 3. Cont.

Study, Year
[Ref]

Risk of Bias Applicability Concerns

CommentsPatient
Selection

Index
Test

Comparator
test

Flow and
Timing

Patient
Selection

Index
Test

Comparator
Test

Cogliati
et al., 2014

[21]
low low low low low low low

A short-trained
physician, who
underwent two

sessions of 3h each
for recognition of

B-lines

Filopei
et al., 2014

[22]
low high low low low low low Brief report

Platz et al.,
2015 [23] low low low low low low low

Sforza et al.,
2017 [24] low low low low low low low

Phillips
and

Manning,
2017 [25]

low low unclear unclear low low low

Different results
reported in the

abstract and in the
body of the
manuscript

Bobbia
et al., 2018

[26]
low high unclear low low low low

Bensted
et al., 2018

[27]
low low low low low low low 17 patients with

pneumothorax

Lima et al.,
2019 [28] low low low low low low low

Newhouse
et al., 2020

[29]
low low low low low low low

Jalil et al.,
2020 [30] high low low low low low low

Dini et al.,
2020 [31] low low low unclear low low low

Bennett
et al., 2021

[32]
unclear low low low low low low

Two different
operators, both
experts in lung

ultrasound

4. Discussion

4.1. Main Findings

The studies included in this systematic review have significant heterogeneity regarding
the evaluated pathology, sample size, performance metrics, and comparators but indicate
the utility of hand-held lung ultrasound. Less than half (seven studies) of the evaluated
studies showed a low QUADAS-2 risk of bias, and in most of the cases, the studies with low
risk of bias evaluated less than 30 patients with limited generalizability of reported results.
As the hand-held US devices emerge towards the point-of-care examination, these technical
solutions must be evaluated to show their clinical utility, relevance, and diagnosis accuracy.
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4.1.1. Hand-held Ultrasound and Physical Examination

Overall, hand-held ultrasound (HHUS) devices have been shown to have superior
accuracy when compared with physical examination. Filopei et al. [22] showed that
residents, after undergoing a brief training in lung ultrasound, are significantly better at
diagnosing acute pulmonary edema, pneumonia, and pleural effusions than when they
use physical examination alone. Melbye [33] and Gustafsson et al. [34] also consider that
lung auscultation for rales and crackles, as well as other clinical data, are not reliable and
do not have sufficient sensitivity nor specificity for identifying patients with lung disease.
Gustafsson et al. [34] also showed the reliability of the HHUS in the identification of the
pulmonary congestion signs.

4.1.2. Hand-Held Ultrasound and Thoracic Radiography

Philips and Manning [25] found a good concordance between X-rays and lung HHUS
for various lung diseases, such as pneumonia, pleural effusions, and interstitial lung dis-
eases. They also found that lung ultrasound might anticipate the resolution of pulmonary
edema faster than chest X-ray [25]. Bensted et al. [27] and Kajimoto et al. [19] reported
lower positive predictive values opposite to the negative predictive value, which was very
high. A possible explanation is that small subpleural lesions can be seen better with the help
of ultrasound while being overlooked by chest X-ray, accounting for a higher rate of false
positives if using chest X-ray as a comparator. This finding supported the results reported
by Bourcier et al. [35], who used a portable ultrasound device and chest X-ray examina-
tions with patients who had already been diagnosed with acute pneumonia (Se = 95%
for ultrasound examination, and 60% for the chest X-ray p < 0.05; NPV = 65% for lung
ultrasound against 25% for radiography, p < 0.05). Filopei et al. [22] showed that peripheral
lesions (e.g., Kerley B lines, pleural effusions, subpleural consolidations) could be detected
by HHUS with higher accuracy than deeper lesions (e.g., chronic broncho-obstructive
pulmonary disease).

In all articles included in this review, only lesions present in the superficial (subpleural)
areas of the lung can be visualized with HHUS, which is consistent with prior research.
The sensitivity of lung ultrasound may be higher for peripheral lesions than in the case of
X-rays, and this makes ultrasound particularly suitable for detecting COVID-19 lesions,
which evolve in a centripetal direction (start in the periphery and spread towards the
central part of the lung). This means lung involvement in COVID-19 infection could be
detected early, possibly with greater sensitivity than with X-ray examination but also with
a risk of false positives that needs to be further investigated. These results are in line with
the findings reported in a meta-analysis that compared the accuracy of chest X-ray and
LUS for diagnosing acute pulmonary edema, reporting that lung ultrasound can diagnose
15 more cases than chest X-ray without an increase in the number of false positives [36].
Future prospective studies would be useful to determine if lung ultrasound in the initial
evaluation of suspected acute pulmonary edema patients improves diagnosis, treatment,
and outcomes of these patients, even for conventional or pocket-size US devices.

4.1.3. Hand-Held Ultrasound and Computed Tomography

Thoracic CT is usually seen as the gold standard when investigating lung pathology,
but it is not always the first choice because of the risk of radioactive exposure, especially
in high-risk groups (e.g., children, pregnant women), and the examination requires high
costs [37]. Similarly, critically ill patients whose conditions can change rapidly demand re-
peated examinations. HHUS has proven high sensitivity, and low specificity for identifying
interstitial lung disease when comparing lung HHUS with high-resolution CT and with
high concordance between HHUS and CT was high [21]. In the same study, pocket-size
ultrasound devices were found to provide a diagnostic yield similar to higher-level de-
vices [21]. Bobbia et al. [26] compared the accuracy of various types of ultrasound probes
while using CT as a gold standard with both experienced and novice physicians and find
a good concordance only with trained and expert physicians. The agreement between
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LUS and CT was poor for residents, revealing the necessity for training standards for
novices [26]. Buonsenso et al. [38] reported conventional lung ultrasound (LUS) as more
sensitive than chest X-ray for diagnosing COVID-19 lesions with a high correlation between
LUS and CT on this category of patients.

4.1.4. Hand-Held Ultrasound and High-End Ultrasound

Tight concordance between HHUS and high-end ultrasound evaluations is reported in
the scientific literature, even when comparing experts using a high-tech device with begin-
ners using a hand-held ultrasound device [18]. A possible explanation is the fact that lung
ultrasound is easier to perform than other types of ultrasound. Furthermore, the HHUS
devices incorporate algorithms that guide the users towards the image. Bennett et al. [32]
reported an absolute level of bias equal to −0.0016 (995 confidence interval [−0.054 to
0.021], Bland-Altman method) when the LUS score was compared to a pocket-sized ultra-
sound score on patients with COVID-19. Furthermore, a high concordance was reported
between the two methods (0.990, 95%CI [0.980 to 0.995]) [32]. The Bennett et al. [32] study
was cited in a NICE (National Institute for Health and Care Excellence) medtech innovation
briefing on nice.org.uk [39]. Burleson et al. [40] reported the use of Butterfly iQ+ device
in rural east Africa (no comparator) on evaluation of different systems (e.g., pulmonary,
cardiac, abdominal, and musculoskeletal). Five emergency physicians evaluated the per-
formance of the Butterfly iQ+. They considered that it performed well and met their
needs for point-of-care ultrasound. The use of the same probe for whole-body scanning,
good image quality for most indications, and the low cost were the main advantages of
the Butterfly iQ+ device. Disadvantages included lower quality for cardiac imaging and
frequent overheating, which means the investigator needs to pause the examination to
wait for the cooling of the device [40]. In Saudi Arabia, the same device was used by
Rajendram et al. [41] to assess the presence of shunts using saline microbubble enhanced
transthoracic echocardiography and lung ultrasound, suggesting the usefulness of this
combined approach in the identification of the shunt etiology. An ongoing study evaluates
the utility of self-administrated LUS under teleguidance from a medical professional of the
same device (Butterfly iQ+) on COVID-19 positive subjects [42].

4.2. Lung Ultrasound in Systematic Reviews

Trauer et al. assessed the utility of conventional LUS in COVID-19, showing higher
sensitivity than chest X-ray and possibly than CT [43]. The systematic review reported by
Hew et al. [44] showed high sensitivity (from 0.91 to 1.00) and moderate specificity (from
0.78 to 1.00) of chest ultrasound examination in the identification of radiological consol-
idations in patients with acute respiratory failure. However, all evaluated studies were
with a high risk of bias and thus questionable regarding the applicability. Hew et al. [44]
highlighted the necessity to report the time when the ultrasound examination was per-
formed because the more time elapses before performing the ultrasound examination, the
more likely it is that the lesions would progress to a detectable extent without improving
patient outcome. This boosts ultrasound sensitivity, overstating its utility as an initial test.
Additionally, analyzing lung regions instead of lungs as a whole inflates specificity, giving
the misleading appearance of increased precision [44]. Further studies should be conducted
using patients as the unit of analysis, since they are the unit of clinical management.

4.3. Key Advantages of Hand-Held Ultrasound Devices for Lung Scanning

Pocket-size ultrasound devices can be adequately cleaned and disinfected from one ex-
amination to the next one. In contrast with a high-end ultrasound device, a smaller machine
can be fully covered by a protective sheath that can be changed after each use [45]. The
use of CT scans and multiple chest X-rays requires the transportation of the patient to the
radiology department, increasing the risk of contamination, while pocket-size ultrasound
provides point-of-care examinations [46].
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Another advantage of lung ultrasound is the monitoring of the disease progression,
enabling repeated examinations at every change of the clinical presentation or evaluating
treatment efficacy. This is even more important in vulnerable populations, such as pregnant
women and children, in whom exposure to radiation can thus be avoided. The performance
of hand-held ultrasound devices for lung imaging offers a solution for the challenges posed
by traditional imaging methods.

4.4. Technological Advancement in Lung Ultrasound

The developers of conventional and hand-held ultrasound devices currently explore
the inclusion of artificial intelligence (AI) to increase image quality and assisted diagnosis.
Roy et al. [47] developed and used a deep learning (DP) algorithm to estimate pixel-level
segmentation translated in the overall pathological score [16] of LUS images on COVID-19
positive patients. The higher reported accuracy was 0.96, but external validation using a
larger database is needed to validate the proposed DP algorithm. Evans et al. [48] reported
the LUS evaluation with robotic ultrasound equipment that allows the sonographer to
perform an examination using a robotic arm located at the patient’s bedside, enabling a
minimal exposure to disease.

Artificial intelligence algorithms were also used to automatically count LUS B lines
and consolidations, using the data to calculate a lung score that indicates the severity of
infection [11]. The same team is also working on advanced apps for its hand-held systems
called Vscan [11] allowing inexperienced users to perform high-quality examinations.
Philips created the Anatomically Intelligent Ultrasound suite technology, recreating the
optimal version of the diagnostic view, automatically computing measurements three to
six times faster than manual methods [49].

4.5. Downsides of Hand-Held Ultrasound Devices

Despite their advantages, the hand-held probes also have some disadvantages that
must be listed [50]:

• Battery life is reduced (2–3 h), and recharging takes approximately 6 h
• Inability to perform prolonged scanning because of overheating, with temperatures

rising after 15–20 min, which freezes all imaging until the device has cooled down
• Inferior image quality reported by a majority of users
• It is impossible to perform a comprehensive ultrasound examination because of the

lack of spectral Doppler, tissue Doppler and other specific measurements offered by
fully-featured conventional devices. However, this is not necessarily applied for lung
ultrasound, which does not usually require advanced US techniques.

4.6. Limitations of the Study

This article provides a comprehensive view of the application of hand-held ultrasound
devices in the evaluation of lung lesions, comparing this method with imaging techniques
used in clinical practice.

However, some limitations of our study must be listed. First, the used search string
did not include all types of lung pathology, limiting the reported findings to the peripheral
lung lesions. Thus, the presented results cannot be generalized to all pulmonary diseases.
Second, since the technology is still emerging, the number of studies included in the
systematic review is limited. Considering the small number of studies and diversity of
comparators, the heterogeneity between studies is high. The different parameters that were
assessed by each study prevented meta-analysis and limited comparisons between studies.
The various lung lesions identified during ultrasound lung examinations, such as B-lines
and lung effusion, have relatively low specificity and can be observed in several lung or
cardiac diseases. Third, although the risk of bias regarding the patient selection, index test,
comparator test, and timing of the investigation was assessed to be low, the QUADAS-2
tool does not evaluate the blinding of the examiners. Unclear or incomplete blinding to
clinical or comparator examination may have influenced outcomes. Forth, not all of the
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hand-held ultrasound devices listed in our study (e.g., Optigo) are still on the market from
when the study was conducted. Another device that was used in one of the presented
studies, Uscan, was designed for urological examination and not for pulmonary imaging.
Some devices, which have been shown to have very good image quality and for which we
have not identified studies conducted on lung pathology, are not present in this review.

5. Conclusions

Being accessible, radiation-free, and—due to its small size—theoretically easy to
decontaminate, hand-held ultrasound devices could represent a reliable evaluation method
for peripheral lung diseases. However, further research is needed to clarify their accuracy,
reliability, and reproducibility. In the case of peripheral lung lesions, hand-held ultrasound
can be successfully employed as an alternative to repeated X-ray examinations.
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Abstract: Point-of-Care ultrasound (POCUS) is an invaluable tool permitting the understanding of
critical physiologic and anatomic details wherever and whenever a patient has a medical need. Thus
the application of POCUS has dramatically expanded beyond hospitals to become a portable user-
friendly technology in a variety of prehospital settings. Traditional thinking holds that a trained user
is required to obtain images, greatly handicapping the scale of potential improvements in individual
health assessments. However, as the interpretation of ultrasound images can be accomplished
remotely by experts, the paradigm wherein experts guide novices to obtain meaningful images that
facilitate remote care is being embraced worldwide. The ultimate extension of this concept is for
experts to guide patients to image themselves, enabling secondary disease prevention, home-focused
care, and self-empowerment of the individual to manage their own health. This paradigm of remotely
telementored self-performed ultrasound (RTMSPUS) was first described for supporting health care
on the International Space Station. The TeleMentored Ultrasound Supported Medical Interventions
(TMUSMI) Research Group has been investigating the utility of this paradigm for terrestrial use.
The technique has particular attractiveness in enabling surveillance of lung health during pandemic
scenarios. However, the paradigm has tremendous potential to empower and support nearly any
medical question poised in a conscious individual with internet connectivity able to follow the
directions of a remote expert. Further studies and development are recommended in all areas of acute
and chronic health care.

Keywords: point-of-care ultrasound; patient self-care; telementoring; informatics; community out-
reach (Min. 5–Max. 8)

1. Introduction

Point-of-Care ultrasound (POCUS) is an invaluable tool permitting the understanding
of critical physiologic and anatomic details wherever and whenever a patient has a medical
need. Thus, the utilization of POCUS has dramatically expanded beyond hospitals to
become a portable user-friendly technology in a variety of prehospital settings. Traditional
thinking holds that a trained user is required to obtain images, greatly handicapping the
potential improvement in individual health assessments. However, as the interpretation
of ultrasound images can be accomplished remotely by experts, the paradigm wherein
experts guide novices to obtain meaningful images that facilitate remote care is also being
embraced worldwide. The ultimate extension of this concept is for experts to guide patients
to image themselves, enabling secondary disease prevention, home-focused care, and self-
empowerment of the individual to manage their own health. This paradigm of remotely
telementored self-performed ultrasound (RTMSPU) was first described for supporting
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health care on the International Space Station. The TeleMentored Ultrasound Supported
Medical Interventions (TMUSMI) Research Group thereafter investigated the utility of
this paradigm for terrestrial use. The technique has particular attractiveness in enabling
surveillance of lung health during Pandemic scenarios. However, the paradigm also has
tremendous potential to empower and support nearly any medical question poised in a
conscious individual with Internet connectivity able to follow the directions of a remote
expert. Further, studying the interaction between remote experts and local individuals
could be utilized to design artificial intelligence algorithms capable of guiding quality
image acquisition without connectivity. Images could be sent asynchronously when limited
connectivity is re-established and then interpreted, with recommendations from the expert
sent back to the individual asynchronously. This approach could potentially further expand
the utility of this technology to austere and disconnected environments.

2. Concepts

POCUS is an invaluable diagnostic tool for innumerable diagnostic, interventional,
and educational uses. Thus the World Health Organization has long recognized ultrasound
as one of the most important technologies the developing world requires and considers
its access a minimal global standard [1,2]. Ultrasound technology and equipment have
dramatically improved in terms of capability and portability while being ever more eco-
nomical [3]. This allows powerful ultrasound equipment to be more readily available
in many locations where there may not be a trained and experienced ultrasonographer.
Fortunately, of all the imaging technologies, ultrasound imaging has long consisted of
two linked but separate processes—image generation and image interpretation [4], and
even in quaternary care hospitals, these processes are typically performed separately by
ultrasound image generating technicians and interpreting radiologists. Thus, this enables
the interpreting ultrasonographer to be in almost any location on the planet as long as
reasonable two-way communication is permitted, such that a remote expert can guide the
person holding the probe to obtain images that can be thus interpreted by the expert. When
the person holding the probe is less experienced and is being mentored this concept is
designated Remote Telementored Ultrasonography (or sonography) (RTMUS) [5–7]. When
the novel person is being remotely mentored to generate images of themself, we have
designated this as Remote Telementored Self-Performed Ultrasound (RTMSPUS) [8–10].

3. The Space Medicine Origins of Remote Telementored Self-Performed Ultrasound

Just as ultrasound is an ideal tool in resource limited settings on Earth [11], so it
has been appreciated in space [12]. Thus, the only diagnostic imaging capability ever
transported off the planet Earth into true space onboard the International Space Station,
is diagnostic ultrasound [6,13]. Thus ultrasound has been incorporated as a backbone
of space medicine protocols looking at various outside-the-box applications [14]. This
paradigm has been accomplished despite the absence of a trained sonographer onboard the
ISS through the use of informatics and remote guidance by remote ground-based experts
using RTMUS [6,15,16]. In this paradigm, the ground-based expert(s) are responsible for
guiding the astronaut in space to move the probe to generate real-time images that the
terrestrial expert can see, correct, and evaluate. This experience has typically involved one
astronaut imaging another, but it also introduced the RTMSPUS concept.

As there is extreme competition for every minute of time onboard the ISS, it was
found to be more efficient to have an astronaut image themselves, as to have them image
another crewmember which requires double the human resources. Thus, astronauts were
guided and demonstrated the feasibility of RTMSPUS of the peritoneal cavity (Focused
Assessment with Sonography for Trauma exam), echocardiography [17], a full urinary
system examination of the retroperitoneum and pelvis [18], assessment of the jugular
venous pressure (JVP) [19], and even panoramic ultrasound depictions of muscle mass [20],
Self-scanning has particular attributes in weightlessness wherein Hamilton commented
that it has the advantage of self-stabilization and no concern of the subject floating away
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from the operator in microgravity [17]. It was further noted that the sensitivity, specificity,
and accuracy of the JVP in weightlessness were higher than those on Earth [19].

With the successful demonstration of RTMUS in general and its adoption within the
core of Space Medicine practice and theory, the authors have long sought to translate these
benefits for terrestrial care on Earth. The TeleMentored Ultrasound Supported Medical
Interventions (TMUSMI) Research group thus initiated clinical work involving a fixed
internet connection between a Quaternary care trauma center and a rural emergency room
in the Rocky Mountains [21]. This project allowed a trauma surgeon in the receiving
center to guide resuscitative ultrasound examinations by inexperienced providers at the
small rural emergency. It facilitated remote diagnoses of an occult pneumothorax and
cases of traumatic hemothorax including one direct to operating room resuscitation in
an unstable patient [21]. Unfortunately, the paradigm was unsustainable due to the time
delay required for the responding trauma surgeon to physically travel to a fixed teleultra-
sound base-station. The TMUSMI group has subsequently endeavored to refine RTMUS on
completely mobile handheld platforms and to understand the human factors dynamics of
RTMUS [7,22–24]. Through this research, it also became apparent that RTMUS is concep-
tually just a component of a richer telemedical interaction involving audio, visual, and
often vital sign communication, as well as the visual information transmitted as ultrasound
images.

4. Terrestrial Concepts of Remote Telementored Self-Performed
Ultrasound (RTMSPUS)

If an individual is conscious and physically able to engage and participate in their
own healthcare, then RTMUS offers unlimited capacity to dramatically increase the medical
information transfer available to a remote expert attempting to guide care remotely. While
caregivers have most frequently spoken to patients over the telephone to perform triage, the
recent COVID pandemic dramatically increased the global utilization of videoconferencing
as a provider-patient relationship [25,26]. However, one current limitation of telehealth is
the inability to physically examine the patient remotely which leads to the risk of missed or
improper diagnosis. Clinicians are thus appropriately concerned about diagnostic safety
in telemedicine encounters, especially from a reduced or complete inability to perform a
physical examination to collect information to formulate an accurate diagnosis [27,28].

RTMSPUS not only addresses this problem but improves upon the known limitations
of the physical examination. Just as the physical examination dramatically improves
the accuracy of a verbal history in confirming suspected diagnoses, so does a focused
POCUS examination dramatically improve upon a physical examination [29–31]. Thus, the
authors suggest that a self-performed ultrasound examination be considered whenever a
patient is perceived to potentially benefit from an improved physical examination during a
remote medical encounter. The existing database for self-performed ultrasound to date is
summarized in Table 1. This table should be understood as representing current examples
that will hopefully rapidly expand. The list of potential indications for RTMSPUS are as
unlimited as the pathologies that afflict life on Earth.
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Table 1. Indications for Remote TeleMentored Self-Performed Ultrasound (RTMSPUS).

Indication Existing or Theoretical Status

Space Medicine
RTMSPUS has been performed since the early provision of

an ultrasound machine onboard the International Space
Station for a multitude of indications

COVID Lung examinations
Reported as case reports and case series during the current

COVID 19 pandemic

Maternal Wellness Examination Reported as case series emphasizing practicality

Heroic Self Preservation

If a severely injured but isolated casualty is conscious then
self-diagnosing and providing mentored self-care may be

the only option for saving their own life reported as
theoretical concepts

Appendicitis Reported in case report format

5. Remote Telementored Self-Performed Ultrasound (RTMSPUS) as Means of
Preserving Social Distancing in Pandemic Conditions

At the time of writing we continue to be in a global pandemic [32], and the world
continues to suffer both directly from the diseases induced by the COVID-19 virus and from
our societal responses to the challenges of containing a rapidly mutating very transmissible
virus. Fortunately, the particular pathophysiology of COVID-19 pneumonia lends itself
to screening, diagnosis, prognostication, and clinical follow up by POCUS. Early chest CT
has been recommended early detection of suspected COVID-19 pneumonia with better
sensitivity than polymerase chain reaction [33], but obtaining a home delivered CT scan is
obvious impractical [34]. Fortunately LUS may have comparable results to chest CT with
markedly reduced logistical challenges [35]. Thus, lung ultrasound has been recommended
for increased use in all these roles [36–41]. Most of the mortality in COVID is due to
respiratory failure, typically beginning ten days after exposure with the progression of
infection from the nasopharynx to the lungs [42]. Point of care lung ultrasound is excellent
for examining the pleural surfaces of the lungs [43], which is where lung swelling begins to
accumulate when COVID infection progresses to COVID pneumonia. This is also when
patients typically begin to deteriorate with sometimes marked life-threatening disease often
despite notable symptoms, the so-called happy hypoxemia that may be disastrous [44,45].
In general, POCUS brings the caregiver performing ultrasound in intimate proximity to
the infectious patient; thus, numerous procedures to try and protect the ultrasonographer
have been recommended. Throughout the pandemic however, health care providers
have often been disproportionately affected as they will likely be in future pandemics
when the infective agents and transmission characteristics are most unknown. The World
Health Organization estimated midway through the pandemic that between 80,000 and
180,000 health and care workers could have died from COVID-19 in the period between
January 2020 to May 2021 [46]. While the effectiveness of societal social distancing remains
controversial [47], there is no question that if a health care provider is never physically
exposed to a potentially infective patient, then all will be safer. Further, if patients can
be adequately assessed and followed in their own homes, this greatly reduces logistics,
prevents community spread, and protects caregivers. Early on in the pandemic, physicians
in an overwhelmed Northern Italian hospital pleaded with the world to adopt increased
telemedical surveillance of self-isolating at risk patients to keep them out of the hospital
as a means of preserving resources and saving lives [48]. TMUSMI strongly concurred
with this sentiment and proposed that lung RTMSPUS could potentially be performed by
willing patients to assess their own lung health remotely and to detect early changes that
might prompt the need for earlier in-hospital assessment [9,34,49].

