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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.

Marcello Demi
Editor

Xi
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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 CT Findings and Assumed Diagnosis

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
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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 l\(/;ia/rl?(;o’)e Female 1\(';8-'-&/11_ 1:(;5)9 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+/ -84 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 + EN).

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.

10
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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 E 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
Type 1 respiratory failure of a nature to be determined with right
5 M o
saphenous small thrombophlebitis

6 F Bronchitic exacerbation in patient with bronchiectasis
- 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.

Definitive Pathology
Group T ; Total
Consolidation COorPD Chromf.‘ Fibrosing Vascular Pathology
Disease
Count 22 1 0 1
o Expected Count 7.9 6.3 3.5 6.3
Consolidations 24
% Within Group 91.7% 42% 0.0% 4.2%
Adjusted residual 7.0 —2.8 —23 —2.8
Count 0 3 13 1
. Lo Expected Count 5.6 45 2.5 45
Diffuse Findings 17
% Within Group 0.0% 17.6% 76.5% 5.9%
Adjusted residual -32 -0.9 7.9 -21
Count 8 15 2 11
E ted Count 11.9 9.4 5.2 9.4
Limited Findings xpected L-oun 36
% Within Group 22.2% 41.7% 5.6% 30.6%
Adjusted residual -17 2.6 -1.9 0.7
Count 1 4 0 2
No pathological Expected Count 2.3 1.8 1.0 1.8 ;
ultrasound findings o, Within Grou 14.3% 57.1% 0.0% 28.6%
p
Adjusted residual -11 19 -11 0.1
Count 3 4 0 12
. Expected Count 6.3 5.0 2.8 5.0
Non-diffuse features 19
% Within Group 15.8% 21.1% 0.0% 63.2%
Adjusted residual -1.8 —0.6 —2.0 41
Count 34 27 15 27
Total 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,

11
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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
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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.

13



Diagnostics 2022, 12, 952

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.

14
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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 lasi (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.

RIGHT LEFT
MA AA MC PS IC PS MC AA MA
R2MA R2AA R2MC R2PS I 12PS L2MC 124A L2MA
R3MA R3AA R3MC R3PS I L3PS L3MC L3AA L3MA
RAMA RIAA RAMC R4PS v L4PS LaMC L4AA LAMA
RSMA R5AA R5MC R5PS \V4

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.

Eligibility Screen |——p| Enrolment and Randomisation

— T

Active Group Control Group

!

Standard Care

LU-guided
Fluid Management

.

‘ BLS <15 ‘ ‘ BLS5 =15 ‘

} }

Target Zero FB Target Negative FB
[if no signs of shock] [-250 to —1000 ml]

l !

Give Diuretics [Furosemide]

—

FB in the FB outside
targeted range targeted range
L Maintain Increase/Decrease
Furosemide Dose Furosemide Dose as necessary

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 (x2) test or Fisher’s exact
test, as appropriate. Hazard ratios (HRs) and risk ratios (RRs) with 95% confidence inter-
vals (Cls) 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 (1) 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.

[ a— J Assessed for eligibility
nrollment (n = 4832)
Excluded (n = 4656)
—*| = Not eligible (n = 4624)
* Declined to participate (n = 32)
Randomised
(rn=176)
[ Allocation }
v L 4
Allocated to intervention (n = 84) Allocated to usual care (n = 92)
= Received intervention (n = 76) = Received usual care (n = 90)
= Withdrew consent (n = 8) = Withdrew consent (n =2}

l [ Fotowp | [

Lost to follow-up (n=0) Lost to follow-up (n =0)
Discontinued intervention (n = 0) Discontinued intervention (n = 0)

| (e )|

Analysed (n =76) Analysed (n=90)

» Excluded from analysis (n =0) = Excluded from analysis (n = 0)

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/m?. 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.

Active Group Control Group

Variable (= 76) (1 = 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/m?) 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 I 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.

Active Group Control Group

Surgery Type (n = 76) ( = 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).

