
Citation: Silva, F.A.M.; Moreno, E.;

Pereira, W.C.A. B-Lines Lung

Ultrasonography Simulation Using

Finite Element Method. Diagnostics

2022, 12, 2751. https://doi.org/

10.3390/diagnostics12112751

Academic Editors: Marcello Demi

and Gino Soldati

Received: 1 October 2022

Accepted: 5 November 2022

Published: 10 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

diagnostics

Article

B-Lines Lung Ultrasonography Simulation Using Finite
Element Method
Fellipe Allevato Martins da Silva 1,* , Eduardo Moreno 2 and Wagner Coelho de Albuquerque Pereira 1

1 Engineering Program-COPPE, Federal University of Rio de Janeiro, Rio de Janeiro 21941-901, Brazil
2 Departamento Física Aplicada, Instituto de Cibernetica Matematica y Fisica-ICIMAF, Habana 10400, Cuba
* Correspondence: fellipe.allevato@peb.ufrj.br

Abstract: Introduction: Lung Ultrasonography (LUS) is a fast technique for the diagnosis of patients
with respiratory syndromes. B-lines are seen in response to signal reverberations and amplifications
into sites with peripheral lung fluid concentration or septal thickening. Mathematical models are
commonly applied in biomedicine to predict biological responses to specific signal parameters. Ob-
jective: This study proposes a Finite-Element numerical model to simulate radio frequency ultrasonic
lines propagated from normal and infiltrated lung structures. For tissue medium, a randomized
inhomogeneous data method was used. The simulation implemented in COMSOL® used Acoustic
Pressure and Time-Explicit models, which are based on the discontinuous Galerkin method (dG).
Results: The RF signals, processed in MATLAB®, resulted in images of horizontal A-lines and verti-
cal B-lines, which were reasonably similar to real images. Discussion: The use of inhomogeneous
materials in the model was good enough to simulate the scattering response, similar to others in
the literature. The model is useful to study the impact of the lung infiltration characteristics on the
appearance of LUS images.

Keywords: lung ultrasonography; B-lines; simulation; COMSOL; finite element method

1. Introduction

Lung Ultrasonography (LUS) is a fast technique for the diagnosis of patients with
respiratory syndromes. It is an exam that allows for the evaluation of disease development
and response to treatment [1–3]. Pulmonary illnesses with a slow evolution of worsening
symptoms cannot be monitored properly by chest X-rays [4,5]. LUS appears to be a re-
liable bedside exam with good sensitivity to detect pulmonary congestion, cardiogenic
pulmonary edema, pneumonia, interstitial lung syndrome (e.g., systemic sclerosis disease),
and consolidation [4,6,7]. In the past, lung ultrasound imaging was thought to be useless
as a clinical tool due to the high acoustic impedance mismatch between the air inside the
lungs and the chest wall tissues [8,9].

B-mode imaging of the lungs does not reproduce the anatomical structure of the aer-
ated organ, but the image artifact patterns formed in this exam correlate well with specific
lung conditions [10]. The acoustic impedance of lungs depends on the air proportion inside
of them. For the case of a healthy lung filled with air, this impedance is of the order of
0.17 MRayl [11], producing an impedance mismatch that results in a reflection coefficient
around 99% on the interface chest muscle/lung pleura. Therefore, ultrasound does not
penetrate a healthy aerated lung and the wave reverberates between the pleural and the
transducer faces [9,10]. This physical phenomenon is expressed in the ultrasonography as
hyperechoic horizontal lines between two acoustic shadows from the ribs. These artifacts
are called A-lines (Figure 1).

In interstitial lung syndrome, pulmonary density can be altered by lung congestive
diseases (e.g., lung edema and heart failure) or parenchymal diseases (e.g., pneumonia and
systemic sclerosis). LUS changes the A-line patterns to the so-called B-line patterns, which
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are well-defined vertical hyperechoic lines, and laser beam-like lines that emerge at the
pleural level, erasing the A-lines [3,12–14]. They are directly correlated to the level of liquid
in the lung parenchyma [1,2,15]. The presence of B-lines on the LUS has been correlated
with disease severity by several score protocols, including scores for the identification and
classification of COVID-19 [6,7,16–19].
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Figure 1. A-lines in a healthy lung. The top image presents a thoracic wall layer (skin, fat and
muscles) that ends with the hyperechoic pleural line. Hyperechoic horizontal lines called A-lines,
produced by the wave reverberations, are shown beneath. Reprinted/adapted with permission
from [10]. 2022, Acoustical Society of America.