A limited experience suggests that health care professionals can self-image themselves
satisfactorily (including for appendicitis) [50]. An emergency physician reported using
home ultrasound upon themselves to confirm a COVID diagnosis and thereafter to follow
herself to rule out other worrisome conditions, such as deep vein thrombosis, right heart
strain from a massive pulmonary embolus, pericardial effusion, and lobar pneumonia [51].
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Pivetta also reported a case of a nurse who had previous point-of-care ultrasound training
on vascular access and bladder scanning who was “teleguided” by an expert operator to
image her own lungs with a 12-zone protocol after she was diagnosed with COVID [52].

Although it is intuitive to take advantage of the existing skill sets of health care
providers, it will be necessary to empower the general population during pandemic condi-
tions. TMUSMI recently conducted a pilot trial in Edmonton, Canada wherein lay people
without previous experience holding an ultrasound probe were guided by a mentoring
expert in Calgary, 300 km distant [8]. It was subsequently demonstrated that all these
healthy self-isolating non-medical volunteers were able to receive remote guidance to
image themselves successfully. In this study as in all RTMSPUS situations, all interpretation
of the LUS findings are the responsibility of the remote mentor. They were thus able to
image their anterior, lateral, and bases of their backs with a 99.8% adequacy rate as assessed
by blinded lung ultrasound reviewers (Figure 1).

 

Figure 1. Example of Ultrasound Naïve Volunteer being guided to image their own chest. Figure
Legend: Screenshot of the Mentors computer in Calgary viewing the completely novice self-isolating
volunteer image their upper right anterior lung field depicting the visceral and parietal pleural
interface with movement emphasized with Color Power-Doppler the “Power-Slide” Sign (seen in
Supplementary Materials). Note: Lung ultrasound is a dynamic science much better appreciated
with real time imaging. The videorecording of the entire mentored Lung examination ca be viewed
in Supplementary File S1.

Not unexpectantly, only two-thirds of this population could fully image their backs.
While all could image their own low-back, only 70% could image their midback, and
only 30% their upper backs for the posterior superior lung fields, in a group of whom
26% self-reported a shoulder injury and 30% upper body musculoskeletal problems [8].
Although anticipated, there was not an obvious difference between sexes. In the case of
screening for COVID, this is not a practical limitation as the COVID hot spots at the bases
of the lungs could be imaged in 96% of cases [8]. This fact illustrates a factor that does
not typically arise in the standard paradigm of a technician performing an ultrasound on
a patient, namely the physical ability of a subject to reach their own body parts with an
ultrasound probe. Others are considering these facts though, and Kimura and colleagues
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also recently published a retrospective analysis of lung ultrasound findings in acutely ill
patients with COVID and determined that viewing only the antero-apex of the lungs has
had findings in 62% of all patients and associated with death and need for critical care unit
admission [42].

One interesting sign that was used to confirm that the true lung bases were being seen,
was to identify the liver and lung “points”. In this paradigm described by the TMUSMI
group, the image under the stationary ultrasound probe can be seen to alternate between
a view of the contiguous visceral and parietal pleura and alternatively a view of the
underlying liver or spleen depending on which side of the body (Figure 2, Supplementary
File S2), as the diaphragm and relative visceral positions alternates with respiration. This
sign again 100% confirms that the lung bases are being imaged.

 

Figure 2. Example of the “Spleen Point” Sign confirming imaging of the Lung Base. Legend: When
the ultrasound probe is correctly positioned at the bung base, the image will review the visceral-
parietal interface (left) alternating with the parenchyma of the spleen on the left or liver on the right
with no probe movement due to the respiratory movement of the diaphragm. Note: Lung ultrasound
is a dynamic science much better appreciated with real time imaging. The videorecording of the
entire mentored Lung examination ca be viewed in Supplementary File S2.

Resnikoff also recently reported a mixed cohort of 80 COVID confirmed, dyspneic,
or cardiology patients who were able to self-image the anterior second intercostal space
bilaterally with a 67% sensitivity, 94% specificity, and 88% accuracy for standard lung
ultrasound landmarks, with the participants being guided only by a instruction sheet [53].
They also noted that those younger than 80 who used the internet daily were more likely to
obtain diagnostic lung images, while being acutely dyspneic was associated with reduced
success [53].

Thus, TMUSMI believes it would be possible for large populations of asymptomatic
or paucisymptomatic patients at potential but a low risk of deterioration to be screened
as frequently as deemed appropriate in their own households. Sanitized lightweight
telemedical smart phone supported ultrasound probes can be quickly couriered or even
drone delivered to completely obviate human to human contact (Figure 3a,b) [54,55]. In
the group of previously asymptomatic patients at risk for COVID, one subject later caught
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COVID, with his initial pre-infectious study serving as a baseline for repeated examinations
by the same remote mentor providing longitudinal follow-up to detect deterioration at the
earliest possible time [10].

 
 

(a) (b) 

Figure 3. (a) Sanitized Home Ultrasound Delivery Package. Legendz: Sanitized package for home-
delivery to patients containing a Philips Lumify Ultrasound probe and dedicated smart phone to
support the ultrasound, gloves, masks, and ultrasound jelly. (b) Sanitized Home Ultrasound Delivery
Package. Figure Legend: Sanitized package ready for home-delivery to self-isolating patients.

6. Self-Performed Home Obstetrical Ultrasound

In 2011, TMUSMI reported early experiences with the transnational remote mentoring
of maternal wellness examinations [7]. There have since been remarkable developments
including the development of self-scanning algorithms that allow pregnant women to
image their own fetus’s guided by an app to guide the mothers through self-scanning with
the results viewed remotely in either delayed or real-time. Hader reported that among
100 women, there was 95.3% success for detecting fetal heart activity, 88.3% for body
movements, and 92% for normal amniotic fluid volume, although only 23% success in
detecting fetal breathing. They concluded the system was a potential solution for remote
sonographic fetal assessment although further study was required [56].

7. The Potential of Remotely Mentored Teleultrasound for Acute Self Resuscitation

With the dramatically increased availability of ultrasound devices that are now con-
nected and powered by smart phones, it is likely any severely injured victim who is not
unconscious, will be able to reach out for potential online remote help, which might include
the possibility of remotely directed self-performed ultrasound assessments to assist in triage
efforts, or even remotely guided self-care in extreme circumstances when no other options
exist. This topic was recently reviewed by TMUSMI in the publication entitled; “Empow-
ering catastrophic far-forward self-care: Nobody should die alone without trying” [57].
Just as it would be strange for a trauma surgeon to function in a trauma resuscitation bay
without ultrasound, it may become the norm for a remote rescuer to supplement the basic
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“how are you” questions in an emergent medical interaction with a progressive ultrasound
vital signs check.

8. The Potential of Remotely Mentored Teleultrasound for Self-Care of
Chronic Conditions

While TMUSMI has been focused on acute health events, managing chronic health
problems of an aging population challenge is a profound global challenge, and one that
may bankrupt publicly funded health care systems. Thus, any solution that can keep the
aging safely at home in good health, rather than requiring in hospital assessment or insti-
tutionalization will not only dramatically reduce costs but hopefully increase the quality
of life. Smart homes are one form of gerontechnological innovation, that designates the
augmentation of a residence with sensors and devices/actuators integrated into the resi-
dence’s infrastructure. While occupants have been satisfied with their residences, they have
not been proven to reduce emergency department visits or hospital admission rates [58].
TMUSMI proposes that adding a remote ultrasound capability to the typical smart home
infrastructure may provide the ability to improve home care in almost limitless ways.
Low-lying fruit already being include remote self-monitoring of cardiac conditions such
as congestive heart failure [53]. By potentially using RTMSPUS innumerable conditions
such as pneumothorax, pulmonary edema, pleural effusion, aspiration pneumonia, and
pneumonia might be remotely diagnosed remotely [59]. As ultrasound is the most versatile
imaging technology without side effects; thus it is presumable that almost any medical,
nursing, and allied specialty will find some aspect of RTMSPUS to incorporate into their
improved telehealth interactions.

9. Future Directions and Conclusions

The COVID pandemic redefined much of Global Societies communicate, including
catalyzing the acceptance and demand for remote services including acute and chronic
health needs. While remote access is potentially safer and more convenient, the risk of miss-
ing important findings due to the lack of in-person assessment is ever present. Enabling
patients to examine themselves with smart phone powered and supported ultrasound
brings the care giver back to the patient’s presence and improves the physical examination,
providing immediate answers that can be electronically documented for future analysis or
comparison. TMUSMI and others have shown that almost any technique is possible. The
potential for impacting triage, diagnosis and treatment decisions extends in the present to
high connectivity environments, and in the immediate future to poorly connected environ-
ments. The challenge is to make these techniques logistically sustainable, to understand
the human factors required to provide optimal mentoring of this technique, and to im-
prove artificial intelligence and machine learning to the point of extending this resource to
disconnected environments.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/diagnostics12112884/s1, Supplementary File S1: Entire recorded
video of an Engineer who had never held an ultrasound probe before being remotely mentored to
complete their own Remote Telementored Self-Performed Ultrasound Examination of the lungs while
self-isolating for COVID; Supplementary File S2: Specifically edited video of an Engineer who had
never held an ultrasound probe before being remotely mentored to demonstrate imaging of their lung
base both laterally and posteriorly demonstrating the “spleen-point” sign. Of not File 2 is contained
within the larger File 1 but was edited to make understanding this concept easier.
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Abstract: Background: This study concerns the application of lung ultrasound (LUS) for the evalu-
ation of the significance of vertical artifact changes with frequency and pleural line abnormalities
in differentiating pulmonary edema from pulmonary fibrosis. Study Design and Methods: The
study was designed as a diagnostic test. Having qualified patients for the study, an ultrasound
examination was performed, consistent with a predetermined protocol, and employing convex and
linear transducers. We investigated the possibility of B-line artifact conversion depending on the
set frequency (2 MHz and 6 MHz), and examined pleural line abnormalities. Results: The study
group comprised 32 patients with interstitial lung disease (ILD) (and fibrosis) and 30 patients with
pulmonary edema. In total, 1941 cineloops were obtained from both groups and analyzed. The
employment of both types of transducers (linear and convex) was most effective (specificity 91%,
specificity 97%, positive predictive value (PPV) 97%, negative predictive value (NPV) 91%, LR(+)
27,19, LR(−) 0.097, area under curve (AUC) = 0.936, p = 7 × 10−6). Interpretation: The best accuracy
in differentiating the etiology of B-line artifacts was obtained with the use of both types of transducers
(linear and convex), complemented with the observation of the conversion of B-line artifacts to Z-line.

Keywords: B-line; lung ultrasonography; LUS; interstitial lung disease; systemic sclerosis; pulmonary
fibrosis; oedema

1. Introduction:

Lesions affecting the interstitium are most frequently caused by pulmonary edema
(cardiogenic and non-cardiogenic) and interstitial lung disease (ILD) [1]. Such lesions are
easily detected in a lung ultrasound (LUS), where B-line artifacts are searched for. How-
ever, without considering clinical data, differentiating the etiology of lesions affecting the
interstitium is much more difficult [2–5]. Consequently, searching for further possibilities
for differentiating a pulmonary from cardiogenic etiology of interstitial lesions using LUS
is well grounded.

In this study, vertical artifacts were analyzed (depending on the set operating fre-
quency), as well as pleural line abnormalities. The first goal was to compare the length of
vertical artifacts evaluated with a convex transducer at two extreme frequencies: 2 MHz,
and then 6 MHz. The second goal was to assess pleural line abnormalities, with the
employment of a linear transducer in both patient groups.

B-line artifacts are significant in diagnosing many diseases that affect the pulmonary
interstitial space and alveoli [1,6]. These artifacts are defined as laser-like vertical re-
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verberation artifacts arising from the pleural line, extending to the bottom of the screen
(irrespective of the set depth), moving along with the lung slide, and leading to the disap-
pearance of A-lines [7]. Z-line artifacts belong to one family of vertical artifacts, similar
to B-line artifacts however, they are much shorter and do not extend to the bottom of the
screen [8–10]. The mechanism of B-line and Z-line formation is still not fully examined.

2. Materials and Methods

2.1. Study Design

The study was conducted as a prospective cohort study. Approval from the local ethics
committee (number: NKBBN/474/2018 and NKBBN/473/2018) and the informed consent
of all participants in the study was duly obtained. Approval date for both 10 October 2018.

2.2. Study Population

Two groups of patients were examined: those patients diagnosed with ILD secondary
to systemic sclerosis (group A), and patients diagnosed with pulmonary edema due to
the exacerbation of congestive heart failure or to acute heart failure (group B). The exclu-
sion criteria for patients with recognized ILD were as follows: comorbidity of congestive
heart failure, pneumonia, and noncardiogenic edema. For patients diagnosed with pul-
monary edema, the exclusion criteria were: pulmonary fibrosis, ILD, pneumonia, and
noncardiogenic edema. The findings were anonymized and entered into a database by
independent members of the research project. Written informed consent was obtained from
those patients who agreed to participate. Duration of symptoms, examination findings,
comorbidities, treatment, laboratory test results and echocardiography examination results,
chest X-rays, and (in the case of ILD) high resolution computed tomography (HRCT) re-
sults were recorded. Patients were evaluated with LUS, and findings were recorded on
standardized forms.

2.3. Study Protocol

LUS examinations were performed by three independent operators who are clinicians
experienced in sonography (4 years, 10 years, and 10 years). Ultrasound examinations
were recorded and re-analyzed by clinicians and physics specialists. An ultrasonography
device (Philips Sparq, made in Bothell, WA, USA, 2013), with a 2–6 MHz convex curved
transducer, and a 4–12 MHz linear transducer, was used. Patients were evaluated with the
application of LUS performed in the same manner, and with the same technical criteria:
(a) speckle reduction, compound imaging, and tissue harmonic imaging were switched
off; (b) the focus of the image was positioned at the pleural line level; (c) imaging depth
was set at 15 cm for a convex transducer, and at 6 cm for a linear transducer; (d) gain and
time gain compensation (TGC) were adjusted in mid-scale. Moreover, when the lungs were
examined with a convex transducer, vertical artifacts were evaluated with two extreme
frequencies: 2 MHz, and then 6 MHz. When a convex transducer was employed, the
sonomorphology of all artifacts, in both groups, was compared to each other, and analyzed
statistically. When a linear transducer was employed, pleural line abnormalities were
evaluated. Sonographic examinations were performed in the supine position and through
the intercostal spaces on both sides of the chest. The probes were applied at four points
over the front of the chest, and eight points over the posterior–lateral part of the chest.

2.4. Statistical Analysis

Data analyses were performed in R statistical software (open source (GNU license) sta-
tistical environment available with libraries (stat, pROC, plyr, ggplot2) at www.r-project.org
(accessed on 26 February 2021)), version 3.6.0, using the following software: stat, plyr,
ggplot2, pROC. The results were presented as the mean (standard deviation) for contin-
uous variables and count (frequency) for discrete data. A p-value < 0.05 was regarded
as statistically significant. Discrete data were compared for the groups with Pearson’s
χ2 test, with appropriate modifications (i.e., Yates’s correction, Fisher’s exact test or V2
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test). For ultrasonographic features differentiating pulmonary fibrosis from heart failure,
independently and in complex models, a receiver operating characteristic (ROC) curve
was plotted, and the area under the curve (AUC) was calculated, determining whether it
differed statistically by 0.5 with the application of the DeLong test. AUCs for differentiating
parameters and predictive models were compared with the DeLong test. For quasi continu-
ous variables (e.g., a total number of intercoastal spaces containing consolidations) optimal
cut-off points were determined with two methods (“closest topleft” and Youden). For all
diagnostic parameters, sensitivity, specificity, positive predictive value (PPV), negative pre-
dictive value (NPV), and the likelihood ratio for a positive LR(+) and negative result LR(−)
were calculated. For statistically significant models, logistic regression was performed,
calculating the odds ratio for a positive result of the tested model and a respective Akaike
information criterion (AIC) value. AIC allows for the comparison of different models,
where the lower its value, the better a given model is adjusted to the experimental data.

2.5. A Differentiating Model’s Assumption

A complete predictive model should take into account as many differentiating ele-
ments as possible in different chest areas and the examination technique. We considered
three complex models:

A—change in the image of the length of the vertical lines artifacts in three or more
areas, and lack of consolidation as a fibrotic feature;

B—change in the image of length of the vertical artifacts in three or more areas, lack
of: consolidation, irregularity, fragmentation, or blurring of the pleural line in at least two
points as a feature of pulmonary fibrosis.

C—change in the image length of the vertical artifacts in three or more areas, or
irregularity, fragmentation, or blurring of the pleural line in at least two points, as a feature
of pulmonary fibrosis.

All models were created by taking into account the ultrasound protocol: use of the
convex transducer to visualize vertical artifacts, followed by a linear one and the assessment
of the pleural line. Models were limited to the anterior and posterolateral areas of the chest,
which makes it possible to use them in the diagnosis of severe conditions, where ultrasound
evaluation of the posterior surface of the chest is impossible. All models require the assessment
of vertical artifacts and the pleural line in at least six points: upper, lower, and posterolateral
bilaterally. The statistical properties of these models are presented in Table 1.

Table 1. Sensitivity and specificity of findings differentiating pulmonary edema from pulmonary fibrosis in interstitial
lung disease (ILD). PLA—pleural line abnormalities, B to Z—Conversion of B-line artifacts to Z-line (with the frequency
changed from 2 MHz to 6 MHz), *—single examination zone; SE—sensitivity, SP—specificity, PPV—positive predictive
value, NPV—negative predictive value, LR(+)—positive likelihood ratio, LR(−)—negative likelihood ratio, AUC—area
under the curve, AIC—Akaike information criterion, OR—odds ratio, CI—confidence interval.

Finding SE (%) SP (%) PPV (%) NPV (%) LR(+) LR(−) AUC p-Value AIC OR (95% CI)

PLA * 68 99 99 68 60 0.32 0.836 0.0002 510.8 184.08
(57.79–586.28)

B to Z * 61 76 80 55 2.58 0.51 0.687 0.03 779.8 5.03 (3.54–7.15)

model A 44 97 93 62 13.13 0.58 0.702 0.035 73.91 22.56 (2.73–186.47)

model B 91 97 97 91 27.19 0.097 0.936 7 × 10−6 32.68 280.33
(27.52–2855.45)

model C 91 73 78 88 3.40 0.13 0.820 0.0012 60.98 26.58 (6.31–111.97)

3. Results

3.1. Group A Characteristics—Patients with ILD

A total of 32 consecutive patients diagnosed with ILD secondary to systemic sclerosis
qualified for the study, 17 females and 15 males, with an average age of 56 (21.2 SD) years.
Diagnosis of systemic sclerosis was based on current ACR/EULAR 2013 criteria. ILD in
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this patient group was diagnosed on the basis of: patient’s clinical picture, abnormalities
in immune tests, HRCT as well as pulmonary function tests, bronchofiberoscopy, and
echocariography. Infection as the cause of lesions affecting the interstitium was excluded
based on microbiological tests.

3.2. Group B Characteristics—Patients with Pulmonary Edema

30 consecutive patients with a clinical diagnosis of exacerbation of left ventricular
failure and acute pulmonary edema qualified for the study, 13 females and 17 males, with
an average age of 69 (21 SD) years. Pulmonary edema was diagnosed on the basis of clinical
symptoms (dyspnea, orthopnea, bilateral abnormalities on auscultation: crackles), high
NT-proBNP (N-terminal pro—brain natriuretic protein) level, and typical abnormalities
indicating edema visible in a chest X-ray and echocardiography.

3.3. Analysis of LUS Findings

During the study, 789 video clips (cineloops) were obtained and analyzed from patients
with pulmonary edema, as well as 1152 cineloops from patients with ILD secondary to
systemic sclerosis. While, 876 cineloops containing vertical artifacts evaluated with a
convex transducer, and 644 cineloops assessing a specific area with a linear transducer were
selected from the collected material, respectively. The recorded cineloops were assessed
by clinicians and an engineer specializing in physics. Following the analysis of the video
recordings, 128 cineloops were rejected due to inappropriate ultrasound device settings.
The remaining cineloops were analyzed as regards the length of the artifacts (convex
transducer), and determining whether a given artifact meets the definitional criteria of
B-line (long artifact) or Z-line (short artifact). Moreover, the sonomorphology of the pleural
line was analyzed in all patient, and evaluated with a linear transducer.

3.4. LUS Findings—Convex Transducer:

B-line artifacts are detected in patients with cardiogenic pulmonary edema and ILD.
In this study, B-line artifacts were evaluated with a convex transducer, at a depth of
15 cm, consistently with the settings described in the methodology section. The ultrasound
frequency was changed during the examination, and the evaluation was performed at two
extreme values: 2 MHz and 6 MHz.

In the cineloops obtained from patients with both pulmonary edema and ILD, B-
line artifacts were almost always visualized at the frequency of 2 MHz (consistent with
the adopted definition of B-line artifact), in 68% of the examined points in patients with
pulmonary edema, and 63% of the examined points in patients with ILD, respectively.
Z-lines were visible only in single points: one (0.4%) in heart failure, and 11 (3%) in
pulmonary fibrosis, whereas in three cases (0.8%) Z-lines coexisted with B-lines.

At the frequency of 6 MHz, cineloops recorded for patients with ILD presented Z-lines
in 62% of the evaluated points and B-lines in 13%, whereas in 10% of the examined points
the findings were mixed (Figure 1).

In patients with cardiogenic pulmonary edema, at the frequency of 6 MHz, B-line
artifacts were present in 62% of the evaluated points, and Z-lines in 24%, including the
mixed profile of B and Z in 16% of the examined areas (Figure 2). Consequently, the change
in frequency leads to a change in the profile of vertical artifacts, whereas this phenomenon
is much more frequent in patients with pulmonary fibrosis secondary to ILD. Collected
data are demonstrated in Table 2.
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(a) (b) 

Figure 1. Pulmonary fibrosis; (a) B-lines at 2 MHz (white arrows), irregular pleural line (black arrow), (b) Z-lines at 6 MHz
(white arrows), irregular pleural line (black arrow).