100% OOn ICU admission B During ICU stay
0

90%

80% p =002 p =042

70% ——t— Lt

60% 56.6%

50.0%
50% p=1.00 p=0.03
40% . ——— ———
31.6%
30%
20% 15.8% 15.8% 15.8% 11.8%
0% L:—l
BLS0-4 BLS 5-14 BLS 15-29 BLS =30

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 (%)
at24 h 21/76 (27.6) 21/90 (23.3) 0.53
at48h 18/74 (24.3) 20/84 (23.8) 0.94
at72h 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
at24 h 630 (—139-1430) 680 (115-1366) 0.52
at48h 1320 (1-2406) 1379 (47-2157) 0.86
at72h 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 (1 = 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
AKT 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 PaO, /FiO, 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, PaO, /FiO,
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, PaO, /FiO,
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 O 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
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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.

No Intradialytic Intradialytic
All Hypotension Hypotension p-Value
Group Group
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, 52 (47.7) 43 (58.1) 9(27.3) 0.006
n (%) ' ' ’ :
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 . > g
[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 g g
[%, 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, . . N
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 —5.5(—2.8-—8.5) —4.6 (—4.2-—6.7) —7.6 (—4.2-—10) <0.001
[n, median (IQR)]
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 (x*> = 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].
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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 (x> = 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% C1 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.

No intradialytic Intradialytic
All Hypotension Hypotension p-Value
Group Group
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, 18 (69.2) 12 (92.3) 6 (46.2) 0.03
n (%) . . . .
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 —5.1(=7.7--3.0) —4.1(-5.5--2.8) —6.2 (—9.5--3.0) 0.24
[n, median (IQR)]
B-lines after dialysis
[, 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

43



Diagnostics 2022, 12, 2990

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 <0.1in 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 4132 0.042
Previous cardiovascular 0.809 0199 3298 0.768 ) ) ) )
events (yes/no)
Residual diuresis (mL) 0.999 0.998 1.00 0.192 - - - -
SBP before dialysis 0.964 0.933 0.996 0.030 0.965 0.938 0.994 0.017
(mmHg)
Peltaweight gain/dry 4 14 0781 1.689 0480 - - : :
weight (%)
UF rate (mL/kg/h) 1.018 0.832 1.246 0.863 - - - -
Peripheral
oedema-pulmonary 4.476 0.980 21.369 0.53 - - - -
crackles (yes/no)
Hypoalbuminemia 0.319 0.091 1122 0.075 0.471 0.164 1.352 0.162
(yes/no)
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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Sensitivity

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.

B
AUC 95% IC Pairwise comparisons
B-lines 0.736 0.6373 to 0.8348 ref
BVM 0.747 0.6457 to 0.8487 0.428
Clinical evaluation 0.666 0.5548 to 0.7773 0.00%
Chest X-Ray 0.654 0.5431 to 0.7652 0.05
NT-proBNP 0.650 0.5257 to 0.7758 0.024

0.2

T
04

1 I
0.6 0.8 1.0

1 - Specificity

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).

Il

28-zone B-line quantncation
technique

Lung ultrasound Reduction in B-lines in Lung ultrasound
assesment before real time during assesment at the end
dialysis session ultrafiltration of the dialysis session
<8 B-lines <5 B-lines
Consider Consider increasing the
reducing/minimizing dry welght In case of
ultrafiltration intradialytic hypotension

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
Effusion side (Ultrasound)

64 + 5 (19-81)

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).

Pleural nodularity Pleural thickening

/

/
/

7

Parietal pleura—"

Pleural effusion

Pleural nodularity

Diaphragm

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
<56 mm 5
5-10 mm 7
Nodularities and pleural thickening 4
<6 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%)
. 11 5 16 (57%)
Negative 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).

100 -

US ROC: 0.92

Sensitivity

CT ROC: 0.77

40

20
— USCFS
— CT-CFS
o A s l A A s l A A A l A A s l A A A l
0 20 40 60 80 100

100-Specificity

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

59



Diagnostics 2022, 12, 2587

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.

Medical history,
Symptoms,
- Eventual CXR and/or CT scan
of the Chest if performed

Pleural effusion whose
differential diagnosis
cannot exclude malignancy

l

Chest sonography No pleural changes
Pleural abnormalities / T

in CPA

Echo-guided thoracentesis or chest drainage

\_.
| Malignant citology I./'? No malignant citology

Contrast enhancement CT scan Relapsing
of the chest if not yet performed pleural effusion
Suspected pleural No pleural
abnormalities abnormalities
Medical Thoracoscopyand 1 1 -
Contrast enhancement whole Medical Thoracoscopy Relapsmg Medical Thoracoscopy
body CT scan pleural effusion

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].