The physical explanation of the B-lines’ origin has been the aim of some studies [9,10,20].
The main theory is that B-lines are the consequences of signal reverberation and amplifica-
tion into the peripheral extravascular concentration of lung fluids, or parenchyma septal
thickening. Those places become propagation sites that allow for the penetration of the
ultrasonic wave in small marginal parts of the lung tissue (Figure 2) [9,10,21].
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Figure 2. Three examples of B-lines. B-lines are vertical hyperechoic, well-defined and laser beam-like
lines that emerge at the pleural level, erasing the A-lines, and move in synchrony with the respiratory
cycle. Reprinted/adapted with permission from [10]. 2022, Acoustical Society of America.
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Understanding physical phenomena using mathematical models is a commonly ap-
plied method in biomedical engineering and similar areas. Ultrasound numerical simula-
tions may be used to infer and predict biological responses to specific signal parameters,
and was employed in various studies describing LUS A-line and B-line origins [20,21].
K-wave has been the first-choice software toolbox in LUS simulations to solve the wave
equation due to the MATLAB®’s familiarity in the research environment [21,22]. However,
the commercial software COMSOL® had more complete tools of the Finite Element Method
(FEM). Version 5.5 has specific physics tools, known as acoustic time-explicit methods, that
allow for pulse propagations to be simulated in a domain with an acoustic array source.
These are based on the discontinuous Galerkin method (dG) [23].

The aim of this study was to develop a mathematical model using the Finite Elements
Method (FEM) to simulate RF ultrasonic lines propagated from normal and infiltrated lung
structures, to emulate LUS image samples with COMSOL® software and MATLAB® signal
processing. The numerical study focuses on the physical factors that originate A-lines
and B-lines.

2. Materials and Methods
2.1. Ultrasound Propagation Simulation Techniques

The first step in FEM simulation was the definition of the structural domain. Figure 3
shows a scheme that represents the ultrasonic array probe over a muscle layer that covers
the lung domain. A small ellipsoid grey zone just below the muscle layer represents
one part of the lung tissue infiltrated by liquid, named Lung Disease Zone (LDZ).
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Figure 3. Lung Model Domain. There is a small ellipsoid grey zone of the lung tissue represented as
the “lung disease zone” (LDZ).

2.2. COMSOL® Models

COMSOL® version 5.5 was used with Acoustic Pressure and Time-Explicit models.
These tools used the dG algorithm for the simulation of ultrasonic pulse propagation. This
method, compared to the classic acoustic methods, has the advantage of having less degrees
of freedom, leading to a shorter processing time. In this paper, a rectangular base of 66 mm
in length and 51 mm in height was used.

In Figure 3, the lung healthy zone assumes the condition of 100% of air, and its acoustic
impedance, as mentioned before, is so low (0.17 Mrayl) [6] that only the tissues in the blue
zones were taken into consideration in the final COMSOL® domain. Figure 4 shows the
domain used for simulation in reversed position (upside down) with respect to Figure 3. In
this case, the muscle domain, in a rectangle form, has two perfect matching layer (PML)
zones at each lateral side. An ultrasonic linear array with 32 elements (black dots) is shown
below. A piece of lung with inhomogeneity is shown at the top and all the area above is
lung with 100% air.
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Figure 4. Two COMSOL® domains with 32 array elements (back dots). Domain (A) and Domain (B).
The rectangular area represents the muscle with PML at both left and right sides. The subdomain
(in grey) over the rectangle represents the small lung part with inhomogeneity or “Lung disease
zone” (LDZ).

The boundary condition in these domains is as follows: 5 mm length and 10 height
PML at both sides in the rectangle zone of 50 mm length and 10 mm height. The LDZ
was placed in the upper part of the rectangular zone, as an ellipsoid of 5 mm height and
two conditions of length: 10 mm (Domain A) and 4 mm (Domain B). A normal sweep
velocity with delays is considered for each array element. The array is organized with
apertures of five elements, which includes focalization laws at 10 mm in terms of emission.
With a sweep step of each five-element group at a time, it is possible to obtain 28 radio
frequency (RF) ultrasonic lines.