 
(a) (b) 

Figure 2. Cardiogenic pulmonary edema; (a) B-lines at 2 MHz (white arrows), regular pleural line (black arrow), (b) B-lines
at 6 MHz (white arrow), regular pleural line (black arrow).

Table 2. Conversion of vertical artifacts depending on the set ultrasound frequency.

Conversion of Vertical Artifacts with the
Change of the Frequency from 2 MHz

to 6 MHz
Pulmonary Edema (n = 250) Pulmonary Fibrosis (n = 394) p

B to B and Z 41 (16%) 41(10%)

<10−6

B to Z 18 (7%) 193 (49%)

B to non-verticals (A) 0 1 (<1%)

B and Z to Z 0 3 (<1%)

A to B 1 (<1%) 0

Z to non-verticals (A) 0 2 (<1%)

No change 190 (76%) 154 (39%)

The change of the ultrasound frequency from 2 to 6 MHz leads to a shortening or even
the disappearance of vertical artifacts (conversion to A lines was observed in three cases),
and this phenomenon is more characteristic for pulmonary fibrosis than edema (61% vs.
24% of the examined areas, p < 10−6).

Differentiating the etiology of B-line artifacts (pulmonary edema versus pulmonary
fibrosis) with the use of extreme frequencies (2 MHz and 6 MHz) is possible, both by
detecting Z-lines at the frequency of 6 MHz (sensitivity 76%, specificity 62%, PPV 80%,
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NPV 56%, LR(+) 2.57, LR(−) 0.50), and by observing the change of the B-line profile to
the Z-line when the frequency is increased (sensitivity 76%, specificity 61%, PPV 80%,
NPV 55%, LR(+) 2.58, LR(−) 0.51, AUC= 0.687, p = 0.03). Statistically, both methods yield
analogous results (to compare: AUC p = 0.67).

3.5. LUS Findings—Linear Transducer

Both groups (A and B), having been examined with a convex transducer, were re-
evaluated with a linear transducer. Complete data obtained from 641 projections were
analyzed statistically.

In patients with cardiogenic pulmonary edema, the pleural line was evaluated in
260 points. In 257 (98.8%) points, no pleural line abnormalities were detected. Only in
three (1.2%) points were irregularities in the pleural line observed. Moreover, in 23% (60)
of the evaluated areas, subpleural consolidations (up to 2–3 mm in diameter) were found
in patients with cardiogenic pulmonary edema. These small consolidations correlated
statistically significantly with vertical artifacts that, in the majority of cases, converted from
B-lines to Z-lines when the frequency was changed from 2 MHz to 6 MHz in the convex
probe (in 85%, p < 10−6).

In patients with pulmonary fibrosis, in all 381 points evaluating the pleural line, the
following abnormalities were detected: coexisting irregularity and fragmentation of the
pleural line in 68% (259 localizations) and blurred pleural line in 22% (84) of all evaluated
points; the apparent thickening of the pleural line (>2 mm) was detected in only one (0.26%)
area. Irregular and/or fragmented pleural line was present in 97% (230 out of 236) of the
patients in the group in which B-lines converted into Z-lines (when the frequency was
changed from 2 MHz to 6 MHz) (Figure 3).

 
(a) (b) 

Figure 3. Linear transducer used for the evaluation of pleural line abnormalities: (a) irregular, blurred pleural line (white
arrows), coarse in appearance, in pulmonary fibrosis; (b) regular pleural line, with preserved echogenicity (white arrows),
in pulmonary edema.

These findings indicate that an irregular and fragmented pleural line is a feature
that differentiates pulmonary fibrosis from cardiogenic pulmonary edema. Detection of
this feature in a single evaluated point allows for diagnosis of pulmonary fibrosis with a
specificity of 99%, a sensitivity of 68%, PPV 99%, NPV 68%, LR(+) 60, and LR(−) 0.32, at
AUC = 0.836 and p = 0.0002.

An attempt at diagnosis: a differentiating model:
Although both features described above differentiate fibrosis from edema, a single

observation point is not sufficient.
We proposed the best final model B, shown in Figure 4, as a decision tree graph.

It is characterized not only by excellent Sp, Se, PPV, and NPV, but also the lowest Akaike
criterion value. A low negative (<0.1) and high positive (>10) likelihood ratio indicates
a high discriminatory value of the model. For example: suppose that a patient has an a
priori probability of fibrosis of 50%. If the test result is positive for fibrosis, a posteriori

242



Diagnostics 2021, 11, 401

probability increases to 96%, or else it falls to 9%. A comparative graph of the ROC curves
tested is presented in Figure 5.

Figure 4. Differentiating between pulmonary fibrosis and cardiogenic lung edema. Decision tree corresponding with model
B (in the text).

Figure 5. Receiver operating characteristic (ROC) curves for methods of differentiation between
pulmonary fibrosis and pulmonary edema. The area under the curve for model B is significantly
greater than for other models, with maximal p-value of 0.0033 (model B compared to PLA); PLA—
pleural line abnormalities in a single examination zone, B to Z—Conversion of B-line artifacts to
Z-line (with the frequency changed from 2 MHz to 6 MHz) in a single examination zone; model
A—any conversion of vertical artifacts (B to Z, B to A, Z to A with the frequency changed from
2 MHz to 6 MHz) in 3 or more areas, and lack of consolidations, model B—any conversion of vertical
artifacts (B to Z, B to A, Z to A with the frequency changed from 2 MHz to 6 MHz) in 3 or more areas,
lack of consolidations, and PLA in at least 2 zones, model C—any conversion of vertical artifacts
(B to Z, B to A, Z to A with the frequency changed from 2 MHz to 6 MHz) in 3 or more areas, and
PLA in at least 2 zones. AUC—area under the curve.
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4. Discussion

4.1. Physical Hypothesis

It has been suggested in a previous paper [11,12] that every vertical artifact which
can be observed in a LUS image is probably generated by multiple reflections between
the walls of the lung aerated spaces. It is highly unlikely that a vertical artifact can be
generated by a vibrating air bubble (alveolus or an alveolus partially filled with water) [12].
An acoustic trap is needed to generate a vertical artifact: (a) an acoustic pulse is transmitted
from the thoracic wall to the trap through a thickened interstitial space; (b) multiple
reflections between the walls of the aerated spaces which surround the trap generate an
acoustic perturbation inside the trap; (c) such an acoustic perturbation acts as an ultrasound
source, and gradually re-radiates the trapped acoustic energy to the transducer [12,13].
Figure 6 shows two types of acoustic trap. The panel on the left shows a medium (water,
blood, tissue, etc.) which is connected to the thoracic wall by means of a single channel.
The panel on the right shows a more complex acoustic trap, which is formed by sparse
media connected to the thoracic wall by means of multiple channels. In the first case,
the aperture of the acoustic trap is given by a single channel, while in the second case by
multiple channels.

Figure 6. Two types of access channels to the underlying acoustic traps for ultrasound beams.

The characteristics which distinguish vertical artifacts are: brightness, length, lateral
width, and internal structure. In this study, only the length of vertical artifacts has been
analyzed, depending on the change in ultrasound frequency.

The length of an artifact is an interesting parameter, even though it represents really
complex information. It depends on the duration of the trap response which, from a
theoretical point of view, is infinite. Once a US pulse has been partially trapped by an
acoustic trap, the latter re-radiates the trapped energy during an infinite time interval.
Therefore, the question is: Why do we sometimes observe artifacts which reach the bottom
of the screen and sometimes shorter artifacts? The answer lies in the signal to noise ratio
(SNR). The amplitude of the trap signal decreases during a time interval until the signal is
no longer distinguishable from the noise, and there are no possibilities for the time gain
compensation (TGC) to make it visible. Therefore, now the question becomes: How much
does the trap signal decrease during a time interval? This is an interesting question, and
the answer should open our minds to the world of ultrasound artifacts. As an example,
Figure 7 shows three different acoustic traps with a single channel aperture at the top. The
left panel shows an almost closed trap. Once the acoustic energy is transmitted to this trap,
the trapped energy escapes slowly, since there is an impenetrable air barrier everywhere
except at the small aperture at the top. In this case, a long artifact is expected. The central
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panel displays a trap which is closed at the bottom and opened at the top. Once the acoustic
energy is transmitted to the trap, the trapped energy meets an impenetrable barrier at
the bottom and at the sides of the trap. However, a large aperture with a low impedance
mismatch exists at the top which allows both: a minimal reflection (towards the bottom of
the trap), and a significant transmission (towards the transducer) of the trapped energy.
In this case, a short artifact is expected. The right panel shows a few traps with single
apertures at the top, where traps are connected by secondary channels. Once acoustic
energy is transmitted to one of these traps through a single aperture at the top, the trapped
energy can escape the trap both through the aperture at the top (by providing in this way
the artifact which is visualized by the transducer), and through the secondary channels.
Due to the energy loss through the secondary channels, a shorter artifact is expected in this
case also.

Figure 7. Relations between the length of a vertical artifact and the shape of the acoustic trap.

4.2. From the Physical to the Clinical Significance of the Study Results

The analysis of LUS findings in the case of diseases involving interstitial space
presently poses a serious challenge for clinicians. In many diseases that affect the in-
terstitium and alveoli, vertical reverberation artifacts are detected. B-line artifacts are
found, for instance, in: cardiogenic pulmonary edema, noncardiogenic pulmonary edema,
and ILD (both in the active phase, when ground-glass opacities are found in HRCT, and in
the fibrotic phase, in which honeycombing is the corresponding HRCT finding) [10,14–17].
Z-line artifacts have not yet been described as having clinical significance.

So far, the literature in the diagnosis of pulmonary fibrosis has been based mainly on B-
line artifacts [18]. It has been proved, inter alia, that the more severe the pulmonary fibrosis,
the more B-line artifacts are visible on lung ultrasound images [19–22]. The publications
also emphasized the importance of coexistence with B-line artifacts of lesions in the pleural
line [23–28]. Consideration should be given here to the diversity of the study protocols,
depending on the investigator. The use of convex and linear probes allows for a general and
detailed assessment of lesions on the pleural line and the subpleural area [28]. This shows
how technical aspects can influence the quality of the ultrasound examination. Optimizing

245



Diagnostics 2021, 11, 401

the settings of the ultrasound machine becomes another link in improving the quality of
ultrasound in the diagnosis of diseases that affect the interstitial space of the lungs.

4.3. Pulmonary Fibrosis

We observed a change in the length of vertical artifacts in both examined groups, and
the concurrent presence of pleural line abnormalities. In the first examined group (A),
conversion of B-lines to Z-lines was usually accompanied with pleural line abnormalities
and/or small subpleural lesions. In this patient group, both B-line to Z-line, at two extreme
frequencies (2 MHz and 6 MHz) this most likely results from generating artifacts in acoustic
traps, that are adjacent to the pleural line, by means of a single large channel and multiple
channels. Probably both types of traps are present at the pleural line, given the apparent
shape of the pleural line, which appears irregular and blurred.

4.4. Pulmonary Edema

Changes that occurred during the conversion of B-line artifacts in the second patient
group (B) were much more diversified. A large number of B-lines did not undergo conver-
sion with a change in ultrasound frequency. Concurrently, some B-line artifacts converted to
Z-lines, or B- and Z-lines. However, a correlation between the conversion of B-line artifacts
to Z-lines (or B- and Z-lines) and coexisting pleural line abnormalities was observed in this
group as well. This was most likely associated with the presence of microconsolidations
(for instance, due to small areas of atelectasis caused by pulmonary edema).

This study also demonstrates that differentiating a cardiogenic etiology of B-line
artifacts from a pulmonary etiology should be based, both on the analysis of the artifact
length after the conversion, and on the evaluation of pleural line abnormalities. Accounting
for both findings results in a much higher accuracy in differentiating the causes of lesions
affecting the insterstitium.

4.5. Study Limitations

The only analyzed feature was the artifact length. It is possible that more factors
(brightness, lateral width, internal structure) are significant in differentiating the etiology
of vertical artifacts; however, these factors were not analyzed in this study.

The second limitation is the selection of patients for the study group. Patients with
chronic pulmonary congestion, but in a stable clinical condition, were not included in
the study.

The third limitation is given by the lack of information on the pulse power spectrum
and on the modulation transfer functions of the probes.

5. Conclusions

The visualization and sonomorphological analysis of vertical artifacts with the ap-
plication of a convex transducer employing two different, extreme frequencies (2 MHz
and 6 MHz) may be useful in differentiating lesions affecting the interstitium (cardiogenic
pulmonary edema vs lesions due to ILD). However, a higher accuracy is achieved when
the pleural line and subpleural lesions are concurrently evaluated with a linear transducer.
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Abstract: The recent advances in lung ultrasound for the diagnosis of cardiogenic pulmonary edema
are outstanding; however, the mechanism of vertical artifacts known as B-lines used for the diagnosis
has not yet been fully elucidated. The theory of “acoustic trap” is useful when considering the
generation of vertical artifacts. Basic research in several studies supports the theory. Published
studies with pilot experiments indicate that clarification of the relationship between the length and
intensity of vertical artifacts and physical or acoustic composition of sources may be useful for
differentiating cardiogenic pulmonary edema from lung diseases. There is no international consensus
with regard to the optimal settings of ultrasound machines even though their contribution to the
configuration of vertical artifacts is evident. In the clinical setting, the configuration is detrimentally
affected by the use of spatial compound imaging, the placement of the focal point at a deep level, and
the use of multiple focus. Simple educational materials using a glass microscope slide also show the
non-negligible impact of the ultrasound machine settings on the morphology of vertical artifacts.

Keywords: lung ultrasound; cardiogenic pulmonary edema; B-line; vertical artifact; spatial com-
pound imaging; focal point

1. Introduction

In lung ultrasound, the presence and severity of pulmonary edema are evaluated with
vertical artifacts known as B-lines. In an international consensus statement published in
2012, B-lines were defined as discrete, laser-like vertical hyperechoic artifacts that arise
from the pleural line and extend to the bottom of the screen without fading [1]. The term
“multiple B-lines” refers to the presence of three or more B-lines in a longitudinal plane
between two ribs. In patients with cardiogenic pulmonary edema, multiple B-lines are
usually distributed bilaterally and diffusely [1,2]. A multicenter, prospective study found
that the implementation of lung ultrasound in addition to the initial conventional assess-
ment improved the diagnostic accuracy for cardiogenic pulmonary edema [3]. A systematic
review and meta-analysis demonstrated that lung ultrasound has higher sensitivity than,
and similar specificity to, chest X-ray in the diagnosis of cardiogenic pulmonary edema [4].
Lung ultrasound can also drastically contribute to reducing the time spent on the diag-
nosis [5]. In addition, the number and spatial extent of B-lines allow the assessment of
the severity of pulmonary edema or a semi-quantitative estimation of extravascular lung
water [6].

Recent advances in lung ultrasound for the diagnosis of cardiogenic pulmonary
edema have been outstanding, as mentioned above. However, the mechanisms underlying
the vertical artifacts in cardiogenic pulmonary edema have not been fully elucidated.
Furthermore, there is no international consensus with regard to the optimal settings of
ultrasound machines even though their contribution to the configuration of vertical artifacts
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is evident [7–9]. They may affect the diagnostic accuracy inappropriately [9]. In this article,
we review the clinical knowledge and basic research on the generation of vertical artifacts.
We then demonstrate how the machine settings impact the configuration of the vertical
artifacts.

2. Generation of Vertical Artifacts

2.1. Clinical Implications

In cardiogenic pulmonary edema, a rapid increase in hydrostatic pressure in the
pulmonary capillaries leads to increased fluid transfer into the interstitium and alveolar
spaces. High capillary pressures can also cause lung injury and barrier disruption which
increases permeability and fluid transfer [10].

Chest CT is not a standard imaging modality to diagnose cardiogenic pulmonary
edema; however, it is very useful for grasping the distribution of edema in the lung tissue.
The findings of interstitial pulmonary edema are ground-glass opacities and interlobular
septal and bronchovascular thickening. Alveolar edema appears as airspace consolidation,
in addition to the above findings [11,12].

Lichtenstein et al. compared ultrasound images with CT images and indicated that
B-lines originate from the thickening of the sub-pleural interlobular septa and ground-glass
opacities [13]. Many researchers then reported the association of cardiogenic pulmonary
edema and lung diseases with B-lines in their observational studies. Now, B-lines are
thought to be generated when the air content decreases and lung density increases due
to transudate, exudate, blood, collagen, or hyper-cellularity in the subpleural space [14].
However, the sonographic–pathologic correlation in B-lines and their origin in the sub-
pleural space have not yet been fully elucidated with a more scientific method [7]. On top
of that, B-lines based on the current definition [1] are not specific for pulmonary edema;
therefore, clinicians have to consider their distribution in addition to history and physical
examination findings for the diagnosis.

2.2. The Theory of Acoustic Trap

Soldati et al. introduced the interesting theory of “acoustic trap” in the generation of
vertical artifacts, including B-lines [15]. An acoustic trap corresponds to a small volume
of fluid in cardiogenic pulmonary edema, inflammatory changes in pulmonary diseases,
surrounded by aerated alveoli with an acoustic channel on top of the trap at the pleural line.
Once an ultrasound beam enters the trap through the channels, it is trapped and reflected
by the wall of aerated alveoli multiple times with scattering. The reflection and scattering
phenomena act as successive ultrasound sources, with the trapped energy radiated to the
transducer little by little. With a larger channel, the ultrasound energy can escape more
easily, and opportunities for reflection consequently decrease [7,16].

2.3. Our Basic Research Supporting the Theory

We developed simple experimental models that generate vertical artifacts [7,8]. In one
of our previous studies, a long vertical artifact was generated by a spindle-shaped juice sack
and a string-shaped glucomannan gel on a phantom of the chest wall and pleura. However,
a spot of ultrasound gel did not generate a long vertical artifact; rather, it generated a
short vertical artifact. Based on these results, we suspected that the point of contact of the
source with the polypropylene sheet corresponding to the visceral pleura was a key factor
influencing the generation, configuration and echo intensity of vertical artifacts [8].

In another study, we used an ultrasound gel spot to imitate the source of the vertical
artifact and a block of bacon as a chest wall phantom. As the size of the point of contact
between the gel spot on the sheet and the phantom decreased when the sheet was peeled, a
vertical artifact was generated and/or extended deeper. Next, objects of different shapes
made using gel balls were used to observe the generation of vertical artifacts and compare
the echo intensity. For a given shape, the intensity was markedly higher in one model with
the point of contact than in the other model with the plane of contact. With the same point
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or plane of contact, the echo intensity was higher in the taller model. The results obtained
from the simple experimental models support the acoustic trap theory [7]. The length and
echo intensity of the vertical artifacts depend on the relative size of the channel to the trap
volume [7,16]. On top of that, short vertical artifacts, which do not meet the definition of
B-lines, may provide clinically significant information about the morphology and structure
of the subpleural part [17–19].

In the latter study, we used materials that have similar acoustic properties to water
as the sources of vertical artifacts [7]. The model seems to be suitable for considering the
mechanism underlying the B-lines in cardiogenic pulmonary edema. If a material with
significant sound attenuation is used instead of ultrasound gel or a “pure” gel ball for
a given model, it is speculated that the length and intensity of the vertical artifact will
be shorter and lower, respectively [7]. This model may be suitable when considering the
mechanism underlying B-lines in pulmonary diseases, such as interstitial pneumonia or
pulmonary fibrosis. We therefore performed a pilot experiment using a simple model based
on this hypothesis. At first, we prepared two tiny hemispherical gel objects of 3.6 mm in
diameter that were made of de-aerated water and powdery agar (3%), and a hemispherical
gel object of the same size that was made of de-aerated water, powdery agar (3%) and
powdery graphite (5%), in which the value of attenuation coefficient was 0.5 dB/cm/MHz.
The former and latter object were named “object A” and “object G”, respectively. First,
the polypropylene sheet was laid onto a block of bacon as a chest wall phantom, which
was coated with a thin layer of ultrasound gel. Two objects A and one object G were then
placed onto the sheet through a thin layer of ultrasound gel, as shown in Figure 1a,b. The
ultrasound image was obtained by LOGIQ S8 scanner (GE Healthcare) with 9 MHz linear
transducer (9L-D). Imaging mode was fundamental B-mode with 6.0 MHz with overall gain
and dynamic range were 60 and 72, respectively. Time gain compensation (TGC) was flat
as used in clinical examinations. The differences in the configurations of vertical artifacts
between the two objects A was the same as that in our previous study [7]. The vertical
artifact generated from object G was visually attenuated on the deeper side, in line with
the hypothesis (Figure 1c). This pilot experiment and published studies [17,20] indicate
that clarification of the relationship between the length and intensity of vertical artifacts
and the physical or acoustic composition of the sources may be useful for differentiating
a cardiogenic pulmonary edema from a lung disease. This notion needs to be verified in
future basic and clinical studies.

 
Figure 1. Photograph (a) and schematic representation (b) of the experimental system and an
ultrasound image (c) obtained with the system. The object A on the left side generated a short
vertical artifact. The object A on the right side generated a long vertical artifact without a qualitative
attenuation according to the depth. The object G generated a vertical artifact which was visually
attenuated on the deeper side.
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3. Influence of Machine Settings and the Selection of Transducers on Vertical Artifacts

The optimal machine settings to visualize B-lines are not completely clear, even in the
current situation [9]. Many published studies that used B-lines as a metric do not provide
information on the machine settings [9]. In this chapter, we explain several machine
settings that have a large impact on the configuration of vertical artifacts based on our basic
research [8] and clinical experience with some references [21]

3.1. Spatial Compound Imaging

Spatial compound imaging is now available on most ultrasound machines. The main
purposes are to improve contrast resolution and to reduce acoustic shadowing. This method
acquires three or more multiple images by multiple transmission with different angles, and
creates averaging images by overlaying them incoherently [22] (Figure 2). When a linear
probe is used with spatial compound imaging enabled, a single B-line changes to multiple
lines starting from the same depth of the pleural line [8] (Figures 3 and 4). This is because
the vertical artifact generates associated with the scan line. Thus, the vertex of the multiple
lines is considered to be a point of the acoustic trap. The angle made by the lines depends
on the machine settings. These multiple lines appear to overlap each other with convex
probes in some ultrasound machines. In such cases, the resulting “single” line features a
divergent appearance with increasing depth [23] (Figure 5).

Figure 2. Spatial compound imaging is a method wherein sonographic information is obtained from
several different insonation angles and combined to produce a single image.

Many ultrasound machines are now equipped with spatial compound imaging for
several applications (e.g., abdominal, breast, thyroid, or vascular ultrasound). If one of the
presets for these applications is accidentally selected for the evaluation of B-lines, they may
be erroneously counted. To avoid misinterpretation, spatial compound imaging should be
set to “off” [8,19,21], or the preset for the lung ultrasound should be selected in advance. In
phased array transducers, spatial compound imaging is not mounted; thus, B-lines can be
properly evaluated without caution when utilized in addition to echocardiography [9].
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Figure 3. Ultrasound images obtained by MicroMaxx scanner (SonoSite) with a linear transducer
without (a) and with spatial compound imaging (b). A focal point was set as default by the manu-
facturer, and it is not shown on the screen. With spatial compound imaging enabled, single B-line
(asterisk) changes to multiple lines (dots) radiating from the same point (arrows) on the pleural line.