Records identified
through database
research (n=695)

$

Records after

Record luded
duplicates = (ne_c4o3r 1? exclude
removed (n=550) —

Records assessed <
for eligibility
(n=119) \

Records excluded:

- useless data: studies of endoscopic ultrasound,

studies reporting “suspected infection” without

‘ clear microbiology data; study in which the
prevalence of any ultrasound finding in the

P opulation was not well specified

Studies included | D i P

(0=17) - Not English articles

- Qualitative studies

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

Area in which lung tissue is de-aerated with density

Consolidation similar to parenchymal tissues [23]

Type of consolidation shown as hyperechogenic tissue
Atelectasis structure visualized as solid parenchyma with static air
bronchogram [11,24]

Solid, hypoechoic, heterogeneous lesions with sharp

Cavitation lobulated margins [11,25]

Hypo- or anechogenic structure, delineated by the chest

Pleural effusion wall and the diaphragm [11,26]

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

B-lines vertical hyperechogenic artefacts synchronized with
pleural line [11,23,27]
Pleural irregularities Reduction or interruption of pleural line [11,28]

Hyperechogenic subcentimetric granularities or

Sub-pleural nodes/granularities 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

Pleural Consolidation B-Lines

Patients Age Effusion Total >1-1.5 cm Total Scattered Confluent Atelectasias

. 16 . 30 30 30 18

Li, 2021 [31] 30 Mean 9 yrs (53%) 30 (100%) NS (100%) (100%) (100%) (60%)
Tripaldi, 2021 [32] 40 Mean 4 yrs a 5?%) (835”%/0) (7371 ) (35;/0) NS NS NS
Buonsenso, 7 38 19 28 28 26

2022 [33] 43 Mean 7 yrs (16%) (88%) (44%) (65%) (65%) 0 (60%)
Liu G., 2022 [34] 161 Median 4 yrs (2‘5% (Sljg) | NS (1})?]}, ) (12/0) (91;5}0 | NS
77 . 50 232 61 184 44

Total 274 28%)  238(86%)  (gho) (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 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].
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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 Pleural Pleural Ir- Subpleural Subpleural

Patients Mean Age Effusion regularities Consolidation  Cavitation Nodes Granularities B-Lines
Children
BT 2y 1260%) 8% 5% 0 0 0 &%)
Adults
TR w0 vd 0 0 0 0 0 (100%) (100%)
gt 7St[1;91? 60 32yrs (18%) NS en) %) (08%) %) NS
ST 1o 51 34 yrs (2%)9/0) (732/0) (7%%0) (33%) (7335/0) 0 0
5030 (] 51 34 yrs (7%/0) NS (8%)1/0) (63/0) (s%)})/o) 0 (3%9/0)
2(?202?2)5’] 1 36 yrs 1.(100%) 0 (10})% | (10})% ) 0 0 0
Total (adults) 173 (1%3/0) (533/0) (61310[/)0) (9150) (7183"?0) (slvi) (2369/0)

* 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 x 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 x 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].

75



Diagnostics 2023, 13, 1612

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).
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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

(I) Normal: A lines
(I) Mild: fewer than 3 B lines in 2 rip spaces with spared areas
Wu (34) (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

(I) trivial-none (LUS-score = 0-6),
() mild (LUS-Score = 6-12),

(IIT) moderate (LUS-Score = 13-24)
(IV) severe (LUS-Score > 24)

Cantinotti (12,13)

. . (I)  Type 1- full hyperechoic image of the lung fields or ‘white lung’;
Raimondi, . . ¢ . .
Vitale (15,20) (I)  Type 2- prevalence of B lines, that is, vertical, comet-tail artifacts.

! (IIT) Type 3- predominance of A lines
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Rare B lines,
Mild congestion

Severe congestion,
Confluent B lines or White lung

CC Ing
consolidation

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).

Costodiaphragmatic
recessus

Figure 3. Formulas for pleural effusion quantification according to different authors: (a) Usta
et al. [24], PEV is calculated by the formula D (mm) x 16, (b) Balik et al. [23] PEV is calculated by
the formula Sep (mm) x 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.
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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).