The superior boundary condition, including the upper part of LDZ, was of Pressure
type. Then, it simulates a virtual healthy lung. The other boundaries were “Sound Hard
Boundary”. Mesh elements were designed according to the recommendations of maximum
size of λ/1.5 [24].

The initial ultrasonic pulse applied to each element with a central frequency of
f0 = 2 MHz is shown in Figure 5. The time-domain study was used with a maximum
of 50 µs and a step of 0.02 µs. A parametric sweep was necessary to simulate the array
emission through 28 steps, where only five elements are allowed for emission each time.
The normal sweep velocity mentioned above was made according to the Equation (1):

V(i) = A(i) ∗ pulse(t + B(i)), for i = 1 to 32, (1)

where A(i) = 0 (OFF) or 1 (ON), according to the sweep parameter and the emission
organization (five elements ON and the rest OFF). B(i) for each element is the delay at each
sweep necessary for focalization in transmission at approximately 10 mm. The function
pulse, shown in Figure 5, is given by a sinus function with 2πf0t argument modulated by
Gaussian envelope.

A workstation with 128 GB RAM, 10 TB HDD, and a microprocessor with 40 cores
(Intel® Xeon(R) Gold 6230 CPU @ 2.10 GHz × 40) was used. The time performance was
around 5 h depending on the material models at 2-MHz ultrasonic frequency.

Average Nonlocal Coupling was defined for each element to obtain the signals (echoes)
at each array element. Then, 28 × 32 = 896 RF signals were obtained (each of them
with 2500 samples) and exported to a MATLAB® (MathWorks Inc., Massachusetts, EUA)
routine [25] where a visualization program displays B-scan images. The images were
built using plot algorithms, with a logarithm amplifier applied to each ultrasonic RF
signal first, and then a Hilbert transform was used to obtain the signal envelope, which is
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necessary for composing each imaging line. Each line was made from the RF signal that
was produced by the 5-element pulse-echo excitation subgroup, and delay focusing was
applied at each receiving signal. An interpolation algorithm was employed to increase the
lateral imaging size.
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2.3. COMSOL® Strategy

For tissue medium, a randomized inhomogeneous data method was used according to
Sjodin (2017) [26]. This method assumes that each tissue has a random variation in density
and ultrasound velocity. The variation could be modeled by a spatial frequency using
a cosine transform [26]. This transform has random phase and amplitude functions with
parameters that could be adjusted for each material. To achieve that, a random function
f(x,y) with the Results Node functions, in a previous short model of COMSOL® 5.5, was
obtained. This was then exported using Data Grid for our Lung COMSOL® model, as
an interpolation function to use in the Material Node. Figure 6 shows the case for the
lung tissue infiltrated subdomain, where f(x,y) oscillates between ±1 for both velocity
and density.

For this domain, the strategy is to define the maximal and minimal values of ultra-
sonic velocity and density. The maximal value of velocity is 1500 m·s−1 and, for density,
1000 kg·m−3, which means the lung is modeled as pure water. The minimal values are:
vmin = 640 m·s−1 and dmin = 430 kg·m−3, which corresponds to a lung with 60% of
air [11,27]. With these maximal and minimal values, the following equations are obtained
for the Material Lung Node for the subdomain of Figure 6:

v(x,y) = 1070 m·s−1 + 430 ∗ f(x,y) m·s−1 (2)

d(x,y) = 715 kg·m−3 + 285 ∗ f(x,y) kg·m−3 (3)
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These equations ensure the interval for velocity and density, as discussed above. This
idea could be extended to other intervals.

For the muscle layer, a similar approach was used, with a distribution function g(x,y)
obtained as in the previous case, which oscillates between ±1 for both velocity and density.
Parameter G defines the variations with values of 0, 5 and 10, for density and velocity,
respectively. Figure 7 shows the domain visualization of this function. The distribution is
non-symmetric with respect to x–y axes. The idea is to reproduce the muscle fiber structure.
Equations (4) and (5) establish the variations in velocity and density for the muscle.

vmuscle (x,y)= 1570 m·s−1 + G ∗ g(x,y) m·s−1 (4)

dmuscle (x,y)=1090 kg·m−3 + G ∗ g(x,y) kg·m−3 (5)
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3. Results

Figure 8 shows one example of a superimposed RF signal obtained from case A of
Figure 4. The initial pulse and three well defined echoes from the far boundary of the
muscle can be observed. The random echoes between correspond to the multiple scatterings
in the subdomain of the lung disease zone (LDZ).
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Figure 8. RF signals obtained from COMSOL® corresponding to the domain expressed in Figure 4.
The first signal is the emitted pulse, and the others are received echoes.