 
Figure 4. Ultrasound images obtained by LOGIQ V scanner (GE Healthcare) with a linear transducer
without (a) and with spatial compound imaging (b) in cardiogenic pulmonary edema. With spatial
compound imaging enabled, each single B-line (asterisks) changes to multiple lines (dots) radiating
from the same point on the pleural line.
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Figure 5. Ultrasound images obtained by Venue scanner (GE Healthcare) with a curvilinear transducer
without (a) and with spatial compound imaging (b) in pulmonary edema. With spatial compound
imaging enabled, each B-line (asterisks) becomes divergent with increasing depth, indicating the
overlap of multiple lines.

3.2. Focal Point

The focal point can also affect the quantification of B-lines. As the single focal point is
shifted from the level of the pleural line to deeper levels, the dispersion of B-lines becomes
wider during multiple reflections [8] (Figures 6 and 7). As the focal point is shifted to deeper
levels, multiple B-lines become wider and can finally overlap each other (Figures 8 and 9).
With focused ultrasound, transmission pulse at the focal point hits a small area, whereas the
beam width becomes wider in the de-focused area. That means B-lines can be emphasized
if the focal point is set to the same depth of the pleural line [16].

 
Figure 6. Ultrasound images obtained by Venue scanner (GE Healthcare) with a linear transducer.
The B-line becomes wider as the single focal point (arrow) is shifted from the same level as the pleural
line (a) to a deep level (b).
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Figure 7. Ultrasound images obtained by Venue scanner (GE Healthcare) with a curvilinear trans-
ducer. The B-line becomes wider as the single focal point (arrow) is shifted from the same level as the
pleural line (a) to a deeper level (b).

 

Figure 8. Ultrasound images obtained by LOGIQ V scanner (GE Healthcare) with a linear transducer
in cardiogenic pulmonary edema. As the single focal point (arrow) is shifted from a level near the
pleural line (a) to deeper levels, each B-line becomes wider (b), with the B-lines finally overlapping
each other (c). Asterisks indicate B-lines.

 

Figure 9. Ultrasound image obtained by Venue scanner (GE Healthcare) with a curvilinear transducer
in the same case as Figure 5. As the single focal point (arrow) is shifted to a deeper level, each B-line
becomes wider and overlaps each other.
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In daily practice, confluent B-lines are often observed in cardiogenic pulmonary edema.
The confluent B-lines are also called white lung pattern, especially when they cover the
intercostal space [24]. However, at present, the confluent B-lines are not precisely defined
in the consensus definitions [25]. For consensus, it is recommended that focal point be set
at or near the level of the pleural line to ensure “confluence” and accurate quantification
or semi-quantification of B-lines [8,9,19,21]. In some portable or hand-held ultrasound
machines, the focal point is fixed to a certain level by default and cannot be moved by the
user. The level of the focal point should also be considered in the lung ultrasound presets
provided by manufacturers [9]. Some ultrasound machines have a function that allows the
number of focal points to be changed. In lung ultrasound, B-lines should be evaluated with
a single focal point [26].

3.3. Frequency

Recent in vitro and in vivo studies have revealed the effect of the frequency on vertical
artifacts. Demi et al. [27] and Mento et al. [28] conducted in vitro studies using lung-
mimicking phantoms with a multifrequency approach, illustrating how the visualization
of vertical artifacts depends on frequency and how native frequency correlates with the
geometric characteristic of a bubbly structure. In a clinical study, Mento et al. [20] demon-
strated that the quantitative evaluation of vertical artifacts using both a multifrequency
analysis and the total intensity may have the potential to discriminate pulmonary fibrosis.
Buda et al. [17] examined the visualization and morphological analysis of vertical artifacts
by employing two different frequencies. The change of the frequency from 2 to 6 MHz
led to the shortening or disappearance of vertical artifacts and this phenomenon is more
characteristic of pulmonary fibrosis than cardiogenic pulmonary edema (61% vs. 24% of
the examined area, p < 0.001). As mentioned above, the visualization and length of the
artifacts depend on the frequency; thus, the term “vertical artifacts” has been preferred to
“B-lines” in recent studies [29,30].

3.4. Selection of Transducers

B-lines are detectable using sector, curvilinear, or linear transducers with low to high
central frequencies [1,6]. In sector and curvilinear transducers, multiple B-lines spread
radially, whereas in linear probes, multiple B-lines run in parallel (Figure 10).

Many published studies did not mention the presets or used a variety of presets,
including cardiac, abdominal, and lung presets set by the manufacturers [9,31,32]; thus,
the results should be cautiously interpreted when the performance is compared between
the types of transducers. Smit et al. assessed the concordance between a broadband linear
transducer (12–4 MHz) and a sector transducer (4–1 MHz) of a handheld ultrasound device
in the assessment of lung aeration using B-lines in mechanically ventilated intensive care
unit patients. They performed the exams with the lung presets set by the manufacturer in
both transducers. There was good concordance between the linear and sector transducers
in the assessment; however, a large number of images acquired with the linear probe were
of insufficient quality, most likely due to higher attenuation in the subcutaneous tissue
layer [33]. The results indicate that a transducer with lower frequency is better for obese
and edematous patients.
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Figure 10. Ultrasound images obtained with Venue scanner (GE Healthcare) with a sector (a),
curvilinear (b), and linear (c) transducers in cardiogenic pulmonary edema. Asterisks indicate
B-lines.

3.5. Simple Educational Materials

Understanding the influence of the above-mentioned machine settings and the selec-
tion of transducers on the configuration of vertical artifacts is crucial for planning clinical
research, sharing the appropriate use, and providing education in relation to lung ultra-
sound. However, the necessity has not been fully shared among users. Furthermore, it
is not easy to observe the influence of these factors on ‘moving’ vertical artifacts in real
patients with or without dyspnea and tachypnea.

A more simplified experimental model is useful for the educational purpose. A
motionless stable vertical artifact is easily generated by the model using a glass microscopic
plate, which is easily obtainable in each medical facility. We herein demonstrate simple
educational materials that help users understand the influence of machine settings on the
configuration of vertical artifacts [34]. A diagnostic ultrasound scanner (LOGIQ S8, GE
Healthcare) with 9 MHz linear transducer (9L-D) and 3.5 MHz curvilinear transducer (C1-5-
D) is used in this demonstration. Fundamental B-mode with 5.0 MHz (linear) and 4.0 MHz
(curvilinear) is used. The overall gain and dynamic range are 60 and 72, respectively. TGC
is flat as used in clinical examinations.

As the preset, spatial compound imaging is turned off and the focal zone is set
at the shallowest level. A glass microscope slide of 1 mm in thickness (impedance,
12.7 × 106 Pa s/m) is placed perpendicularly on the footprints with a thin layer of ul-
trasound gel. The thickness of the slide is made parallel to the scan direction (Figure 11).
A single clear vertical artifact with a dense cascade of horizontal lines is shown with both
linear and curvilinear transducers, while the width of the artifact is wider with the convex
transducer than with the linear transducer.
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Figure 11. Simple educational materials that help provide an understanding of the influence of
machine settings on the configuration of vertical artifacts. A glass microscope slide is placed perpen-
dicularly on the footprint of a linear transducer with a thin layer of ultrasound gel.

We are convinced that ultrasound beam enters the glass slide. We could observe
the change of the configuration or the movement of the vertical artifact when we put
ultrasound gel on the upper side of the glass slide and moved the gel with the finger. This
fact shows that the ultrasound beam enters the glass slide and reaches the upper side. The
following description shows the hypothesis of the generation of the vertical artifact with a
dense cascade of horizontal lines. Once the ultrasound pulse wave enters the glass slide,
it is trapped with countless reflections and scattering inside the “thin” slide glass. These
countless reflections and scattering phenomena act as successive ultrasound sources, with
trapped energy radiated to the transducer little by little. The propagation speed of the
glass, which is more than 5000 m/s, is another reason for the dense cascade. The other
cascade of lines in each image is provided by the reverberation inside the acoustic lens of
the transducer rather than the reverberation inside the thin layer of ultrasound gel.

As the focal zone is moved from the shallowest level to the deeper levels, the vertical
artifact becomes wider with both linear and convex transducers (Figures 12a–e and 13a–c).

When the linear transducer is used with spatial compound imaging enabled, the
single vertical artifact changes to three lines radiating from the same point (Figure 12a,f).
The three lines become wider as the focal zone is moved to deeper levels (Figure 12 f–j).
When the curvilinear transducer is used with spatial compound imaging enabled, the three
individual lines appear to overlap each other (Figure 13a,d). These lines become wider as
the focal zone is moved to deeper levels (Figure 13d–f).

Some ultrasound scanners have “multiple focus” in B-mode. It transmits ultrasound
pulses in the same direction with a different focal depth, synthesizing these scan-line data
(mostly applying focal areas) into one scan line image. As a result, the synthesized image
has higher spatial resolution due to the multiple focal points. However, this method causes
a “patchy” step-wise configuration in the vertical artifact (Figure 14a,b).
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Figure 12. Ultrasound images obtained with the. linear transducer. The vertical artifact becomes
wider as the focal point (arrow) is moved to deeper levels (a–e). When spatial compound imaging is
enabled, the single vertical artifact changes to three lines radiating from the same point (a,f). The
three lines become wider as the focal point (arrow) is moved to deeper levels (f–j).

Figure 13. Ultrasound images obtained with the curvilinear transducer. The vertical artifact becomes
wider as the focal point (arrow) is moved to deeper levels (a–c). When spatial compound imaging
is enabled, three lines appear to overlap each other (a,d). The three lines become wider as the focal
point (arrow) is moved to deeper levels (d–f).
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Figure 14. Ultrasound images obtained by a linear transducer (a) and a curvilinear transducer (b)
with multiple focus (arrows), which causes step-wise configuration in a vertical artifact.

As shown with the series of ultrasound images, the configuration of the vertical
artifacts is detrimentally affected by the use of spatial compound imaging, the placement
of the focal point to at a deep level, and the use of multiple focus. These simple educational
materials tell us the non-negligible impact of the ultrasound machine settings on the
morphology of vertical artifacts in lung ultrasound.

4. Conclusions

The acoustic trap theory is useful when considering the generation of vertical artifacts
in lung ultrasound. Several studies employing basic research support the theory. Published
studies with pilot experiments indicate that clarification of the relationship between the
length and intensity of the vertical artifacts and the physical or acoustic composition of the
sources have potential for differentiating cardiogenic pulmonary edema from lung disease.

In the clinical setting, the configuration of the vertical artifacts is detrimentally affected
by the use of spatial compound imaging, the placement of the focal point at a deep level,
and the use of multiple focus. Simple educational materials using a glass microscope slide
also demonstrate the non-negligible impact of the ultrasound machine settings on the
morphology of vertical artifacts. An international consensus needs to be reached on the
optimal settings of ultrasound machines, which affect the diagnostic accuracy.
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Abstract: Currently, the diagnostic value of the artefactual information provided by lung ultrasound
images is widely recognized by physicians. In particular, the existence of a correlation between
the visual characteristics of the vertical artifacts, which arise from the pleura line, and the genesis
(pneumogenic or cardiogenic) of a pulmonary disorder is commonly accepted. Physicians distinguish
vertical artifacts from vertical artifacts which extend to the bottom of the screen (B-lines) and common
vertical artifacts from well-structured artifacts (modulated B-lines). However, the link between these
visual characteristics and the causes which determine them is still unclear. Moreover, the distinction
between short and long artifacts and the distinction between common and structured artifacts are
not on/off, and their classification can be critical. In order to derive further information from the
visual inspection of the vertical artifacts, the mechanisms which control the artifact formation must
be identified. In this paper, the link between the visual characteristics of the vertical artifacts (the
observed effect) and the distribution of the aerated spaces at the pleural level (the cause) is addressed.
Plausible mechanisms are suggested and illustrated through experimental results.

Keywords: lung ultrasound; B-lines; vertical artifacts; pulmonary artifacts; physical models

1. Introduction

The hypothesis that ultrasound (US) vertical artifacts, which are observed on lung
ultrasound images, are generated through multiple reflections between the surfaces of
the aerated spaces seems logical and consolidated thanks to both theoretical knowledge
and experimental results [1–4]. A distribution of aerated spaces separated by a biological
medium (channels) acoustically similar to the chest wall acts as an acoustic trap. Once a US
pulse reaches the pleura plane through the chest wall, it is partially reflected towards the
probe and partially transmitted to the channels provided by a specific distribution of the
aerated spaces which characterizes the outer lung surface. The aerated space distribution
can be organized as a compact air wall, and in this case, the acoustic energy is essentially
reflected back to the probe. The size of the interalveolar septa is reasonably supposed to be
comparable with a capillary lumen (less than 10 microns [5]). However, in the presence
of a pathology, the aerated spaces can be separated by wider interstitial channels which
are made of media that are acoustically similar to the chest wall [4–7]. In this case, the
pulse energy can be partially trapped and subsequently re-radiated towards the probe
after multiple reflections between the separated aerated spaces, giving rise to vertical
artifacts which arise from the pleura line. A similar effect has been observed with other
pairs of materials such as metal immersed in water [8,9]. The imaging parameters play a
fundamental role in the formation of the artifacts, and the visibility of a vertical artifact
(that is, its brightness, lateral dimension, and length) depends on multiple non-orthogonal
factors including the gain, the time gain compensation (TGC), and all the parameters that
can be easily set by the operator from the scanner keyboard [10–12]. Therefore, given
the intrinsic variability of the artifacts as a function of multiple non-independent factors,
including the human factor, making an objective diagnosis on the basis of the artefactual
information is a difficult task.
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Despite this, the diagnostic value of the artefactual information provided by lung
ultrasound images is currently widely recognized by physicians [13–15], and yet it is the
information regarding the vertical artifacts that attracts their attention most. The existence
of a correlation between the visual characteristics of the vertical artifacts, which arise from
the pleura line, and the genesis (pneumogenic or cardiogenic) of a pulmonary disorder
is commonly accepted [16–18]. Moreover, it has been observed that the structure and
visibility of the vertical artifacts change when varying the pulse central frequency and
that this variation can be used to formulate hypotheses on the nature of the pulmonary
disease [4,19,20]. Physicians distinguish vertical artifacts from vertical artifacts which
extend to the bottom of the screen (B-lines) [15,20,21] and B-lines from well-structured
artifacts (modulated B-lines) [7,22]. However, the link between these visual characteristics
and the causes which determine them is still unclear. Moreover, the distinction between
short and long artifacts and the distinction between common and structured artifacts are
not on/off, and their classification can be critical. An effective preliminary diagnosis, based
only on the visual inspection of the vertical artifact, is probably possible. However, the
mechanisms which control the artifact formation must be identified and rationally used to
convert the artefactual information into anatomic information. In the following sections,
the link between the visual characteristics of the vertical artifacts (the observed effect) and
the distribution of the aerated spaces at the pleural level (the cause) is addressed. Single
isolated acoustic traps connected to a lung disorder are introduced and analysed in order
to provide a physical explanation for the different forms of vertical artifacts that are usually
observed on US lung images.

2. Materials and Methods

Normal aerated lungs are characterized by a distribution of aerated spaces separated
by thin interstitial spaces, and in this case, the US pulses are mostly reflected back to
the probe by the pleura plane. However, in the presence of pulmonary pathologies, the
thickness of the interstitial spaces (for example inter-alveolar and inter-lobular septa)
increases, and the US pulses are partially transmitted to the lung surface underneath the
pleura through these interstitial channels. In this case, the spatial arrangement of the
interstitial spaces can give rise to acoustic traps where the pulse energy can be partially
trapped among the aerated spaces. Subsequently, the slow re-radiation of the trapped
energy gives rise to the vertical artifacts which are observed on lung images. The spatial
configuration of the interstitial and aerated spaces can vary a lot, and many types of
acoustic traps can exist, so that an exhaustive description of them is impossible. Obviously,
given the numerous types of potential acoustic traps, numerous types of artifacts also
exist. Vertical artifacts appear on lung images every time the thickness of the interstitial
medium (tissue, blood, water), which separates the aerated spaces, increases over a certain
threshold. However, a typical isolated acoustic trap, providing an isolated vertical artifact,
can be considered and analysed as a source of important information on the genesis of
the vertical artifacts. In this paper interstitial volumes surrounded by aerated spaces and
linked to the pleura plane by means of a thickened interstitial space are simulated with
some physical models.

The simplest and most immediate idea was to resort to sponges soaked with different
volumes of water. Indeed, several papers can be found in the literature by authors who
have embarked on this path obtaining interesting results [2,23–26]. Yet, before taking into
account random models, other possibilities that allow us to maintain the indisputable
advantage of the experiment repeatability can be explored.

In Section 3, a distribution of air cylinders in agar gel is analysed. The idea is to drill
corresponding holes on two opposite walls of a box, to insert metallic cylinders in the holes
so that they can lie between the two opposite walls of the box, to fill the box with a 3% hot
solution of agar in water, to wait until the solution acquires its natural consistency (very
similar to that of soft tissues) by means of the cooling process, and then to remove the
metallic cylinders [27]. The result is that of placing cylindrical air spaces (mimicking the
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alveoli) in a material that simulates the connective tissue of the lung. Boxes of this type
can be easily made by distributing metallic cylinders appropriately in order to simulate
various acoustic traps.

On the left of Figure 1, the draft of an empty box with a set of eight metallic cylinders
lying between the two opposite sides of the box is shown. Seven 5.1 mm holes and an
isolated 5.1 mm hole have been drilled on the two opposite sides of a simple wooden box.
While the diameter of the holes was 5.1 mm, seven brass rods and one copper tube with a
diameter equal to 5 mm were used to make their positioning easier. The seven holes are
practically next to each other, except for the two holes at the top, which are separated by
about 1 mm. The seven holes, which give rise to seven air cylinders in agar gel by means
of the procedure described above, form a classic acoustic trap which is accessible from the
aperture between the two air cylinders at the top. A strip of material was removed with a
2 mm diameter mill from the upper part of the copper tube and was subsequently inserted
in the isolated 5.1 mm hole. In this case, once the agar solution cooled and the seven
brass rods and the copper tube were pushed out, an agar volume (similar to a cylinder)
surrounded by seven air cylinders was obtained on the left side of the box, while on the
right side, an agar cylinder with a diameter of about 4.5 mm was obtained (the internal
diameter of the copper tube). The latter was attached to the rest of the surrounding agar
gel by a 2 mm wide and 0.25 mm thick peduncle surrounded by a 0.25 mm thin layer (the
wall thickness of the copper tube was equal to 0.25 mm) of air for the remaining part of
its surface.

Figure 1. The image on the left shows a draft of an empty box with eight metallic cylinders lying
between two opposite sides of the box. The image on the right shows a PVC box where two
sets of 1.1 mm holes with a distance of 1.5 mm between their axes have been made using a CNC
milling machine.

Due to the significant results obtained with the above phantom, different distributions
of air cylinders in agar gel were also simulated by means of a PVC box where two sets of
holes had been made using a CNC milling machine. The image on the right in Figure 1
shows the PVC box with two sets of 1.1 mm holes with a distance of 1.5 mm between their
axes. In this case, numerous acoustic traps can be simulated by using the same procedure:
appropriate distributions of brass rods with a diameter equal to 1 mm are introduced in
the holes, the box is subsequently filled with a hot solution of agar in water, and at the end
of the cooling process, the brass rods are removed.

The results obtained with these first phantoms led us to develop a device which
allowed us to simulate two particular acoustic traps completely surrounded by air: (i) a
volume of fluid linked to the chest wall by means of a thickened interalveolar space and
(ii) an interlobular septum.

The device is based on two membranes separated by an adjustable air thickness. The
two membranes seal the bottom of two cylindrical PVC containers (A and B) which were
shaped by means of a lathe. The external diameter of the A container is 2 mm smaller than
the internal diameter of the B container, so that the A container can slide inside container
B. In so doing, the air thickness between the two membranes, which seal the bottom of
the two containers, can vary. The membrane which seals the bottom of the B container
(the lower membrane in Figure 2) acts as a simple support of the acoustic trap while the
membrane which seals the bottom of the A container (the upper membrane in Figure 2)
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simulates the pleura. The two membranes were obtained from two simple polyethylene
films which are commonly used for food packaging, and they are secured by means of two
O-rings at the throat, which is visible in Figure 2 under the heads of the containers. The A
container is filled with 20 mm of purified water in order to simulate the chest wall and to
provide an excellent acoustic matching with the probe. The diameter of the top aperture
of container A is larger than the head of the probe and makes interfacing the probe and
the purified water simple. The acoustic trap under examination (a sample of agar gel) is
placed on the lower membrane. Three micrometric M10 fine pitch screws (1 mm for each
turn of the screws) fine-tune the air thickness between the two membranes and allow the
upper membrane to come close to the acoustic trap in order to ensure an input channel
to the ultrasound beam transmitted by the probe through the purified water. Figure 2
shows a drawing of the device with the two membranes which seal the bottom of the two
containers A and B and the way it is assembled.

Figure 2. The figure shows a drawing of the device with the two membranes which seal the bottom
of two containers A and B and the way it is assembled.

A phantom in the shape of a cusp was chosen to simulate a volume of fluid linked to the
chest wall by means of a thickened interstitial space. A 3% hot solution of agar was poured
into some moulds which were obtained with a 3D printer, and, once cooled, the agar models
were removed from the moulds and checked under a magnifying glass with a digital calliper.
Agar cusps such as the one illustrated in Figure 3 with a thickness t varying between 0.1 and
2 mm were obtained. The agar cusps thus obtained are 3 × (4 + t) × 10 mm parallelepipeds
with the upper surface which is modelled as a 2 mm high cusp. The agar samples were then
placed between the two polyethylene films, taking care to limit the contact of the upper film
to the ridge of the agar cusps.

 

Figure 3. A graphic representation of the agar models with a cusp shape and a drawing of the moulds
obtained with the 3D printer are shown.

Another mould was prepared with the 3D printer to simulate an interlobular septum.
The aim was to place a micrometric agar septum between the two polyethylene films. The
objective is not simple, but it is possible by using two pairs of moulds. The internal pair of
moulds is the support for the agar septum. They are separated by means of two washers
and assembled by means of two screws which are never removed. The external pair of
moulds is pressed against the internal pair of moulds in order to form a thin septum in
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their central part. Two calibrated washers limit the minimum distance between the pair of
external moulds and set the thickness of the septum. The two pairs of moulds so assembled
are subsequently placed in a box that will be filled with an agar solution in hot water. Once
the agar solution has assumed its elastic consistency, the assembled pieces are extracted
from the box, and the pair of external moulds are gently removed. In so doing the pair of
internal moulds are now separated by a calibrated agar septum and can be placed between
the two polyethylene films of containers A and B. Here, again, the obtained septa were
checked with a digital calliper under a magnifying glass.

Figure 4 shows a drawing of the two pairs of moulds, the way they are assembled,
and the agar model of interlobular septum in its support (the pair of internal moulds),
which is placed between the two polyethylene films of containers A and B. These pairs of
moulds were printed by setting the spatial resolution of the 3D printer to 0.1 mm (the best
resolution of our 3D printer). However, in order to simulate a “footprint” that the alveoli
can introduce on the walls of the interlobular septa, a second pair of external moulds was
also printed by setting the spatial resolution of the 3D printer to 0.280 mm. In so doing,
both agar septa with smoother surfaces and agar septa with rough surfaces were obtained,
and their response to an ultrasound pulse was analysed.