Pneumothorax
Absence of lung sliding, Barr Code

V ot

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 1= 17 years the patient’s skin

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 PEV (mL) = ACT (cm2) x LCT (mm)
PE length measured in paravertebral regions

between the apical and caudal limits.

Cross-sectional area measured at the mid-length

of PE

SITTING
Gupa s Teslessodnimdetn
Germany Age 60 (45-67) years P ) -

PE diameter: maximal distance between
mid-height of the diaphragm and visceral pleura

81 (47 M) SUPINE . .
. . The transducer was moved in the cranial
Balik et al. [23], m. ventilated o . . .
: . direction in the posterior axillary line PEV (mL) =20 x Sep (mm)
Czech Republic patients . . . .
Ace 60 + 15 vears PE diameter: maximal distance between parietal
& y and visceral pleura at the lung base
D (mm) PEV (mL)
SITTING 0 0-90
Latero-dorsal wall of the chest 10 50-300
Eibenberger [37], 51 (21 M) . . . 20 150-310
. PE diameter: the maximal perpendicular
Austria Age 28-82 years . . 30 160-660
distance between the posterior wall of the lung
d th terior chest wall 40 490-1670
and the posterior chest wa 50 650-1840
>60 950-251
SUPINE
From the base to the apex of the chest, along the
dors.cgllatera{[ pért %f :}Vlve Chetsl;c wallétas far a(s:1 " D > 45 mm at the RTB
possible posterior between the mattress and the 55 oy 0 o

Vignon et al. [21],
France

97 (61 M)

age 59 & 20 years

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

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 m? (range 0.3-1.6 m?)), 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).

Retrosternal clots

Pericardium

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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Left hemi-diaphragm paralysis

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.

91



Diagnostics 2022, 12, 763

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:
diaphragmatic paralysis, Video S3: A lines cardiogenic.
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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
LClI 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).

222.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 Brinzeu” 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 508 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 cm? (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).

20
15

10

LUS

0 §
mild moderate severe

CT score

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 Moderate

Score CT Score Severe CT Score H p
LUS
Median (IQR) 1(1;2) 65(#%11)  15(1275165) 39845  0.000
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).

(A)

(B) ©

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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(A) (B)

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%.

(A)

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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(A) (B)

Figure 10. (A) LUS image of atelectasis, hypoechoic image with air inside. (B) CT scan reveals
atelectasis, bronchiectasis, and partial bronchogram.

(A) (B)

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 CE.
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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 TO 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
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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
nCPADP, 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 TO
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 TO and T1, difference between nLUS score at TO
and T1 (nLUS at TO-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 TO 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 TO and T1 were compared using Wilcoxon
test for related samples. We obtained the difference between nLUS score at TO and T1 as
absolute number and percentage. Oxygen requirement at TO 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 TO 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 TO and nLUS at T1 (nLUS TO-nLUS
T1) was 2 (IQR 0-3). Levels of CPAP used were between 4 and 8 cm H,O, depending on
the extent of respiratory distress and oxygen requirement.

Median of oxygen requirement was 30% at TO (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).

TO T1 Z (Wilcoxon) p-Value
nLUS 9 (7-12) 7 (4-10) —3.66 <0.001
FiO, 30% (25-30%) 25% (22-30%) -7 0.48

Data are expressed as median (IQR).

Spearman’s correlation showed an inverse relation between nLUS TO-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 TO 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 No Exogenous Surfactant 8)
(n=13) (n =20) (Mann Whitney) p-Value
nLUSt0O-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 TO LUST1 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 H;O).

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 TO-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.

__Pleural Line————=

£ e
e L____‘__.74_——_.___

- ——

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 (HIN1, 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.

126



Diagnostics 2022, 12, 838

Table 2. COVID-19 Scores.

Score Description

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

Pleural line has slight alterations with sporadic vertical bright artifacts. The presence of

! relatively small acoustic channels due to focal interstitial thickening is speculated.

Pleural line has relevant alterations. Progression of subversion of peripheral air space
2 geometry causes a predominance of vertical artifacts. Small subpleural consolidations,
related to deaeration, can be present.

Pleural line is irregular and cobbled. Subpleural lung is denser and more disordered.
3 White lung with or without larger consolidations may be present. Small and large
consolidations are subpleural regions minimally or completely deprived of air.

Score 1 Score 2

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

Allin 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 (HIN1, 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 