The following figure, Figure 9A–F, shows the results of the B-Scan imaging obtained
in a MATLAB® routine from the RF COMSOL® signals. Subfigures represent three values
of the factor of inhomogeneity G (Equations (4) and (5)) for both domains, according
to Figure 4.

The horizontal lines for each image correspond to the initial pulse followed by the
echoes (top to bottom). The first echo represents the pleural line, while the second and the
others are the named A-lines. These lines correspond to repetitions (reverberations) of the
first echo between pleura and transducer, as it is possible to observe the muscle fiber image
though several micro-horizontal lines.

Vertical patterns also appeared in every simulation, similar to B-lines. Even though
these vertical lines do not make A-lines disappear, they are well defined hyperechoic
vertical images rising from the pleural line until the image bottom, as in the clinical LUS
exam. It is also possible to observe that the LDZ length is directly correlated with the B-line
simulation length.

The numerical experiment was also repeated at a frequency of 4 MHz, and with
a domain even narrower (1 mm length and 5 mm height). Figure 10 shows the domain
and the results with a B-line narrower than the ones obtained previously. This result is
more adapted to real medical imaging although it takes about two days to run in our
PC computer.
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4. Discussion

Lung Ultrasonography has become a central focus of study in the literature since
it was shown to be a revolutionary way to diagnose and evaluate different types of
lung diseases [15,28]. LUS is a fast, precise, real-time and inexpensive exam that allows
for health workers to make better choices regarding patient treatment, with the ability
to produce high-sensitivity results to detect pulmonary density changes in interstitial
syndrome [2,3,12,14,16,29]. While the formation process of A-lines (horizontal image pat-
terns) is well established, the origin of B-lines (vertical laser-like patterns) still need to be
better understood. New numerical studies, with more complete lung models, are important
to obtain a better understanding of this topic [3,10,21,30].

The origin and explanations of B-lines has been the subject of several studies. Avruch
and Cooperberg (1985) [31] were one of the first to describe what was called a “Ring-Down”
artifact, a common ultrasound artifact of either a solid streak or parallel bands, associated
with gas collection in the intestinal image exam. It is also theorized for lung image artifacts
that fluid collection formed by two layers of bubble tetrahedron would guaranty an oscilla-
tor site, which amplifies the RF signal and sends it back to the transducer [32]. Demi et al.
(2018) [10] deal with a theoretical model based on signal processing and an experimental
model of a phantom made by air rods (as bubble drops) inside and agar-agar matrix. Using
B-scan instruments, the authors obtained images that simulate the B-lines.

Peschiera et al. (2021) [21] performed numerical simulations using k-wave MATLAB®

toolbox to achieve B-lines simulation. The phantom model involved muscle areas, air areas,
and aisle areas with muscle and air circle-like areas. B-line images were generated with
satisfactory aspects and were analyzed with intensity parameters features. Low frequencies
enabled the formation of B-lines in only the largest interalveolar spacing simulation setting.
Then, it is assumed that the lower the frequency at which B-lines appear, the larger the
channels formed between alveoli, and more severe the lung condition.

Silva et al. (2022) [22] simulated five configurations of LUS phantom using the k-wave
MATLAB® toolbox [33]. Phantom simulations were designed with multiple muscle tissue
feature circles lined up above multiple circles with air features, representing muscle fibers
and pulmonary alveoli, respectively. Circles with water features were placed over the
alveoli in five different configurations, and formed B-line images in all designed phantoms.
The arrangement with two close water circles was the one with the clearest laser-like B-line.

Formally, COMSOL® uses a library of material properties that cover several human
tissues, such as muscle, fat etc. However, all these models assume homogenous media. To
simulate a B-line, it is necessary for part of the domain inside the lung to be represented with
multiple scatters. This is a very difficult task using the geometry structure of COMSOL®,
because it implies several boundary conditions with their own meshes (grids).