Figure 4. The figure shows a drawing of the two pairs of moulds, the way they are assembled, and
the agar model of interlobular septum in its support.

The US phantom images were acquired with a research programmable US scanner,
the UlaOp scanner [28] developed by the University of Florence. All images were acquired
by using an ultrasound pulse with a 6 MHz central frequency and a duration equal to
3 cycles. A Hanning window was also used as a temporal apodization function, and, in so
doing, pulses with a bandwidth of 5.4 MHz at −12 db were obtained. The 6 MHz central
frequency was chosen since this is the frequency which in our experience better highlights
the modulated B-lines often observed in cardiogenic lung edema [4,7,22]. The maximum
amplitude of the pulse allowed by the scanner was used, and the focus position was set
at the apertures of the acoustic traps. A 192-element linear probe LA533 from Esaote was
used, and 64 elements of the probe were used to transmit the pulses and to receive the
echo signals. A Hanning window was also used as a spatial apodization function both in
transmission and in reception. In order to reconstruct the images, a propagation speed
of 1500 m/s was assumed, and the I- and Q-components of the demodulated RF signals
were filtered with low pass filters with a bandwidth of 2.7 MHz at −12 db. The probe
was clamped onto an XYZ linear axes electronic positioning system manufactured by
IEF-Werner GmbH.

3. Results

3.1. Two Simple Models

Figure 5 shows the two ultrasound vertical artifacts with different zoom degrees,
which were obtained on the models that are illustrated in the left image of Figure 1. The
seven air cylinders provide two different types of artifacts (a1 and a2) which are indicated
in Figure 5. The pair of short artifacts a1 is provided by multiple reflections between the
two air cylinders which limit the aperture of the trap. In fact, a distance of about 1 mm
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between two replicas of their repetitive patterns can be derived from Figure 5 according
to the assumed propagation speed of 1500 m/s. The longer artifact a2 is generated by
the re-radiation of the acoustic energy which has been transmitted to the trap and starts
when the beam is reflected from the bottom of the trap. The artifact generated by the agar
cylinder has a repetitive pattern that is not seen in the artifact generated by the seven
air cylinders and seems to be related to the diameter of the trap. In fact, a distance of
about 5 mm between two replicas of the repetitive pattern can be derived from Figure 5
according to the assumed propagation speed of 1500 m/s. This simple example shows how
different artifacts can be obtained from acoustic traps with similar volumes and similar
shapes. This example also shows how long artifacts can be obtained when an interstitial
volume, surrounded by aerated spaces, is linked to the pleura plane by means of a small
(as compared to the interstitial volume) channel.

 

Figure 5. Two ultrasound vertical artifacts with different zoom degrees, which were obtained on the
models illustrated in the left image of Figure 1, are shown. The pair of short artifacts a1 is provided
by multiple reflections between the two air cylinders which limit the aperture of the trap. The longer
artifact a2 is generated by the re-radiation of the acoustic energy and starts when the beam is reflected
from the bottom of the trap.

3.2. A Distribution of Air Cylinders in Agar Gel

The PVC box, which is shown in the right image of Figure 1, was designed to test
the ultrasound response to different distributions of air cylinders. The first test shows
what happens when a single row of air cylinders is introduced in the agar gel. The image
on the left of Figure 6 shows that in this case, there are no artifacts except the short ones
which are generated by multiple reflections between two contiguous air cylinders. In fact,
a distance of about 0.5 mm between two replicas of the repetitive pattern can be derived
from Figure 6 according to the assumed propagation speed of 1500 m/s. In particular, no
artifact is generated by a single air cylinder. The situation changes, however, as a row of air
cylinders is added, and increasingly longer artifacts are observed as the number of rows of
cylinders increases. The two images in the centre and on the right of Figure 6 show the
artifacts which were obtained with two and with four rows of air cylinders, respectively. A
repetitive pattern is still perceivable, but it is not clearly quantifiable. The thick white lines
at the bottom of the three images are given by the reverberations within the bottom wall of
the box.
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Figure 6. The image on the left shows how a single row of air cylinders does not generate vertical
artifacts. The two images in the centre and on the right show the artifacts obtained with two and
with four rows of air cylinders. A different zoom degree has been used for the image on the right.

However, the box allows the examination of numerous other configurations. Figure 7
shows some configurations which were tested and the obtained artifacts. Here, it can be
observed how traps with the same input channel provide different artifacts as the shape of
the trap changes. Artifact A was obtained with three staggered air cylinders. The artifact
is short, and it is the only one that shows the characteristic modulation of cardiogenic
artifacts [7,22]. The modulation is most likely related to the simplicity of the trap which
favours the constructive sum of the echoes, while its length is not easy to interpret. Artifacts
B and D are generated by configurations of air cylinders which form two channels with
rough lateral surfaces and the different lengths suggest their probable origin. The two
artifacts are probably generated by multiple reflections between the walls of the channels
during the propagation of the acoustic wave from the top to the bottom of the two channels.
Artifact C is generated by a configuration of cylinders similar to that illustrated on the
left of Figure 1 with cylinders of a larger diameter. Here, it can be observed how a larger
trap with a more complex internal geometry than trap A provides a longer and more
confused artifact. Artifact E was generated by a configuration of air cylinders obtained
by eliminating the two cylinders that form the input channel of the trap that generated
artifact C. This example shows how very different artifacts can be obtained when varying
the shape and the size of the access channel. The F artifact is particular since in this case
the US energy can be transmitted to the trap through the two small (0.5 mm large) lateral
channels and through the larger (2 mm large) central channel. In this case, the artefactual
information can be seen as three close but different artifacts or as a single complex artifact.

 

Figure 7. Six different arrangements of air cylinders immersed in agar gel and the obtained artifacts
are shown. The black dots indicate the position of the air cylinders.

The above tests on the PVC box provided important indications: first of all, the
confirmation that the artifacts observed on the ultrasound pulmonary images are probably
generated by multiple reflections between the aerated spaces, since the images acquired
on the box in the presence of a single air cylinder did not show any artifacts. The second
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indication is that traps with the same input channel can provide different artifacts as the
shape of the trap changes. The visual characteristics of a vertical artifact depend on the
trap shape and on the input channel. Moreover, tests on simulated single traps did not
give rise to artifacts of significant length. Only in the case of the artifact in Figure 5, which
was generated by the seven air cylinders, was an artifact of 12 cm observed. Even though
the vertical artifacts cannot be objectively split into short and long artifacts, given the great
emphasis placed by physicians on their observation regarding artifacts which extend to the
bottom of the screen, such a strong indication cannot be neglected. Besides the length of
the artifacts, however, another problem arose from the previous tests: none of the artifacts
obtained with the air cylinders in agar gel showed those clearly modulated artifacts which
are often observed in cardiogenic patients [7,22].

3.3. Agar Gel Samples Completely Surrounded by Air

Figure 8, from left to right, shows the details of the artifacts which were obtained
on agar cusps with a thickness t equal to 2, 1, 0.5, 0.3, and 0.1 mm, respectively (see
Figure 3). A distance of about 4 mm, between the upper polyethylene film and the first
reflection generated by the agar cusps, is derived from the figure, according to the assumed
propagation speed of 1500 m/s. This means that the US pulse, once it has been transmitted
to the ridge of the agar cusps, propagates through the agar sample and reaches the lower
polyethylene film before being reflected towards the probe. Figure 8 shows how modulated
B-lines are obtained when the thickness t of the coupling section is equal to 0.5, 0.3, and
0.1 mm, and how confused artifacts are obtained when the latter increases. A slightly
confused modulation was obtained when the thickness of the cusp ridge was equal to
1 mm. Modulated artifacts, such as those observed in cardiogenic pathologies, are finally
obtained for the first time on deterministic phantoms, and they seem to be correlated to the
size of the acoustic channel which links the acoustic trap to the chest wall.

 

Figure 8. From left to right, the figure shows the vertical artifacts which were obtained with models
of agar cusps having a thickness t of the upper part equal to 2, 1, 0.5, 0.3, and 0.1 mm, respectively.
The two thick white lines at the top and at the bottom of the images represent the reflection of the
upper polyethylene film and its replica, respectively.

Figure 9 shows four lung US images which have been selected from a data set previ-
ously acquired by means of a Toshiba Aplio XV scanner in our Respiratory Department
during a study which was approved by the local Ethics Committee CEAVNO (study num-
ber 1089 approved on January 30, 2017). The two images on the left were acquired with
a PVT-375BT convex probe and a central frequency equal to 6 MHz. The two images on
the right were acquired with a PLT-704AT linear probe and a central frequency of 7.2 MHz.
From left to right, the first image shows two B-lines; the first B-line does not show any
modulation, while the second shows a slightly confused modulation. The second image
shows a modulated B-line and the third shows a non-modulated B-line. The last image on
the right shows a modulated B-line. An analogy with the experimental results illustrated
in Figure 8 emerges, and the physicians’ hypothesis regarding the progression of a lung
disorder supports this thesis. According to their hypothesis, the interstitial spaces between
the alveoli gradually increase with the progression of a pathology, and the modulated
B-lines are related only to the early stages of the pathology.
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Figure 9. From left to right, the first image shows two B-lines; the first B-line does not show any
modulation, while the second shows a slightly confused modulation. The second image shows a
modulated B-line, and the third shows a non-modulated B-line. The last image on the right shows a
modulated B-line.

3.4. Simulated Interlobular Septa

The simulated septa, which were obtained by using the pair of external moulds printed
by setting the spatial resolution of the 3D printer to 0.1 mm, were first analysed. The first
four images in Figure 10 from left to right show the artifacts which were obtained on four
different simulated septa with smooth lateral surfaces and with thicknesses equal to 1.2,
0.8, 0.6, and 0.4 mm. It is worth noting that in this case, the vertical artifacts begin just
below the upper polyethylene film. The septa with a thickness equal to 0.8, 0.6, and 0.4 mm
provided modulated artifacts even though the 0.8 mm septum showed a slightly confused
modulation. However, Figure 10 also shows an unexpected acoustic sign which is not
observed on US lung images. The whiter sign, which is observed within the modulation of
the three artifacts, is given by the reflection of the lower polyethylene film. The bottom
of the septa gives rise to a reflection which is clearly highlighted in Figure 10, and this
experimental result is not consistent with the observations of the physicians. Therefore,
the simulated septa, which were obtained by using the pair of external moulds printed by
setting the spatial resolution of the 3D printer to 0.280 mm, were also analysed. The vertical
artifact which was obtained on a 0.4 mm septum with rough lateral surfaces is shown in
the last image on the right of Figure 10. The strong reflection of the bottom of the septum is
still perceivable, but this time, it is partially masked within the vertical artifact, and the
latter is closer to the artifacts which are observed on US pulmonary images. Modulated
vertical artifacts were obtained, and a correlation with the thickness of the septa emerges
again, as expected by physicians.

 

Figure 10. From left to right: the first four images show the vertical artifacts which were obtained
with agar septa having smoother lateral surfaces and thickness equal to 1.2, 0.8, 0.6, and 0.4 mm. The
last image on the right shows the vertical artifact which was obtained with an agar septum with
rough lateral surfaces and a thickness equal to 0.4 mm. The two thick white lines at the top and at
the bottom of every image represent the reflection of the upper polyethylene film and its replica,
respectively. The arrows indicate the reflection of the lower polyethylene film.

4. Discussion

Some deterministic models have been introduced in this paper in order to replicate the
visual characteristics of the vertical artifacts which are often observed on lung US images
in the presence of pathologies. In this phase, deterministic models were preferred in order
to guarantee the experiment repeatability. The device illustrated in Figure 2 combined with
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the agar phantoms and the moulds provided by a 3D printer proved to be an interesting
tool, and the technique illustrated in the image on the right of Figure 1 with the PVC box
can be further developed. For example, the CNC milling machine can be replaced by
laser technology and PVC boxes with aerated space distributions closer to the pulmonary
anatomy (smaller holes having smaller distances among their axes) can be obtained. The
model of multiple air cylinders arranged in multiple overlapping rows simulates a cloud
of alveoli separated by large interstitial spaces which is perhaps what happens when
observing the so-called white lung artifact [4]. These experimental models can represent
the basis for numerous quantitative studies on vertical artifacts.

In a previous paper [4], the term acoustic trap was introduced. Here, it is illustrated
by means of numerical models how a single trap, given by a volume of tissue mimicking
medium surrounded by air, can produce a modulated vertical artifact and how its modula-
tion is correlated with the shape and the size of the trap. In this paper, the potential role of
the interstitial channel, which allows both the transmission of the acoustic energy of the
pulse to the trap and the gradual re-radiation of the trapped energy towards the probe,
is highlighted by means of physical experimental models. Modulated artifacts, such as
those observed in cardiogenic pathologies, are obtained for the first time on deterministic
physical phantoms.

The vertical artifacts which are observed in LUS images have some peculiarities that
are probably strictly correlated with important anatomical pathological characteristics of
the observed organ and are worth analysing. The length of an isolated vertical artifact is an
example. In our experience the artifacts “which start at the pleura line and extend to the
bottom of the screen” (the so-called B-lines) are obtained if the trap volume is completely
surrounded by air except for a small input/output channel, so that the trapped energy
cannot easily leave the trap as in the case of the artifact which is provided by the seven
air cylinders (Figure 5). The structure of an isolated artifact is another example. The
modulated artifacts were observed on cusps and septa when their link to the polyethylene
film of container A was limited to a small acoustic channel. The characteristic modulation
of the artifacts gradually disappears when increasing the section of the acoustic channels
as shown in Figures 8 and 10. Here, a hypothesis, which should be analysed, can be
formulated: when the link between the trap and the polyethylene film is reduced to a small
acoustic channel, the trap acts as a point-like source of ultrasound and, consequently, can
both re-radiate the trapped energy slowly and eliminate the uneven acoustic perturbation
of the particles of the medium at the top of the channel. However, the analysis of this
result from a clinical point of view is most important since it seems to match with a
physician’s focal hypothesis. Physicians relate the presence of modulated B-lines with an
early stage of the cardiogenic pulmonary edema or pulmonary inflammation, while they
relate the presence of simple B-lines with advanced stages of the two pathologies when
the interlobular septa and the interstitial spaces between contiguous alveoli are further
enlarged [7,22,29,30]. The experimental results obtained both on simulated interalveolar
spaces and interlobular septa provide a rational explanation for the different forms of
vertical artifacts that are usually observed on US lung images. The B-line modulation
changes and becomes progressively more confused until the artifacts assume a structure
which is visually similar to speckle noise in advanced stages of a pathology when the lung
density increases.

5. Conclusions

The device illustrated in Figure 2 combined with the moulds provided by a 3D printer
and the PVC box are versatile tools and can be used to check models of the outer lung
surface that physicians may suggest on the basis of their anatomopathological knowledge.
The geometry of the models can also be progressively modified to mimic various degrees
of severity of a pathology, as in the case of the cusps and the septa which have been
analysed here when varying the size of their link with the water container. The visual
inspection of the artifacts obtained on these models can be a helpful guide for physicians in
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their interpretation of the clinical data. What is probably most important, however, is the
indication provided by the models on the informative content of the visual characteristics
of the artefactual information, i.e., an indication of their capability to distinguish two
pathologies and estimate their severity. This is another important aspect of the introduced
tools; they can be used to investigate the sensitivity of the artifact visual inspection when
varying the severity level of a simulated pathology. For example, looking at images in
Figure 8, a clear difference among the modulated artifacts obtained when the thickness
of the agar cusps varies from 0.5 mm to 0.1 mm does not emerge. According to the
experimental results, the visual inspection of these artifacts alone does not allow a physician
to distinguish an inter-alveolar space of 0.5 mm (the size of the trap input channel) from an
inter-alveolar space of 0.1 mm.

The experimental results obtained on the agar cusps and on the simulated interlobular
septa support the physicians’ hypothesis, according to which the modulated artifacts are
related to the first stages of a pathology, while the presence of simple B-lines is related to
advanced stages of the pathology when the interlobular septa and the interstitial spaces
between contiguous alveoli are further enlarged.

The experimental results also justify the particular interest of physicians concerning
the artifacts which extend to the bottom of the screen, since in our experience, these artifacts
can only be provided by particular traps. Very long artifacts are obtained if the trap volume
is completely surrounded by air except for a small input/output channel, so that the
trapped energy cannot easily leave the trap.

However, the length of a vertical artifact also depends on many imaging parameters
(pulse central frequency and bandwidth, pulse amplitude, attenuation, and time gain
compensation, just to mention a few), and, consequently, even the same acoustic trap can
generate artifacts with different lengths. The artifact length alone does not characterize the
trap, and splitting the vertical artifacts into short and long artifacts can be misleading.

Physicians should also carefully consider another experimental result illustrated in
this paper. Modulated B-lines have been obtained even with acoustic traps (Figure 3
introduces cusps with a body of 3 mm × 4 mm × 10 mm), which are probably much larger
than those they expect to find in patients with cardiogenic edema.

The most important problem of the techniques illustrated in this paper is represented
by the perishability of the obtained phantoms, which limits their use for the training
of physicians. Durable phantoms must be developed for this purpose in the future by
professional manufacturers. However, the size of the models is another problem. Agar
cusps with a body of 3 mm× 4 mm× 10 mm have been used to obtain the results illustrated
in Figure 8. Smaller acoustic traps similar to a real pulmonary trap cannot be analysed
with this technique. At this stage of our work, a 3D printer is used to print the moulds
which are subsequently used to obtain the agar models. Printing the models directly with
a 3D printer would be an important step forward, and we are currently working in this
direction. A tissue mimicking material with appropriate acoustic properties which is also
suitable for feeding a 3D printer is needed.
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Abstract: Introduction: Vertical artifacts, including B lines, are frequently seen in a variety of lung
diseases. Their sonomorphology varies in length, width, shape, and internal reverberations. The
reason for this diversity is still unknown and is the cause of discussion between clinicians and
ultrasound physics engineers. Aim: The aim of this work is to sum up the most common clinician
observations and provide an explanation to each of them derived from ultrasound physics. Materials
and Methods: Based on clinical and engineering experiences as well as data collected from relevant
literature, the sonomorphology of vertical artifacts was analyzed. Thirteen questions and answers
were prepared on the common sonomorphology of vertical artifacts, current nomenclature, and
clinical observations. Conclusions: From a clinical standpoint, the analysis of vertical artifacts is very
important and requires that further clinical studies be conducted in cooperation with engineers who
specialize in physics.

Keywords: lung ultrasonography LUS; B lines; vertical artifacts; sonomorphology of artifacts; cardiac
edema; pulmonary fibrosis; interstitial pneumonia

1. Introduction

The utrasound assessment of the lungs involves the analysis of vertical artifacts and
consolidations. B-line artifacts are the most frequently described pathology-related vertical
artifacts. The definition of a B-line artifact was established many years ago and was based
on the first clinical studies which had been conducted on patients with cardiac insufficiency
and pulmonary edema. B-line artifacts also occur in many other diseases affecting the
interstitial space and alveoli [1,2]. However, the origin of B lines and other vertical artifacts
has still not been thoroughly explained. Varied etiology and pathophysiology of diseases
that involve the interstitial space and alveoli result in the presence of vertical artifacts,
termed B lines, which can be viewed on the display monitor of the ultrasound machine.
Recently, studies devoted to varied sonomorphologies of vertical artifacts have appeared [3].
This publication presents the discussion between two clinicians and a physics engineer
as regards the differences in the sonomorphology of vertical artifacts and the impact of
physical factors and ultrasound machine settings on vertical artifacts.

2. Material and Methods

Some of the terms that will be used in this paper are explained below:
Aerated space/area/volume—air component of the lung (the walls of the alveolar

sacs are excluded).
Acoustic medium—includes blood and all other pathological/physiological media

that form the barriers that confine air and blood to separate lung compartments.
Acoustic channel—a path given by an acoustic medium surrounded by aerated spaces.
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Acoustic trap—a volume of acoustic medium surrounded by aerated spaces that is
connected to the pleura plane (and consequently to the thoracic wall) through an acoustic
channel.

Aperture—the gap between the aerated spaces that gives rise to an acoustic channel.
Acoustic beam—the area within which the acoustic energy, which is transmitted from

the probe to the pleura plane, is mostly constrained through the focusing process. It is
characterized by a variable lateral size, which depends on the focus position [4].

Based on clinical and engineering experiences as well as data collected from relevant
literature, the sonomorphology of vertical artifacts was analyzed. This work presents exam-
ples of clinical observations regarding the presence of vertical artifacts that are manifested
in specific clinical conditions, e.g., cardiogenic pulmonary edema, interstitial pneumo-
nia, and pulmonary fibrosis secondary to interstitial lung disease. Questions regarding
the reasons for the presence of these related vertical artifacts and the potential impact of
the ultrasound machine settings are posed to the engineer who specializes in ultrasound
physics.

3. Discussion between the Clinicians and the Engineer

Question 1:

While monitoring the interstitial and alveolar involvement, we observe more and
more confluent B lines which can evolve in a so-called white lung artifact which, in turn,
can subsequently change to consolidation (see Figure 1) [5,6]. What does the image of B
lines and consolidations depend on?

 

Figure 1. Gradual loss of lung aeration in ultrasound. (a) normally aerated lung, (b) single vertical
artifacts, (c) multiple vertical artifacts, and (d) subpleural consolidation.

Answer 1:

Isolated B lines are related to isolated acoustic traps and this probably occurs in
the first stages of a pathology. When the number of the acoustic traps increases, due
to the progression of a pathology, numerous B lines are observed. When their number
further increases, they are close to each other and can be even mutually linked. In this
case, confluent artifacts logically appear. When the ratio between aerated spaces and
interstitial volumes drastically decreases within a lung region, then a lung configuration
where small separated aerated spaces are immersed in an interstitial volume is expected.
This is probably the lung configuration which is at the basis of the White Lung artifact.
Obviously, when the last small aerated spaces also disappear, a clear consolidation naturally
emerges.

Question 2:

In healthy individuals, an ultrasound examination of the lungs visualizes only the
lung surface, termed the pleural line (see Figure 2a). A-line artifacts are visible below the
pleural line. These form horizontal lines that appear at regular intervals, equaling the
distance between the body surface and the pleural line (see Figure 2b). Under anatomical
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conditions, it is not possible to visualize lung parenchyma and the interstitium. Only when
subpleural areas of the lungs lose their aeration due to lesions can vertical artifacts and/or
subpleural consolidations be observed [7]. Why is this so?

 
(a) 

 
(b) 

Figure 2. (a) Lung ultrasound, linear probe: white stars (*) muscles of the chest wall; down arrow
(↓) well-defined pleural line (perpendicular ultrasound beam); left arrow (←) blurred pleural line
secondary to the tangential incidence of the ultrasound beam; up arrow (↑) subcutaneous tissue; right
arrow (→) A line, horizontal artifact. (b) Lung ultrasound, convex probe: down arrow—pleural line,
smooth, echoic and regular; left arrow—A-line artifact.