One possible solution is inhomogeneous material models, as described by Sjodin
(2017) [26] for thermal properties. The idea is to use random functions as the coefficients
and phase of a cosine transform. Inhomogeneous material models with FEM-dG methods
describe basic ultrasound-imaging artifacts in lung diseases, with similar results to other
numerical studies [21,22], presenting satisfactory image resolution even when a lower
central frequency was employed.

The simulation results of the present study show clear B-lines, as a consequence of
LDZ inhomogeneity. The results achieved in this mathematical model were very similar
to those of Kameda et al. (2019) [34], who simulated in vitro B-lines with B-mode image
acquisition at different RF frequencies (6, 8, 11, and 13 MHz) of a lung phantom made
of a spindle-shaped juice sac and glucomannan gel. The inhomogeneity models do not
need special geometry components for the COMSOL® models; no complex situation is
generated with several boundary conditions, and there is no need for independent meshes.
The inhomogeneity material avoids these situations and provides a good modeling and
understanding of the multiple scattering in this zone. It has been proposed that this zone
acts as a trap for the ultrasonic RF, which reverberates and allows for the LDZ to become
a secondary RF source [32].
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B-lines are then directly correlated with alterations in the lung zone close to the pleura,
as water-like fluids and/or lung parenchyma consolidation [10,21,30]. These results are
similar to the ones in the literature, indicating that irregular lung surface may generate
B-line patterns [6,8,9,15,16,22,29]. The comprehension of the physical phenomena that
generate these artifacts is crucial to categorize the different types of B-lines, and to correlate
them with both specific diseases and different stages of diseases [35]. The artifacts’ signal
characterization is also crucial to developing quantitative algorithms dedicated to LUS
diagnosis and monitoring [3].

The computational processing speed of the LUS simulations was a limitation of this
study, as it proved difficult to use central probe frequencies that are commonly employed
in clinical exams (e.g., 4 to 7 MHz). Simulation with other frequencies would allow for
a better understanding of its correlation with the formation of B-lines. Another limitation is
the simplicity of the lung model. Other conditions, such as parenchyma hepatization and
calcifications, have yet to be included.

In our work, B-lines were produced by the inhomogeneity of the LDZ (Figures 9 and 10).
The use of inhomogeneous materials based on random components in the model was good
enough to simulate the scattering response of the tissue. The dG acoustic model is also
one good solution to the simulation of ultrasonic pulse propagation for this kind of scenario.
Simulation with narrow LDZ gave a more accurate image result, which was closer to the
clinical ones.

5. Conclusions

A mathematical FEM model using randomized inhomogeneous materials was pro-
posed and developed to simulate an LUS image sample and to evaluate the physical origins
of A-line and B-line artifacts. The main mechanism theory of B-line formation is assigned
to the reverberation of ultrasonic waves in a layer of lung tissue below the pleura with
liquids close to the interfaces that cover the lung. The transversal dimension and structure
of these B-lines depends on the structure of the LDZ. In any case, the developed model
could be used for multiple LDZ zones and other geometrical considerations. It is also
possible to obtain results with different ultrasonic array parameters, such as frequency and
dimensions, as well as other possible lung conditions that may generate B-lines; thus, this
work does not intend to exhaust this subject.

Author Contributions: Software, E.M.; Writing—original draft, F.A.M.d.S.; Writing—review & edit-
ing, W.C.d.A.P. All authors have read and agreed to the published version of the manuscript.

Funding: To the Brazilian agencies CNPq, CAPES and FAPERJ and also to the CYTED agency (Project
(Ditrecod) for the financial support.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lichtenstein, D.A. Lung ultrasound in the critically ill. Ann. Intensive Care 2014, 4, 1. [CrossRef] [PubMed]
2. Gargani, L. Lung ultrasound: A new tool for the cardiologist. Cardiovasc. Ultrasound 2011, 9, 6. [CrossRef] [PubMed]
3. Demi, L.; Wolfram, F.; Klersy, C.; De Silvestri, A.; Ferretti, V.V.; Muller, M.; Miller, D.; Feletti, F.; Wełnicki, M.; Buda, N.; et al. New

International Guidelines and Consensus on the Use of Lung Ultrasound. J. Ultrasound Med. 2022. [CrossRef] [PubMed]
4. Stassen, J.; Bax, J.J. How to do lung ultrasound. Eur. Heart J. Cardiovasc. Imaging 2022, 23, 447–449. [CrossRef] [PubMed]
5. Mohamed, M.F.H. The Utility of Ultrasound Extends Beyond Interstitial Pneumonia Assessment in COVID-19 Patients. Acad.