Answer 2:

Once an US pulse reaches the pleura plane through the chest wall, it is partially
reflected toward the probe and partially transmitted to the channels provided by a specific
distribution of the aerated spaces, which characterizes the outer lung surface. In a healthy
lung, the size of the interalveolar septa is, and reasonably so, supposed to be comparable
to a capillary lumen (less than 10 microns), and an US pulse “sees” this aerated space
distribution as a compact air wall. In this case, the acoustic energy is essentially reflected
back to the probe. The lung surface is highlighted with a thick white line (the so-called
pleural line), and A-line artifacts are visible below the pleural line thanks to the multiple
reflections of the acoustic wave between the lung surface and the probe. Replicas of the
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thoracic wall structures are also often well visible between every pair of A lines thanks to
the replica and mirror effects as a consequence of the strong reflection of the lung surface.
It is worth noting, however, that the affirmation “The A line artifacts form horizontal lines
that appear at regular intervals equaling the distance between the body surface and the
pleural line” is not entirely correct. Such an affirmation is correct only if the pleural plane
is exactly parallel to the head of the probe [8].

On the other hand, in the presence of thickened interstitial spaces, the pulse energy
can be partially trapped by the latter. This can subsequently be reradiated toward the
probe after multiple reflections between the separated aerated spaces, giving rise to vertical
artifacts, which arise from the pleura line. The imaging parameters play a fundamental role
in the formation of the artifacts, and the visibility of a vertical artifact (that is, its brightness,
lateral dimension, and length) depends on multiple non-orthogonal factors including the
gain, the time gain compensation (TGC), and all the parameters that can be easily set by
the operator from the scanner keyboard. The clinical information that can be obtained from
lung US images is essentially artifactual information except in the case of consolidation
when anatomical information is obtained.

Question 3:

The pleural line is an artifact and, in reality, consists of two opposing layers of serous
membranes moving against each other. The apparent movement of the pleural line is
termed “lung sliding”. However, when imaging the lungs with a low-frequency probe, e.g.,
a convex probe or a low-frequency linear probe, it is not possible to differentiate between
the two membranes in the pleural line. Why?

Answer 3:

The thick white line which is visible on lung images, which we usually call pleural
line, is given by the reflection of the aerated space distribution, which characterizes the
outer lung surface. Such a bright white line cannot be related to the reflection of the pleura
(an organ which includes the two parietal and visceral pleurae and the pleural cavity),
since its acoustical characteristics are similar to those of the thoracic wall and, consequently,
it cannot give rise to strong reflections. Moreover, even though a minimal reflection is
conceivable at the border between the chest wall and the pleura (i.e., at the parietal pleura),
the latter cannot be easily perceived due to the near and much stronger reflection that occurs
at the border between the pleura and the outer lung surface (i.e., at the visceral pleura).
As a rule of thumb, two different acoustic discontinuities can be separately perceived if
the distance between them (in this case, the pleura thickness) is greater than half the pulse
length. Let us suppose the pleura thickness be approximately 0.3 mm–0.4 mm. In theory, a
short US pulse (provided for example by a linear probe when using a carrier frequency of
6 MHz) can separately highlight the two pleura borders. However, the reflection which
occurs at the parietal pleura is minimal with respect to the reflection that occurs at the
visceral pleura. I have never studied the problem in depth, but this is probably why the
pleura parietal border is not clearly visible (even with a higher frequency).

Question 4:

The head of the probe should be placed over the patient’s body in such a way as to
make ultrasound waves perpendicular to the lung’s surface. It should be remembered that
the surface of the lung is curved. When the ultrasound beam is perpendicular to the lung
surface, the pleural line is well defined, echoic, and smooth under normal conditions. In the
case of a tangent ultrasound beam, the pleural line is irregular and simultaneously blurred,
which should not be interpreted as a pathological sign, but as a result of an incorrect
assessment technique. Can you explain this circumstance better?

Answer 4:

The thickness of the bright white line (the so-called pleura thickness), which highlights
the outer lung surface, is related to the pulse length. However, even in the case of a healthy
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lung, its thickness is theoretically equal to the length of the pulse only if the direction of the
acoustic wave propagation is orthogonal to the pleura plane. According to Snell’s law, the
reflection angle is equal to the incidence angle, and if the direction of the incidence wave
is not orthogonal to the pleura plane, then the probe receives only diffuse energy. In this
case, a blurred and thicker “pleura line” should be expected. The problem is evident when
using a convex probe since the latter transmits the US pulses (and receives the echoes) in a
fan-shaped mode. In this way, on the lateral parts of the fan, the US beam does not intersect
the lung surface orthogonally, and the pleura line at the border of the fan is mostly blurred.

Question 5:

We observe B lines in many different clinical conditions, e.g., cardiac edema, interstitial
pneumonia, ARDS, pulmonary fibrosis, alveolitis, etc. Each time the interstitial space is
involved, B lines are observed [9–11]. Which medium could result in visible B lines?

Answer 5:

Whenever the distance among a group of aerated spaces increases, due to the thick-
ening of the barrier that separates them, an acoustic trap develops. An acoustic trap is a
volume of non-aerated material and can be a mix of different biological media (water, tissue,
blood, exudate, transudate, etc.) with similar acoustic properties. If a reasonably sized
acoustic channel, which links the trap to the pleura plane exists, then an acoustic pulse can
enter the trap and be gradually reradiated as a vertical artifact. The artifact characteristics
are mostly related to the size and shape of the trap and of the linking channel. In my
opinion, the impact of the trap medium on the artifact cannot be quantified unless the
geometric characteristics of both the trap core and channel are precisely known.

Question 6:

Experts from the World Federation for Ultrasound in Medicine and Biology (WFUMB)
differentiate B-line artifacts (BLA) from comet-tail artifacts (CTA) [12]. B-line artifacts arise
from the normal pleural line and implicitly result from cardiogenic pulmonary edema. CTA
arise from the abnormally changed pleural line, thus they occur in other numerous diseases
involving the interstitial space, e.g., pulmonary fibrosis and interstitial pneumonia [13–15].

From a clinical standpoint, it seems that such a division is still not ideal. Active lesions
in interstitial lung disease, visualized as the presence of “ground glass” in computed
tomography, will also be represented as B lines arising from the normal pleural line in
the ultrasound image. This happens in acute hypersensitivity pneumonitis, some cases of
sarcoidosis, acute interstitial pneumonia, and alveolar hemorrhage [16,17].

We return, then, to physics and the medium of ultrasound wave propagation. It
appears that based on the sonomorphology of comet-tail artifacts per se we are unable to
differentiate whether the artifact is of a cardiogenic or pulmonary aetiology. Thus, is the
transudate secondary to pulmonary edema the reason for the formation of B lines, or is the
artifact caused by the inflammatory fluid?

Answer 6:

A vertical artifact can extend from the pleural line to the bottom of the screen, but it
can also be shorter; it can appear as a sequence of alternating white and black horizontal
bands or as a vertical bright stripe with a constant gray level, and it can be narrow or
wide. The spatial distribution of the gray level bands within the vertical artifact can be the
expression of a precise periodic function or an aperiodic function. These vertical artifacts
are usually named modulated artifacts even when their modulation is a bit confused (when
the horizontal bands are not exactly parallel). Obviously, a vertical artifact is also affected
by speckle noise and by the superposition of the replica and mirror effects of the chest
wall structures; however, this overlapping alone is not sufficient to explain the different
structures of the observed B lines. Their structure can even be that of a completely random
gray level distribution (confused vertical artifacts).

The visual aspect of a vertical artifact is not strictly correlated to a pathology. The
characteristics of an artifact are related to the mutual distribution of aerated and interstitial
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spaces within which the artifact has been generated. For example: (i) A modulated artifact
is probably obtained only when the access channel to the trap core is small with respect
to the wave length of the carrier frequency. (ii) A confused artifact is obtained when the
channel aperture increases. (iii) A long artifact (either confused or modulated) is obtained
when the channel cross section is small with respect to the trap internal surface so that
the reradiation of the trapped energy can be slowed down, and so on. From a technical
point of view, these configurations of aerated and interstitial spaces, which underlie the
vertical artifacts, can arise in different pathologies. Vertical artifacts appear on lung images
every time the thickness of the interstitial medium (tissue, blood, and effusion caused by
either transudate or exudate), which separates the aerated spaces, increases over a certain
threshold. The acoustic properties of transudate and exudate are probably similar and do
not allow us to distinguish them on the basis of the US response if these two processes
give rise to an identical distribution of aerated and interstitial spaces. What I mean is that
you should not try to distinguish transudate from exudate fluids. You should focalize
your attention on the potential differences between the distributions of aerated spaces
originating from different pathological processes, that is, if there is any obvious difference.

Question 7:

Short vertical artifacts (e.g., the so-called I or Z lines) have never been studied thor-
oughly. The length of vertical artifacts can vary even in the group of artifacts, which does
not reach the bottom of the screen (see Figure 3a,b). One example is the early stage of
developing atelectasis (during general anesthesia). What are the most important factors
that influence the length of vertical artifacts?

Answer 7:

The length of an artifact, as well as its structure and its brightness, depends on so
many factors that it is nearly impossible to list them all [18,19]. Generally speaking, the
length of a vertical artifact is given by the time an acoustic trap needs to reradiate the
pulse energy, which has been partially trapped therein previously. The length of a vertical
artifact not only depends on the geometric characteristic of the acoustic trap but also on the
imaging parameters. Therefore, the same acoustic trap may give rise to vertical artifacts
with different lengths. The imaging parameters play a fundamental role in the formation of
the artifacts and the visibility of a vertical artifact (that is, its brightness, lateral dimension,
and length) depends on multiple non-orthogonal factors including the gain, the time gain
compensation (TGC), and all the parameters that can be easily set by the operator from the
scanner keyboard. Therefore, given the intrinsic variability of the artifacts as a function
of multiple nonindependent factors, including the human factor, making an objective
diagnosis on the basis of the artifactual information is a difficult task. However, going back
to your primary question about the length of the shorter artifacts, I can formulate some
hypotheses. First of all, we must answer another question: why are they so short with
respect to the artifacts that physicians classify them as “artifacts that extend to the bottom
of the screen”? Maybe their linking channel is so small that it allows the transmission of a
minimal part of the pulse energy, but in this case, a modulated artifact should appear since
this is the peculiarity of a small channel [20]. If a confused artifact is generated, then its
minimal length can be related to a wide channel with respect to the core of the trap, which
allows a quick release of the trapped energy or a dispersion of the trapped energy through
lateral doorways. Attenuation can also theoretically account for a minimal length of the
artifact, but in this case, I do not have a valid hypothesis on the nature of the medium.

Question 8:

Based on clinical observations, we know that in pulmonary fibrosis, B lines often
reduce their length when higher frequencies are used on a convex probe (from 2 MHz up to
6 MHz) (see Figure 4a,b). In the case of cardiac edema, the length of a B line is often stable,
irrespective of the frequency modification (see Figure 4c,d) [3]. Why does the length of B
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lines sometimes change when varying the pulse central frequency, whereas sometimes the
length does not significantly change?

 
(a) 

 
(b) 

Figure 3. (a) Vertical artifact (←) originating from the pleural line (↓), smooth in structure, and ending
after a few centimeters (a few centimeters in length). (b) Vertical artifacts (←,→) originating from the
pleural line (↓), modulated sonomorphology of the artifact, and ending after a few centimeters (a few
centimeters in length).

 
(a) 

Figure 4. Cont.
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(b) 

 
(c) 

 
(d) 

Figure 4. (a) Pulmonary fibrosis in the course of interstitial lung disease: down arrows—pleural
line; left arrows—B line artifact observed at 2 MHz frequency. (b) Pulmonary fibrosis in the course
of interstitial lung disease: down arrows—pleural line; left arrows—vertical artifacts observed at
6 MHz frequency. The image was obtained from the same patient and identical assessment site as
in Figure 4a. (c) Cardiac edema: down arrows—pleural line; left arrows—B-line artifacts observed
at 2 MHz frequency. (d) Cardiac edema: down arrows—pleural line; left arrows—B-line artifacts
observed at 6 MHz frequency. The image was obtained from the same patient and identical assessment
site as in Figure 4c.

Answer 8:

Look at the entire image, and you will find the answer. When using the 2 MHz
frequency, the image (Figure 4a) is brighter everywhere: the thoracic wall is brighter; the
pleura line is brighter; the two lateral sides of the image (where there are no artifacts) are
brighter, and the artifacts themselves are brighter. In my opinion, the problem is primarily
given by the attenuation, which increases when increasing the frequency. In order to
compensate such an effect, you should change the TGC. As a rule of thumb, you can
consider an attenuation coefficient of 1 db/cm/Mhz. When varying the frequency from
2 MHz to 6 MHz, you are introducing an additional attenuation of 4db per centimeter.
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From a practical point of view, when using the 6 MHz frequency, the probe receives a signal
from the depth of half a centimeter, whose amplitude is less than half the amplitude of the
signal it would receive from the same depth if a 2 MHz pulse were used. Moreover, it is
worth noting that the ratio between the amplitudes of the two temporal signals s6(t) and
s2(t) (the echoes received by the probe) decreases exponentially when the delay t increases.

The answer is a bit more complex when cardiac edema is considered. In the case of
fibrosis, larger acoustic traps and wider linking channels are, in general, expected that
reradiate almost the entire power spectrum of the trapped acoustic pulse. In this case,
attenuation is probably the main factor that influences the artifact length when varying
the frequency. Therefore, the artifact length decreases when increasing the pulse central
frequency since attenuation increases when increasing the frequency. On the contrary, in the
case of cardiac edema, smaller acoustic traps and narrower linking channels are expected
at the early stages of the pathology. Smaller traps can reradiate only a few harmonics, and
the overlapping between the pulse spectrum and the spectral signature of the trap affects
the artifact length much more than the attenuation factor. In these cases, the trap response
to pulses with different frequencies is unpredictable.

Question 9:

Based on clinical observations, we know that vertical artifacts can have different
lengths, widths, and shapes (see Figure 5a–c). A modulation of artifacts is also often clearly
perceived. Why are they so varied? What does this depend on?

 
(a) 

 
(b) 

Figure 5. Cont.
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(c) 

Figure 5. (a) Irregular, echoic pleural line (vertical arrows), long vertical artifact (left horizontal
arrows), and shadow behind the rib (right horizontal arrows). The vertical artifact is classified as
a B line since it originates from the pleural line and reaches the edge of the screen. Multiple small
horizontal artifacts (named J artifacts by D. Lichtenstein) are visible inside the B line. (b) Smooth,
regular, and echoic pleural line (vertical arrows), long vertical artifact, so called B line: narrow at the
top and wide at the bottom (left and right horizontal arrows). (c) Smooth, regular, and echoic pleural
line (vertical arrow), short vertical artifact, so called I line (left horizontal arrow and shadow behind
the rib (right horizontal arrows).

Answer 9:

Many types of acoustic traps exist, and, consequently, many types of vertical artifacts
exist. Let us consider an isolated acoustic trap. It has its own volume and geometric
shape. It is linked to the pleura plane by means of an acoustic channel (typically an
interalveolar interstice), and this channel also has its own shape and size represented by
its cross-section and length. Every single difference between two acoustic traps affects
the visual aspect of the related artifacts. Moreover, you should never forget that even the
imaging parameters (pulse central frequency and bandwidth, focus position, TGC, pulse
amplitude, etc.) strongly affect the formation and the final shape of an artifact.

Question 10:

B lines that meet the assumptions of the definition may differ from each other. Why
do we observe so many sonomorphologies of B lines when we use a convex probe? B lines
can be:

(a) Wide at the edge of the screen.
(b) Narrow throughout the entire length.
(c) Modulated.
(d) Smooth.
(e) Frequency dependent or not.

Answer 10:

Usually, when using a convex probe, the lateral size of a vertical artifact naturally
increases far from the pleura plane due to the signal/image processing algorithms that the
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US system uses to convert RF signals into a two-dimensional image. Moreover, the lateral
size of an artifact (provided by a convex probe) at the end of the screen depends on the
image depth. A constant narrower artifact is, on the contrary, common when using a linear
probe. Modulated artifacts are observed when the cross section of the acoustic channel
that links the trap to the pleura plane is small with respect to the wave length of the pulse
central frequency. Here, a hypothesis can be formulated: when the link between the trap
and the pleura plane is reduced to a small acoustic channel, the trap acts as a point-like
source of ultrasound and, consequently, can eliminate the uneven acoustic perturbation
of the particles of the medium at the top of the channel [20]. If by “smooth artifact” you
mean a vertical artifact with a unique gray level from the beginning to the bottom, this is a
particular type of modulation, which is obtained when a trap reradiates a single harmonic.
The vertical artifacts are always frequency dependent since this is an intrinsic characteristic
of the ultrasound investigation. The variation of the ultrasound response with the frequency
may not be always visually perceptible, but such a variation always exists.

Question 11:

The length of vertical artifacts can vary. Consistent with the terminology proposed by
Daniel Lichtenstein, B, I, Z, and C lines are differentiated. B, Z, and I lines originate from the
pleural line, but have various lengths. Thus far, Z and I lines have not been considered to
be clinically significant. C lines originate from the lower edge of subpleural consolidations.

The significance of B lines is related to lesions affecting the interstitial space and alveoli
(see Figure 6). Most frequently, the presence of B lines is reported in cardiogenic pulmonary
edema, interstitial pneumonia, ARDS, and pulmonary fibrosis secondary to interstitial lung
disease. Despite copious clinical observations describing the significance of B-line artifacts,
we have still not acquired complete knowledge as regards their origin. The definition of a
B line that is presently adopted is as follows:

(a) Well defined.
(b) Originating from the pleural line.
(c) Going to the edge of the screen.
(d) Laser like.
(e) Erasing A lines.
(f) Moving with lung sliding.

 

Figure 6. B lines (horizontal arrows) and pleural line (vertical arrows).

Do you agree with this definition of B line? Should we differentiate B lines from other
vertical artifacts?

Answer 11:

It is difficult to challenge a definition since a definition is a definition “by definition”.
What I disagree with is the vagueness of this definition. “Moving with lung sliding” is a
specific feature which links the artifact to a precise anatomical position of the outer lung
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surface where an acoustic trap developed. However, “well defined” is a subjective and
vague characteristic. Moreover, the characteristic of “originating from the pleural line”
is not properly formulated since in theory such a definition excludes B lines, which do
not originate exactly at the pleural line. Due to both the size of the acoustic trap and the
length of the linking acoustic channel, a B line often starts a bit lower than the pleural
plane. “Going to the edge of the screen” is also an ambiguous characteristic since the edge
of the screen is decided by the operator when he/she sets the acquisition depth. Even the
characteristic of “Erasing A lines” is not properly formulated since some modulated B lines
do not completely erase the A lines. In particular, the lateral size of B lines does not change
a lot when a linear probe is used, and A lines mostly remain visible in the presence of a few
B lines. Moreover, “laser like” is an intuitive description, but it is not specific. “Lying on
the direction of the acoustic beam propagation” should be used since this is the specific
characteristic.

Question 12:

For clinicians the meaning of B lines depends on many factors:

(a) Does it meet the definition of a B line artifact?
(b) Sonomorphology of a B line.
(c) Gravity dependence.
(d) Distribution of interstitial lesions.
(e) Coexisting ultrasound signs.
(f) Ultrasound image with a linear probe.
(g) And the most important factor—clinical context.

What is your proposal (from an engineer’s point of view) for the classification of
vertical artifacts?

Answer 12:

Why should I classify what I am observing into a limited number of cases? A process of
information classification is a delicate process since the risk of losing important information
is always present. This is particularly risky in our case since we are dealing with artifactual
information, and we do not yet know what is really important and what can be neglected.
When using an US probe, a physician actively observes a scene through many video clips.
He/she should not observe a single artifact in order to classify it according to a rigid
scheme. Different types of artifacts are usually observed even on the same image, and
their co-existence is additional information. Moreover, it is also important to analyze how
the visual characteristics of the artifactual information change when varying the imaging
parameters. Nowadays, the artifactual information should be considered as a unique
complete picture, which a physician must interpret on the basis of his/her anatomical
knowledge and clinical experience. Our knowledge of the artifactual information is not yet
sufficiently mature to be usefully synthetized by means of a classification procedure. In my
opinion, a physician should learn to read the artifactual information with the objective of
translating it in physioanatomical information. He/she should not give in to the temptation
of shortcuts, such as those offered by questionable algorithms derived from AI.

Question 13:

What is the difference between “comet-tail” and “ring-down” artifacts?

Answer 13:

In my opinion, the only difference is in the name. The two names have been proposed
in different papers by different authors [21,22] and derive from analogies with similar
phenomena suggested by the visual aspect of the examined artifacts. The comet-tail artifact
was described as a reverberation effect, i.e., multiple reflections of an acoustic wave between
two opposite internal walls of a strong reflector. The ring-down artifact was described
as a resonance effect, i.e., when one or more frequency components (multiples of the
fundamental frequency) of a transmitted signal are highlighted by a receiving apparatus.
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However, they are two sides of the same coin. In any case, they refer to trapped (absorbed,
transmitted, etc.) energy which is subsequently released in the form of a periodic signal.
A vertical artifact is generated by an acoustic trap that gradually re-radiates previously
trapped energy, independently of its given name (ring-down, comet-tail, B-line, etc.).

4. Conclusions

A comparison between US images obtained on the same patient with different imaging
parameters (central frequency, bandwidth, focus, etc.) is needed to make the artifactual
information significant. The artifactual information depends on so many factors that it is
risky to directly translate the visual inspection of a single US cine-loop into clinical informa-
tion. A classification of the artifactual information on the basis of its visual characteristics
can be misleading since the latter is a relative “measure” and must be analyzed by varying
the imaging parameters.

Artifactual information must be evaluated along with other clinical information, such
as an interview, physical examination, and laboratory and microbiological test results.

The differentiation of vertical artifacts, the assessment of their sonomorphology, the
evaluation of the subpleural area with the employment of a lineal probe, the assessment
of coexisting lesions visualized in lung ultrasound images, and the interpretation of the
detected lesions in the clinical context are crucial for clinicians in the differential diagnosis
of the aetiology of lesions affecting the interstitium of the lungs.

From a clinical standpoint, the analysis of vertical artifacts is very important and
requires further clinical studies conducted in cooperation with engineers who specialize in
physics. Communication between clinicians and engineers is vital considering the further
development of lung ultrasound [23].
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Abstract: Introduction: Lung Ultrasonography (LUS) is a fast technique for the diagnosis of patients
with respiratory syndromes. B-lines are seen in response to signal reverberations and amplifications
into sites with peripheral lung fluid concentration or septal thickening. Mathematical models are
commonly applied in biomedicine to predict biological responses to specific signal parameters. Ob-
jective: This study proposes a Finite-Element numerical model to simulate radio frequency ultrasonic
lines propagated from normal and infiltrated lung structures. For tissue medium, a randomized
inhomogeneous data method was used. The simulation implemented in COMSOL® used Acoustic
Pressure and Time-Explicit models, which are based on the discontinuous Galerkin method (dG).
Results: The RF signals, processed in MATLAB®, resulted in images of horizontal A-lines and verti-
cal B-lines, which were reasonably similar to real images. Discussion: The use of inhomogeneous
materials in the model was good enough to simulate the scattering response, similar to others in
the literature. The model is useful to study the impact of the lung infiltration characteristics on the
appearance of LUS images.

Keywords: lung ultrasonography; B-lines; simulation; COMSOL; finite element method

1. Introduction

Lung Ultrasonography (LUS) is a fast technique for the diagnosis of patients with
respiratory syndromes. It is an exam that allows for the evaluation of disease development
and response to treatment [1–3]. Pulmonary illnesses with a slow evolution of worsening
symptoms cannot be monitored properly by chest X-rays [4,5]. LUS appears to be a re-
liable bedside exam with good sensitivity to detect pulmonary congestion, cardiogenic
pulmonary edema, pneumonia, interstitial lung syndrome (e.g., systemic sclerosis disease),
and consolidation [4,6,7]. In the past, lung ultrasound imaging was thought to be useless
as a clinical tool due to the high acoustic impedance mismatch between the air inside the
lungs and the chest wall tissues [8,9].

B-mode imaging of the lungs does not reproduce the anatomical structure of the aer-
ated organ, but the image artifact patterns formed in this exam correlate well with specific
lung conditions [10]. The acoustic impedance of lungs depends on the air proportion inside
of them. For the case of a healthy lung filled with air, this impedance is of the order of
0.17 MRayl [11], producing an impedance mismatch that results in a reflection coefficient
around 99% on the interface chest muscle/lung pleura. Therefore, ultrasound does not
penetrate a healthy aerated lung and the wave reverberates between the pleural and the
transducer faces [9,10]. This physical phenomenon is expressed in the ultrasonography as
hyperechoic horizontal lines between two acoustic shadows from the ribs. These artifacts
are called A-lines (Figure 1).

In interstitial lung syndrome, pulmonary density can be altered by lung congestive
diseases (e.g., lung edema and heart failure) or parenchymal diseases (e.g., pneumonia and
systemic sclerosis). LUS changes the A-line patterns to the so-called B-line patterns, which
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are well-defined vertical hyperechoic lines, and laser beam-like lines that emerge at the
pleural level, erasing the A-lines [3,12–14]. They are directly correlated to the level of liquid
in the lung parenchyma [1,2,15]. The presence of B-lines on the LUS has been correlated
with disease severity by several score protocols, including scores for the identification and
classification of COVID-19 [6,7,16–19].

 

Figure 1. A-lines in a healthy lung. The top image presents a thoracic wall layer (skin, fat and
muscles) that ends with the hyperechoic pleural line. Hyperechoic horizontal lines called A-lines,
produced by the wave reverberations, are shown beneath. Reprinted/adapted with permission
from [10]. 2022, Acoustical Society of America.

The physical explanation of the B-lines’ origin has been the aim of some studies [9,10,20].
The main theory is that B-lines are the consequences of signal reverberation and amplifica-
tion into the peripheral extravascular concentration of lung fluids, or parenchyma septal
thickening. Those places become propagation sites that allow for the penetration of the
ultrasonic wave in small marginal parts of the lung tissue (Figure 2) [9,10,21].

 

Figure 2. Three examples of B-lines. B-lines are vertical hyperechoic, well-defined and laser beam-like
lines that emerge at the pleural level, erasing the A-lines, and move in synchrony with the respiratory
cycle. Reprinted/adapted with permission from [10]. 2022, Acoustical Society of America.
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Understanding physical phenomena using mathematical models is a commonly ap-
plied method in biomedical engineering and similar areas. Ultrasound numerical simula-
tions may be used to infer and predict biological responses to specific signal parameters,
and was employed in various studies describing LUS A-line and B-line origins [20,21].
K-wave has been the first-choice software toolbox in LUS simulations to solve the wave
equation due to the MATLAB®’s familiarity in the research environment [21,22]. However,
the commercial software COMSOL® had more complete tools of the Finite Element Method
(FEM). Version 5.5 has specific physics tools, known as acoustic time-explicit methods, that
allow for pulse propagations to be simulated in a domain with an acoustic array source.
These are based on the discontinuous Galerkin method (dG) [23].

The aim of this study was to develop a mathematical model using the Finite Elements
Method (FEM) to simulate RF ultrasonic lines propagated from normal and infiltrated lung
structures, to emulate LUS image samples with COMSOL® software and MATLAB® signal
processing. The numerical study focuses on the physical factors that originate A-lines
and B-lines.

2. Materials and Methods

2.1. Ultrasound Propagation Simulation Techniques

The first step in FEM simulation was the definition of the structural domain. Figure 3
shows a scheme that represents the ultrasonic array probe over a muscle layer that covers
the lung domain. A small ellipsoid grey zone just below the muscle layer represents
one part of the lung tissue infiltrated by liquid, named Lung Disease Zone (LDZ).

Figure 3. Lung Model Domain. There is a small ellipsoid grey zone of the lung tissue represented as
the “lung disease zone” (LDZ).

2.2. COMSOL® Models

COMSOL® version 5.5 was used with Acoustic Pressure and Time-Explicit models.
These tools used the dG algorithm for the simulation of ultrasonic pulse propagation. This
method, compared to the classic acoustic methods, has the advantage of having less degrees
of freedom, leading to a shorter processing time. In this paper, a rectangular base of 66 mm
in length and 51 mm in height was used.

In Figure 3, the lung healthy zone assumes the condition of 100% of air, and its acoustic
impedance, as mentioned before, is so low (0.17 Mrayl) [6] that only the tissues in the blue
zones were taken into consideration in the final COMSOL® domain. Figure 4 shows the
domain used for simulation in reversed position (upside down) with respect to Figure 3. In
this case, the muscle domain, in a rectangle form, has two perfect matching layer (PML)
zones at each lateral side. An ultrasonic linear array with 32 elements (black dots) is shown
below. A piece of lung with inhomogeneity is shown at the top and all the area above is
lung with 100% air.
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Figure 4. Two COMSOL® domains with 32 array elements (back dots). Domain (A) and Domain (B).
The rectangular area represents the muscle with PML at both left and right sides. The subdomain
(in grey) over the rectangle represents the small lung part with inhomogeneity or “Lung disease
zone” (LDZ).

The boundary condition in these domains is as follows: 5 mm length and 10 height
PML at both sides in the rectangle zone of 50 mm length and 10 mm height. The LDZ
was placed in the upper part of the rectangular zone, as an ellipsoid of 5 mm height and
two conditions of length: 10 mm (Domain A) and 4 mm (Domain B). A normal sweep
velocity with delays is considered for each array element. The array is organized with
apertures of five elements, which includes focalization laws at 10 mm in terms of emission.
With a sweep step of each five-element group at a time, it is possible to obtain 28 radio
frequency (RF) ultrasonic lines.

The superior boundary condition, including the upper part of LDZ, was of Pressure
type. Then, it simulates a virtual healthy lung. The other boundaries were “Sound Hard
Boundary”. Mesh elements were designed according to the recommendations of maximum
size of λ/1.5 [24].

The initial ultrasonic pulse applied to each element with a central frequency of
f0 = 2 MHz is shown in Figure 5. The time-domain study was used with a maximum
of 50 μs and a step of 0.02 μs. A parametric sweep was necessary to simulate the array
emission through 28 steps, where only five elements are allowed for emission each time.
The normal sweep velocity mentioned above was made according to the Equation (1):

V(i) = A(i) ∗ pulse(t + B(i)), for i = 1 to 32, (1)

where A(i) = 0 (OFF) or 1 (ON), according to the sweep parameter and the emission
organization (five elements ON and the rest OFF). B(i) for each element is the delay at each
sweep necessary for focalization in transmission at approximately 10 mm. The function
pulse, shown in Figure 5, is given by a sinus function with 2πf0t argument modulated by
Gaussian envelope.

A workstation with 128 GB RAM, 10 TB HDD, and a microprocessor with 40 cores
(Intel® Xeon(R) Gold 6230 CPU @ 2.10 GHz × 40) was used. The time performance was
around 5 h depending on the material models at 2-MHz ultrasonic frequency.

Average Nonlocal Coupling was defined for each element to obtain the signals (echoes)
at each array element. Then, 28 × 32 = 896 RF signals were obtained (each of them
with 2500 samples) and exported to a MATLAB® (MathWorks Inc., Massachusetts, EUA)
routine [25] where a visualization program displays B-scan images. The images were
built using plot algorithms, with a logarithm amplifier applied to each ultrasonic RF
signal first, and then a Hilbert transform was used to obtain the signal envelope, which is
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necessary for composing each imaging line. Each line was made from the RF signal that
was produced by the 5-element pulse-echo excitation subgroup, and delay focusing was
applied at each receiving signal. An interpolation algorithm was employed to increase the
lateral imaging size.

Figure 5. Initial emitted ultrasonic pulse. Sinus function with 2πf0t argument modulated by Gaussian
envelope Central and frequency f0 = 2 MHz.

2.3. COMSOL® Strategy

For tissue medium, a randomized inhomogeneous data method was used according to
Sjodin (2017) [26]. This method assumes that each tissue has a random variation in density
and ultrasound velocity. The variation could be modeled by a spatial frequency using
a cosine transform [26]. This transform has random phase and amplitude functions with
parameters that could be adjusted for each material. To achieve that, a random function
f(x,y) with the Results Node functions, in a previous short model of COMSOL® 5.5, was
obtained. This was then exported using Data Grid for our Lung COMSOL® model, as
an interpolation function to use in the Material Node. Figure 6 shows the case for the
lung tissue infiltrated subdomain, where f(x,y) oscillates between ±1 for both velocity
and density.

For this domain, the strategy is to define the maximal and minimal values of ultra-
sonic velocity and density. The maximal value of velocity is 1500 m·s−1 and, for density,
1000 kg·m−3, which means the lung is modeled as pure water. The minimal values are:
vmin = 640 m·s−1 and dmin = 430 kg·m−3, which corresponds to a lung with 60% of
air [11,27]. With these maximal and minimal values, the following equations are obtained
for the Material Lung Node for the subdomain of Figure 6:

v(x,y) = 1070 m·s−1 + 430 ∗ f(x,y) m·s−1 (2)

d(x,y) = 715 kg·m−3 + 285 ∗ f(x,y) kg·m−3 (3)
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These equations ensure the interval for velocity and density, as discussed above. This
idea could be extended to other intervals.

For the muscle layer, a similar approach was used, with a distribution function g(x,y)
obtained as in the previous case, which oscillates between ±1 for both velocity and density.
Parameter G defines the variations with values of 0, 5 and 10, for density and velocity,
respectively. Figure 7 shows the domain visualization of this function. The distribution is
non-symmetric with respect to x–y axes. The idea is to reproduce the muscle fiber structure.
Equations (4) and (5) establish the variations in velocity and density for the muscle.

vmuscle (x,y)= 1570 m·s−1 + G ∗ g(x,y) m·s−1 (4)

dmuscle (x,y)=1090 kg·m−3 + G ∗ g(x,y) kg·m−3 (5)

Figure 6. Subdomain distribution function f(x,y) for “lung disease zone” (LDZ). The grey scale
indicates the spatial variation in the infiltrated properties of the lung tissue.

Figure 7. Graphic of the muscle function g(x,y) used on the simulation model. Gray scale indicates
the properties of spatial variation for the simulation of muscle fibers.

3. Results

Figure 8 shows one example of a superimposed RF signal obtained from case A of
Figure 4. The initial pulse and three well defined echoes from the far boundary of the
muscle can be observed. The random echoes between correspond to the multiple scatterings
in the subdomain of the lung disease zone (LDZ).
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Figure 8. RF signals obtained from COMSOL® corresponding to the domain expressed in Figure 4.
The first signal is the emitted pulse, and the others are received echoes.

The following figure, Figure 9A–F, shows the results of the B-Scan imaging obtained
in a MATLAB® routine from the RF COMSOL® signals. Subfigures represent three values
of the factor of inhomogeneity G (Equations (4) and (5)) for both domains, according
to Figure 4.

The horizontal lines for each image correspond to the initial pulse followed by the
echoes (top to bottom). The first echo represents the pleural line, while the second and the
others are the named A-lines. These lines correspond to repetitions (reverberations) of the
first echo between pleura and transducer, as it is possible to observe the muscle fiber image
though several micro-horizontal lines.

Vertical patterns also appeared in every simulation, similar to B-lines. Even though
these vertical lines do not make A-lines disappear, they are well defined hyperechoic
vertical images rising from the pleural line until the image bottom, as in the clinical LUS
exam. It is also possible to observe that the LDZ length is directly correlated with the B-line
simulation length.

The numerical experiment was also repeated at a frequency of 4 MHz, and with
a domain even narrower (1 mm length and 5 mm height). Figure 10 shows the domain
and the results with a B-line narrower than the ones obtained previously. This result is
more adapted to real medical imaging although it takes about two days to run in our
PC computer.
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Figure 9. Imaging obtained at different G level and domains. For (A) and (B), G = 0; (C) and (D),
G = 5; (E) and (F), G = 10. The left column corresponds to domain A, in Figure 4. The right column
corresponds to Domain B in the same figure. The A-lines (horizontal) vs. B-lines (vertical) are shown
in B and D, as examples.

Figure 10. B-Scan imaging obtained at 4 MHz frequency in a new domain with a 1 mm length. Left,
it is the simulation domain, and right the image result.
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4. Discussion

Lung Ultrasonography has become a central focus of study in the literature since
it was shown to be a revolutionary way to diagnose and evaluate different types of
lung diseases [15,28]. LUS is a fast, precise, real-time and inexpensive exam that allows
for health workers to make better choices regarding patient treatment, with the ability
to produce high-sensitivity results to detect pulmonary density changes in interstitial
syndrome [2,3,12,14,16,29]. While the formation process of A-lines (horizontal image pat-
terns) is well established, the origin of B-lines (vertical laser-like patterns) still need to be
better understood. New numerical studies, with more complete lung models, are important
to obtain a better understanding of this topic [3,10,21,30].

The origin and explanations of B-lines has been the subject of several studies. Avruch
and Cooperberg (1985) [31] were one of the first to describe what was called a “Ring-Down”
artifact, a common ultrasound artifact of either a solid streak or parallel bands, associated
with gas collection in the intestinal image exam. It is also theorized for lung image artifacts
that fluid collection formed by two layers of bubble tetrahedron would guaranty an oscilla-
tor site, which amplifies the RF signal and sends it back to the transducer [32]. Demi et al.
(2018) [10] deal with a theoretical model based on signal processing and an experimental
model of a phantom made by air rods (as bubble drops) inside and agar-agar matrix. Using
B-scan instruments, the authors obtained images that simulate the B-lines.

Peschiera et al. (2021) [21] performed numerical simulations using k-wave MATLAB®

toolbox to achieve B-lines simulation. The phantom model involved muscle areas, air areas,
and aisle areas with muscle and air circle-like areas. B-line images were generated with
satisfactory aspects and were analyzed with intensity parameters features. Low frequencies
enabled the formation of B-lines in only the largest interalveolar spacing simulation setting.
Then, it is assumed that the lower the frequency at which B-lines appear, the larger the
channels formed between alveoli, and more severe the lung condition.

Silva et al. (2022) [22] simulated five configurations of LUS phantom using the k-wave
MATLAB® toolbox [33]. Phantom simulations were designed with multiple muscle tissue
feature circles lined up above multiple circles with air features, representing muscle fibers
and pulmonary alveoli, respectively. Circles with water features were placed over the
alveoli in five different configurations, and formed B-line images in all designed phantoms.
The arrangement with two close water circles was the one with the clearest laser-like B-line.

Formally, COMSOL® uses a library of material properties that cover several human
tissues, such as muscle, fat etc. However, all these models assume homogenous media. To
simulate a B-line, it is necessary for part of the domain inside the lung to be represented with
multiple scatters. This is a very difficult task using the geometry structure of COMSOL®,
because it implies several boundary conditions with their own meshes (grids).

One possible solution is inhomogeneous material models, as described by Sjodin
(2017) [26] for thermal properties. The idea is to use random functions as the coefficients
and phase of a cosine transform. Inhomogeneous material models with FEM-dG methods
describe basic ultrasound-imaging artifacts in lung diseases, with similar results to other
numerical studies [21,22], presenting satisfactory image resolution even when a lower
central frequency was employed.

The simulation results of the present study show clear B-lines, as a consequence of
LDZ inhomogeneity. The results achieved in this mathematical model were very similar
to those of Kameda et al. (2019) [34], who simulated in vitro B-lines with B-mode image
acquisition at different RF frequencies (6, 8, 11, and 13 MHz) of a lung phantom made
of a spindle-shaped juice sac and glucomannan gel. The inhomogeneity models do not
need special geometry components for the COMSOL® models; no complex situation is
generated with several boundary conditions, and there is no need for independent meshes.
The inhomogeneity material avoids these situations and provides a good modeling and
understanding of the multiple scattering in this zone. It has been proposed that this zone
acts as a trap for the ultrasonic RF, which reverberates and allows for the LDZ to become
a secondary RF source [32].
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B-lines are then directly correlated with alterations in the lung zone close to the pleura,
as water-like fluids and/or lung parenchyma consolidation [10,21,30]. These results are
similar to the ones in the literature, indicating that irregular lung surface may generate
B-line patterns [6,8,9,15,16,22,29]. The comprehension of the physical phenomena that
generate these artifacts is crucial to categorize the different types of B-lines, and to correlate
them with both specific diseases and different stages of diseases [35]. The artifacts’ signal
characterization is also crucial to developing quantitative algorithms dedicated to LUS
diagnosis and monitoring [3].

The computational processing speed of the LUS simulations was a limitation of this
study, as it proved difficult to use central probe frequencies that are commonly employed
in clinical exams (e.g., 4 to 7 MHz). Simulation with other frequencies would allow for
a better understanding of its correlation with the formation of B-lines. Another limitation is
the simplicity of the lung model. Other conditions, such as parenchyma hepatization and
calcifications, have yet to be included.

In our work, B-lines were produced by the inhomogeneity of the LDZ (Figures 9 and 10).
The use of inhomogeneous materials based on random components in the model was good
enough to simulate the scattering response of the tissue. The dG acoustic model is also
one good solution to the simulation of ultrasonic pulse propagation for this kind of scenario.
Simulation with narrow LDZ gave a more accurate image result, which was closer to the
clinical ones.

5. Conclusions

A mathematical FEM model using randomized inhomogeneous materials was pro-
posed and developed to simulate an LUS image sample and to evaluate the physical origins
of A-line and B-line artifacts. The main mechanism theory of B-line formation is assigned
to the reverberation of ultrasonic waves in a layer of lung tissue below the pleura with
liquids close to the interfaces that cover the lung. The transversal dimension and structure
of these B-lines depends on the structure of the LDZ. In any case, the developed model
could be used for multiple LDZ zones and other geometrical considerations. It is also
possible to obtain results with different ultrasonic array parameters, such as frequency and
dimensions, as well as other possible lung conditions that may generate B-lines; thus, this
work does not intend to exhaust this subject.
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Abstract: Background: The original observation that lung ultrasound provides information regarding
the physical state of the organ, rather than the anatomical details related to the disease, has reinforced
the idea that the observed acoustic signs represent artifacts. However, the definition of artifact does
not appear adequate since pulmonary ultrasound signs have shown valuable diagnostic accuracy,
which has been usefully exploited by physicians in numerous pathologies. Method: A specific
method has been used over the years to analyze lung ultrasound data and to convert artefactual
information into anatomical information. Results: A physical explanation of the genesis of the
acoustic signs is provided, and the relationship between their visual characteristics and the surface
histopathology of the lung is illustrated. Two important sources of potential signal alteration are
also highlighted. Conclusions: The acoustic signs are generated by acoustic traps that progressively
release previously trapped energy. Consequently, the acoustic signs highlight the presence of acoustic
traps and quantitatively describe their distribution on the lung surface; they are not artifacts, but
pathology footprints and anatomical information. Moreover, the impact of the dynamic focusing
algorithms and the impact of different probes on the visual aspect of the acoustic signs should not
be neglected.

Keywords: lung ultrasound; b-lines; vertical artifacts; pulmonary artifacts; physical models

1. Introduction

More than thirty years ago, Lichtenstein and colleagues described lung ultrasound (US)
signs of interstitial lung disease in terms of artifacts [1]. Since then, terms such as A-lines
and B-lines have been consistently present in the literature related to the US exploration
of the lung. A-lines and B-lines are usually associated with normality and with a sign
of interstitial pathology, respectively [2–6]. Over the years, this pathology has included
extravascular water of the lung, diffuse interstitial diseases of the lung, contusions and
bleeding, and inflammatory states [7], that is, anything that alters the relationship between
air and lung tissue without consolidating the organ [8]. The original observation that the
US exploration of the still aerated lung informs us about the physical state of the organ
rather than the morphological (anatomical) details related to the disease has reinforced the
idea that the B-lines represented US artifacts [9]. Obviously, the B-lines do not represent
any anatomical part of a pathological lung as, similarly, the A-lines do not represent the
anatomy of a normal lung. However, the definition of artifact does not appear adequate in
our case. According to the Cambridge dictionary, “an artefact is something observed in a
scientific investigation or experiment that is not naturally present but occurs as a result of
the preparative or investigative procedure”. According to the Merriam-Webster dictionary,
“an artifact can be a defect in an image (such as a digital photograph) that appears as a
result of the technology and methods used to create and process the image or it can be
a product of artificial character (as in a scientific test) due usually to extraneous (such as
human) agency”. According to Collins, “an artifact is any non-natural feature or structure
accidentally introduced into something being observed or studied”. All these definitions
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lead us to consider the existence of something false, of something wrong, or something
conditioned by the process that produces the artifact.

On the contrary, pulmonary US signs have over the years shown considerable diag-
nostic accuracy, which has been usefully exploited by physicians in numerous pathologies.
Although these signs do not explicitly reproduce anatomical details of the lung, they repre-
sent practical clinical information. Moreover, recent results provided by numerical simula-
tions and experimental results obtained in the laboratory on physical lung phantoms have
increased the robustness of the clinical information contained in the US lung signs [10–15].
Thanks to these results, what was before considered artefactual information has been
decoded as physical information of the lung surface. The primary purpose of this paper is
to outline how the so-called vertical artifacts are the responses of acoustic traps located on
the lung surface and, consequently, to raise these acoustic signs to the level of anatomical
information [13,14]. Secondarily, the paper aims to recall the main characteristics of the
trap acoustic signs, describe the method that has been used to comprehend their genesis,
and highlight their relationship with the surface histopathology of the lung. Moreover,
the impact of the US equipment on the visual characteristics of the trap acoustic signs is
addressed, and two important sources of potential signal alteration, which remain to be
investigated, are illustrated.

2. Materials and Methods

Our interest in lung US as a team began in 2010, and just after a few months, we
adopted a precise method of analysis which, in the subsequent years, provided significant
results: the four-step method [13,14,16], which is illustrated in Figure 1.

Figure 1. Schematic representation of the methodological approach used to investigate the genesis of
the US signs, which are observed on lung US images in the presence of pulmonary pathologies.

The first step is to watch video clips of lung US exams, looking for ideas on the genesis
of the observed acoustic signs. The second step is to formulate a reasonable hypothesis
derived from, and consequently congruent with, the physics of acoustic wave propagation.
The third step is to look for confirmation of the hypotheses by simulating the imaging
process on numerical phantoms. The fourth and last step is to verify the hypotheses
through experimental results on calibrated physical phantoms. As can be seen in Figure 1,
a retroactive role of the previous steps is planned for each single step. For example, once
a hypothesis that is based on the observation of numerous video clips is formulated, it is
important to conduct a second round of visual analysis of the same video clips. This is
because human vision is not limited to simple retinal vision. Important tasks of our vision
system are explicated by the brain, and once a hypothesis is formulated, the brain setting
changes, and new useful details can be captured on the same video clips.

The visual characteristics of the acoustic signs depend on many imaging parame-
ters [14,17]. However, two important sources of signal alteration, which have never been
considered before, have been highlighted during our analysis. Hereinafter, if not differently
specified, images were acquired through the US advanced open platform (ULA-OP) [18].
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This is a hardware-based research scanner [19] that allows the high programmability and
flexibility needed to control and set specific imaging parameters, both in transmission
and reception.

3. Results

3.1. The Four-Step Method

At first, we observed that the acoustic signs were oriented along the specific scan/imaging
direction [20]. This observation led us to formulate the hypothesis of the acoustic trap [10]
as a logical explanation of the acoustic signs observed on lung images: the pulse energy is
partially “trapped and repeatedly bounced” in a spot on the lung surface, i.e., the trap, and
is subsequently released while the probe and the system are still receiving and processing
the RF signal from that direction.

A question, however, was raised: what mechanism, which is congruent with pul-
monary anatomy, can trap the pulse energy? Two plausible hypotheses were analyzed:
air bubble vibrations and multiple reflections between air bubbles. Both theoretical and
experimental results provided the answer. From the Minnaert relationship [21,22], we
know that an air bubble (for example, a partially filled alveolar sac) can vibrate once it is
excited by an acoustic wave, but cannot re-radiate an US wave at radio frequency (2–6 MHz)
unless the bubble is a microbubble with a diameter of a few microns. Experimental results
also confirmed that isolated air bubbles do not give rise to acoustic signs [10]. Conversely,
numerical simulation and experimental results showed that tissue mimicking volume
surrounded by air bubbles (both tissue and bubbles, having sizes compatible with the
pulmonary anatomy) can easily give rise to acoustic signs in the range of 2–6 MHz. This
second observation suggested the plausible hypothesis that the observed acoustic signs
are generated by multiple reflections of an acoustic wave propagating in a non-aerated
medium (the interstitial medium) surrounded by aerated structures (the alveoli sacs) [10].

The third observation was related to the length of the trap acoustic signs. Physicians
consider those signs that start at the pleura plane and extend to the bottom of the screen to
be important [1,5]. Today, we know that this is not true and that the extension of the acoustic
signs strongly depends on the imaging parameters [14,17], which often do not extend to
the bottom of the screen, and that even those acoustic signs are extremely interesting for
clinicians. However, even though they do not extend to the bottom of the screen, their
length is an important feature, according to the clinicians’ experience. A 12 cm long US
sign was obtained for the first time in the laboratory when an agar gel volume completely
surrounded by air, except for a 1 mm aperture at the top, was used [14]. However, the
illuminating result was casually obtained later when a 2 mm agar disk was used as a
phantom. The agar disk was positioned between two polyethylene films; the upper film
was covered by a bed of water, which guaranteed a good acoustic matching between the
agar disk and the probe, and the lower film, where the agar disk was sitting, separated the
latter from the underlying air. The upper film under the weight of the water assumes a
convex shape and rests only on the central part of the agar disk (Figure 2a). Figure 2b shows
how the agar disk gives rise to a short reverberation in the center and longer reverberations
on the periphery, where the agar is partially limited by air, even at its upper wall. Since the
beam size is not infinitesimal, once it is reflected by the air underlying the lower film, it
is partially intercepted by the air that separates the periphery of the disk from the water
laying on the upper film. Consequently, the number of multiple reflections within the agar
disk increases and, as a consequence, the length of the acoustic signs also increases. This
casual experimental result clearly shows how the length of the trap acoustic sign (i.e., the
time interval during which the trapped energy is gradually re-radiated) depends on the
shape of the acoustic trap.
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Figure 2. (a) Shows an agar disk positioned between two polyethylene films with the upper film
that rests only on the central part of the agar disk. (b) Shows how the agar disk generates a short
reverberation in the center and longer reverberations on the periphery where the agar is partially
limited by air even at its upper wall.

In order to further verify the previous hypothesis, a video clip was acquired on a
singular phantom, i.e., a drop of water falling from a water container. Initially, the drop is a
hemisphere of water attached to the water container by means of a large surface. However,
as its weight increases, it assumes the characteristic shape of a drop of water attached to a
surface for a peduncle. Such a shape completely changes the response of the drop to the US
since it is now limited by air even at the top, apart from a small channel of water that keeps
the drop attached to the container. Now, two high acoustic impedance discontinuities (both
below and above) reflect the acoustic waves, and the internal reverberation has a longer
duration. Let us make a small hole in a polyethylene film that retains a bed of water, and
let us acquire a US video clip of a drop of water while it is falling. Figure 3 shows some
frames of the video clip. Initially, a short reverberation generated between the bottom of the
drop and the polyethylene film is observed. Subsequently, as the size of the drop increases,
the distance between the horizontal lines provided by the reverberations increases. The
number of visible reverberations also increases until the drop reaches the necessary weight
to detach and fall. In these last frames, the acoustic sign changes radically: it appears
brighter and much longer. The length of the acoustic sign does not depend only on the
volume of the drop, but it also depends on the liquid channel that connects the drop to
the polyethylene film. The acoustic trap should be seen as an assembly of two elements: a
channel that links the trap to the external medium and the chamber of the trap. The two
examples given by the agar disk and by the drop of water show the importance of the
experimental results obtained on physical phantoms (the fourth step).

 

Figure 3. Example frames from a video clip during which a drop of water was acquired, with a linear
US probe, while it was falling from a water container. From left to right, the number of observed
reverberations and their spacing increase. The last frame shows how the trap acoustic sign changes
radically (it appears brighter and much longer) when the drop reaches the necessary weight to detach
and fall.
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The importance of the third step was highlighted when another observation was
analyzed. Physicians distinguish acoustic signs from modulated acoustic signs [23], and
great importance is given to this distinction. Mostly, trap acoustic signs have a confused
structure, but sometimes they have a clear periodical structure given by a cascade of small
horizontal bright segments; these are the signs that physicians call modulated artifacts
(Figure 4a). The genesis of these signs has been explained through the modulation transfer
function of the acoustic trap (i.e., through its spectral signature). Due to the internal
multiple reflections of the acoustic pulse and due to their constructive and destructive
summations, the power spectrum of the acoustic signal, which is re-radiated from the trap,
is given by a set of regularly spaced harmonics of the pulse spectrum, where the frequency
intervals are inversely proportional to the sizes of the trap. For example, if the shape of an
acoustic trap could be approximately defined by three dimensions d1, d2, and d3, then its
spectral signature would be characterized by the harmonics fn,m,l:

fn,m,l =
c0

2

√(
n
d1

)2
+

(
m
d2

)2
+

(
l

d3

)2
(1)

where n, m, and l are integer numbers, and c0 is the US propagation speed [24]. Equation
(1) explains the different modulations that are observed in the lung US signs, which can
also be replicated with a simple numerical simulation. The numerical simulation, however,
provided an unexpected result. If the three dimensions d1, d2, and d3 were reduced to
a single dimension d (for example, if the trap shape was approximately spherical) and
d was small, then the set of harmonics fn,m,l could be reduced to a single harmonic (in
the frequency range of the probe). If a single harmonic was thus obtained, the image
formation process would generate an acoustic sign with a uniform gray level. Such an
acoustic sign had never been observed until then, and that challenged our hypothesis.
A return to the first step (observation) was mandatory, and while watching the same
video clips again, we surprisingly found the acoustic signs we had not previously noticed
(Figure 4b). This anecdote illustrates the importance of numerical simulation, which
should not be considered a simple verification process. Numerical simulation can provide
important and unexpected suggestions that can further validate or reject the hypotheses
under examination.

 

Figure 4. Lung US images acquired with a Toshiba Aplio XV scanner and a PVT-375BT convex probe
are shown. From left to right, (a) a modulated acoustic sign, (b) an acoustic sign with a uniform gray
level, (c) slight confused acoustic signs, and (d) confused acoustic signs starting beyond the pleura
line are shown, respectively.

Some acoustic signs, however, are confused (Figure 4c). Often, they do not have the
periodical structure of the modulated signs, and this is the fifth observation we analyzed.
We do not have a definitive physical explanation for the latter yet. Experimental results on
isolated traps and theoretical speculations suggest an explanation that, however, must be
further explored. In a previous paper [13], it was shown how a modulated acoustic sign
generated by a physical phantom becomes confused when the size of the trap input channel
gradually increases (Figure 5). Here, it is suggested that the long modulated acoustic signs
are probably generated by isolated acoustic traps that are connected to the thoracic wall
through small interstitial channels. In this case, the trap acts as a point-like source of US
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and, consequently, can both re-radiate the trapped energy slowly and eliminate the uneven
acoustic perturbation of the particles of the medium at the top of the channel.

 

Figure 5. From right to left, the US images show how a modulated acoustic sign generated by a
physical phantom becomes confused when the size of the trap input channel gradually increases.

This conclusion, based on theoretical speculations and experimental results, partially
contradicts the theory of the spectral signature, according to which the modulated structure
of the acoustic signs depends on the size of the traps. Here, we see that the structure of the
trap acoustic sign depends also on the size and shape of the input channel. The response
of an isolated acoustic trap to an US pulse should be analyzed as a function of both the
acoustic channel and the trap chamber. The similitude with the Helmholtz resonator [25] is
evident, even though the frequency range is completely different.

A more complex circumstance arises when non-isolated traps or traps having multiple
input channels are considered. So far, these traps have not been specifically analyzed,
even though a partial explanation has been given as an appendix of the White Lung
investigation [10]. The so-called White Lung artifact was investigated through numerical
simulation. The hypothesis that was formulated, through the visual analysis of numerous
video clips acquired on different patients and the examination of their clinical diagnoses,
was that of a distribution of small, aerated spaces, separated by thickened interstitial
spaces. A stochastic process where every single reflection inside a distribution of traps was
characterized by its own delay and amplitude was assumed. In addition to suggesting a
physical explanation of White Lung, the same process also suggests a physical explanation
of the local acoustic signs with a confused structure, which are observed, for example,
in patients with pulmonary fibrosis or ARDS. The mathematical model provided images
and acoustic signs that were very similar to those provided by the clinical cases of White
Lung and fibrosis, respectively. Moreover, this is in line with what has been observed
both in patients and on phantoms. In patients [26], the lung US images show how the US
pattern changes by increasing the alveoli internal pressure and, consequently, their size and
dominance with respect to the surrounding lung tissue. Analogously, on phantoms [27],
US images show how the US pattern changes by increasing the dominance of the air spaces
with respect to water. These articles show how the US pattern changes from White Lung
to multiple unstructured acoustic signs and, subsequently, to isolated modulated signs by
progressively increasing the dominance of the air spaces.

3.2. The Impact of Wrong Utilization of the Ultrasound Equipment

Every commercial US scanner uses a dynamic focusing algorithm in receive mode [28–31]
to increase the quality of the acquired images. Once an US pulse is sent in a direction dr, a
scatterer sc, located along this direction at a distance d from the probe, partially reflects the
acoustic wave and generates an echo signal s(t). Therefore, the N receiving elements, lined
up on the head of the probe, receive N signals s(t–ti), where ti is the time shift caused by
the geometry of the receiving system. Consequently, in order to focalize the response of the
scatterer sc, the signals s(t–ti) are added by compensating the time shift ti. However, since
the time shift ti depends on the distance d of the scatterer sc from the probe, then the time
shift ti changes for every scatterer located along the direction dr. The idea is to correctly
focalize the response of every scatterer located along the scan direction dr, even if their
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distance from the probe varies. Consequently, a dynamic focusing algorithm is used in
receive mode to vary the values of the time shift ti as a function of the time t. The dynamic
focusing algorithm (and the dynamic apodization algorithm, too) in receive mode increases
the quality of the images when echoes coming from scatterers at different distances from the
probe are expected. On the other hand, when a signal that has been radiated by an acoustic
trap located at a fixed distance from the probe has to be analyzed, these algorithms should
not be used since they introduce artifacts. In this case, the term artifact is correctly used
since the two algorithms (the dynamic focusing and the dynamic apodization algorithms)
alter the true signal. According to Collins, they accidentally introduce non-natural features
into something being observed or studied.

Usually, when the process of beam formation is analyzed, we refer to lateral focusing.
Nevertheless, another source of data alteration is introduced by the elevation focus [29].
The latter is typically static (unless probes with active elements arranged in a matrix are
used) since it is defined by the probe acoustic lens. This lens is designed to fix the elevation
focus at the supposed center of the region of interest, which depends on the application.
The problem is not trivial since, in lung US, clinicians use linear, convex, and cardiac probes
indifferently. While the linear probe has been designed to study superficial structures, and,
consequently, the focus of the acoustic lens is close to the head of the probe, the convex
and the cardiac probes have been designed to study deeper structures, and the focus of
their acoustic lens is far from the head of the probe. For example, Figures 6 and 7 show the
beam profiles in elevation of the LA533 linear array probe from Esaote and of the CA631
convex array probe from Esaote, respectively, when pulses with a central frequency of 4
MHz are used.

Figure 6. Elevation beam profile of the Esaote LA533 linear array probe when pulses with a central
frequency of 4 MHz are used. Figure courtesy of Esaote, Florence, Italy.

Figure 7. Elevation beam profile of the Esaote CA631 convex array probe when pulses with a central
frequency of 4 MHz are used. Figure courtesy of Esaote, Florence, Italy.
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Let the distance between the head of the probe and the pleura plane be approximately
20 mm. Then, the difference between the two beam sizes at the pleura plane is evident
and substantial. The beam size is 2 mm or 10 mm when the LA533 or the CA631 is used,
respectively. The LA533 is correctly used since its acoustic lens focalizes the beam at a
mean distance of 20 mm, i.e., the LA533 has been designed and tuned to analyze structures
at a mean depth of 20 mm. Convex and cardiac probes are not used correctly when they
are used to analyze the pleural plane since they have been designed and tuned to analyze
deeper structures. An increased size of the beam decreases the spatial resolution of the
probe, and an irregular distribution of the beam energy (as in the case of the CA631 at the
depth of 20 mm) alters the response of the pleural plane yielding to artifacts.

4. Discussion

After birth, the surface of the lung shows a porous structure, and in many pathologies,
which still allow the aeration of the pulmonary cortex (the so-called interstitial pathology),
the lung maintains a superficial porosity, with variable degrees of density and morphology
depending on the pathology [32,33]. This also occurs when the lung tissue partially
collapses, and the tissue does not show pathological changes. In these contexts, the
assumption that the tissue component of the pleural surface may give rise to a distribution
of acoustic channels and traps, surrounded by air spaces, is reasonable. In this case, the
insonation of the pleural plane locally allows the trapping of the acoustic energy and its
gradual re-radiation to the probe. These systems of channels and traps are normally present
along the pleura (the normal interstitium), but the small size of the channels (often no more
than 10 microns [34]) does not allow the transmission of a significant quantity of acoustic
energy to the underlying tissue component. It is only when these channels widen, due to
the presence of an interstitial pathology, that they allow the transmission of a quantity of
energy that is sufficient to generate a visible acoustic sign during the re-radiation of the
trapped energy [35].

A subpleural pathology of the lung, which allows the organ to maintain a certain
degree of dispersed aeration, generates acoustic signs, as clinical evidence has repeatedly
confirmed [6,36,37]. Similarly, deflation of the lung can produce focal densities in relation
to the selective collapse of subpleural peripheral air spaces (folding of air spaces), with
a critical reduction of aerated units [38]. Since the distribution of the acoustic traps rep-
resents the superficial (pathological or pathologically deflated) interstitium of the lung, a
sort of parallelism between the distribution of the trap acoustic signs and the superficial
histopathology of the lung sounds realistic.

While the concept of non-consolidated density has already been expressed in previous
papers [8,39], no clear clinical interpretation has yet been made regarding the distribution
and the visual characteristics of the trap acoustic signs (and, consequently, of the focal
thickening of the pulmonary superficial, non-aerated medium). What is known is that
different interstitial diseases of the lung may or may not involve the surface, and, conse-
quently, that their US visibility depends on the surface involvement. Moreover, some of
these diseases appear to be more evident in specific regions of the lung. Some diseases
largely affect the surface of the lungs, while others show a preference for a location or
a patchy appearance. These clinical aspects have already been described when focusing
on the differential diagnosis between primitive pulmonary processes (fibrogenic diseases)
and cardiogenic diseases [40,41]. Recent experiences with pneumonia from COVID-19
have been enlightening, and the distribution of the acoustic traps in these contexts offers
a coherent explanation [23]. The acoustic trap theory allows clinicians to estimate the
gravity of a specific pathology through the analysis of the distribution of the acoustic
signs. Physiological acoustic traps of the normal lung cannot generate visible acoustic signs.
Consequently, the more numerous the acoustic signs, the more severe the pathological
involvement is. However, apart from the density and the topographic distribution of the
trap acoustic signs, apart from their continuous or patched distribution, and apart from
the appearance or not of White Lung, the acoustic trap theory suggests that the visual
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structure of the acoustic signs may provide information regarding the geometry of the
trapping systems. In other words, an acoustic sign can be considered a pathology footprint.
The trapping system, with its combinations of acoustic channels and traps with variable
characteristics, can roughly indicate groups of defined histopathologies.

The acoustic interaction of US with the surface of a lung when the latter is affected
by an interstitial disease involves many traps with variable characteristics, such as size,
morphology, and content. According to this, some correlations can be speculated. For
example, a regular distribution of acoustic traps with small openings (channels) on the
pleural surface is likely to generate images with many extended acoustic signs, starting
from the pleura and having a modulated structure. Conversely, large access channels
to acoustic traps would tend to produce larger, non-modulated, and often non-extended
signs. This clear difference is observed when subjects with initial pulmonary edema (small
channels derived from interlobular septa) and subjects with idiopathic pulmonary fibrosis
are evaluated (large channels with variable size due to collagenization) [40]. Another
aspect that must be considered is the visual localization of the bottom of the acoustic trap.
The acoustic signs originate from the bottom of the trap, and, consequently, the depth
of the trap can be estimated when they do not appear to originate from the pleural line
(Figure 4d). Therefore, a trap acoustic sign that appears as starting beyond the reflection of
the pleural line can indicate a primitively pulmonary (even micronodular) genesis because
the initial hydrostatic edema (cardiogenic) does not produce acoustic traps with these
characteristics [42].

The correlation between surface histopathology and the visual characteristics, distri-
bution, and gray-level intensity of the phenomena currently defined as vertical artifacts
will probably strengthen soon. The specificity of the acoustic signs will probably point
clinicians toward specific groups of pathologies. In this sense, the epidemic of pneumonia
from COVID-19 has taught us a lot [23,43], especially thanks to the variety and the temporal
evolution of the finds. In COVID-19, early alveolar aspects appear as discontinuous acous-
tic signs associated with discontinuous areas of White Lung. Discontinuous acoustic signs
are probably generated by discrete distributions of small channels that transmit, trap, and
gradually re-radiate the acoustic energy. As for White Lung, its origin from the insonation
of groups of homogeneous and closely packed small traps is conceivable. The presence
of wide non-modulated signs, originating from the bottom of identifiable larger traps (the
micro-consolidations), is only observed with the consolidating evolution of the disease. It
is interesting to note that this evolution and the heterogeneity of findings is constant in all
situations of alveolar damage (ARDS is the most typical case).

5. Limitations

One limitation of the method that has been introduced and illustrated in Section 2
is the difficulty to produce small durable phantoms. Calibrated physical phantoms with
reproduced aerated volumes and tissue-mimicking septa that have dimensions similar
to the real lung are needed to further investigate the US signs, but realizing the latter is
challenging. Moreover, durable phantoms are also needed to guarantee the repeatability
of the experimental step (the fourth step of the method). The agar gel that has been used
so far is not suitable since, once exposed to air, it begins to dry, and its acoustic properties
change. More complex mathematical models must be developed, and new materials must
be explored to realize the physical phantoms [44,45].

The impact of the imaging parameters is another limitation of the methodology [14,17].
For example, it is difficult to distinguish the contribution of the imaging parameters to
the length of a trap acoustic sign from the contribution of the trap geometry. Specific
acquisition protocols could even be developed where every imaging parameter is exactly
defined. However, differences between different US scanners and differences between
different probes cannot be avoided.
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6. Conclusions

Over the years, different terms have been used to highlight the lung US acoustic signs
as opposed to the anatomical information. The terms ring-down artifact, comet-tail artifact,
and vertical artifact have also been proposed, in addition to B-line. The two terms ring-
down artifact and comet-tail artifact have been proposed in different papers by different
authors and derive from analogies with similar phenomena suggested by the visual aspect
of the examined acoustic sign. The comet-tail artifact [46] was described as a reverberation
effect, and the ring-down artifact [47] was described as a resonance effect. All these terms
have a common attribute: they consider trap acoustic signs as artifacts. However, all of
them refer to trapped (absorbed, transmitted, etc.) energy that is subsequently released
in the form of a periodic or confused signal. The acoustic traps can be seen as secondary
sources of US. Consequently, trap acoustic signs highlight the presence of acoustic traps
and quantitatively describe their distribution on the lung surface; they are not artifacts, but
pathology footprints and anatomical information.

The term artifact does not do justice to the trap acoustic signs that are observed on US
images of the lung. These acoustic signs are reproducible in the laboratory [13] and convey
important clinical information. Even though they do not represent anatomical details of
the lung in the proper sense, they originate from altered spots (acoustic traps) of the lung
surface and represent a structural reality of the pathological lung.

It is undeniable that the diagnostic usefulness of lung US is limited to the lung
pathologies that surface on the pleural plane. Lung US cannot provide information on
deeper layers of the lung unless its aerated component is strongly reduced. However, the
methodology that has been adopted to investigate the genesis of the acoustic signs has
provided important results. Physical explanations of the main attributes of trap acoustic
signs, such as their length, brightness, and shape, have been formulated thanks to the
four-step method. Different approaches to the study of the information provided by lung
US, such as those derived from artificial intelligence, could not have helped us to develop
the physical knowledge of lung US that we have today. This research method is somehow
comparable to the methodology that usually guides the clinical use of thoracic US (a
practice that is known as Clinical US [48]).

The visibility and the visual characteristics of the acoustic signs, which are potentially
generated by the traps once they have been activated by an US pulse, depend both on
the trap geometry and the imaging parameters. The impact of the latter on the acoustic
signs generated by specific traps is generally known, and, in our opinion, the problem can
be partially overcome by analyzing how the response of the acoustic traps varies when
varying the imaging parameters. However, two important sources of signal alteration
are still ignored: when exploring the pleural plane of the lung, the dynamic focusing and
apodization should be switched off. Moreover, given the geometric features of the acoustic
lens, the impact of different probes on the visual aspect of trap acoustic signs should not
be neglected.

Much work has still to be done, but in our opinion, the diagnostic potential of lung
acoustic signs will progressively increase through a better understanding of the relation-
ship between the visual aspects of these signs and the pathological morphology of the
lung surface. What has so far been interpreted as an artifact should be perceived as a
pathology footprint.
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