Radiol. 2020, 27, 1332–1333. [CrossRef] [PubMed]
6. Zhao, L.; Yu, K.; Zhao, Q.; Tian, R.; Xie, H.; Xie, L.; Deng, P.; Xie, G.; Bao, A.; Du, J. Lung Ultrasound Score in Evaluating the

Severity of Coronavirus Disease 2019 (COVID-19) Pneumonia. Ultrasound Med. Biol. 2020, 46, 2938–2944. [CrossRef]
7. Soldati, G.; Smargiassi, A.; Inchingolo, R.; Buonsenso, D.; Perrone, T.; Briganti, D.F.; Perlini, S.; Torri, E.; Mariani, A.; Mossolani,

E.E.; et al. Proposal for International Standardization of the Use of Lung Ultrasound for Patients with COVID-19: A Simple,
Quantitative, Reproducible Method. J. Ultrasound Med. 2020, 39, 1413–1419. [CrossRef]

http://doi.org/10.1186/2110-5820-4-1
http://www.ncbi.nlm.nih.gov/pubmed/24401163
http://doi.org/10.1186/1476-7120-9-6
http://www.ncbi.nlm.nih.gov/pubmed/21352576
http://doi.org/10.1002/jum.16088
http://www.ncbi.nlm.nih.gov/pubmed/35993596
http://doi.org/10.1093/ehjci/jeab241
http://www.ncbi.nlm.nih.gov/pubmed/34791145
http://doi.org/10.1016/j.acra.2020.06.025
http://www.ncbi.nlm.nih.gov/pubmed/32660752
http://doi.org/10.1016/j.ultrasmedbio.2020.07.024
http://doi.org/10.1002/jum.15285


Diagnostics 2022, 12, 2751 11 of 12

8. Volpicelli, G. Lung Sonography. J. Ultrasound Med. 2013, 32, 165–171. [CrossRef]
9. Soldati, G.; Copetti, R.; Sher, S. Sonographic Interstitial Syndrome: The Sound of Lung Water. J. Ultrasound Med. 2009, 28, 163–174.

[CrossRef]
10. Demi, M.; Soldati, G.; Demi, L. On the artefactual information of ultrasound lung images: A lines and B lines. In Proceedings of

the 176th Meeting of Acoustical Society of America 2018 Acoustics Week in Canada, Victoria, BC, Canada, 5–9 November 2018;
p. 020003.

11. Oelze, M.L.; Miller, R.J.; Blue, J.P.; Zachary, J.F.; O’Brien, W.D. Estimation of the acoustic impedance of lung versus level of
inflation for different species and ages of animals. J. Acoust. Soc. Am. 2008, 124, 2340–2352. [CrossRef]

12. Buda, N.; Andruszkiewicz, P.; Czuczwar, M.; Gola, W.; Kosiak, W.; Nowakowski, P.; Sporysz, K. Consensus of the Study Group
for Point-of-Care Lung Ultrasound in the intensive care management of COVID-19 patients. Anaesthesiol. Intensive Ther. 2020, 52,
83–90. [CrossRef] [PubMed]

13. Pelosi, P.; Tonelli, R.; Torregiani, C.; Baratella, E.; Confalonieri, M.; Battaglini, D.; Marchioni, A.; Confalonieri, P.; Clini, E.;
Salton, F.; et al. Different Methods to Improve the Monitoring of Noninvasive Respiratory Support of Patients with Severe
Pneumonia/ARDS Due to COVID-19: An Update. JCM 2022, 11, 1704. [CrossRef] [PubMed]

14. Ruaro, B.; Baratella, E.; Confalonieri, P.; Confalonieri, M.; Vassallo, F.G.; Wade, B.; Geri, P.; Pozzan, R.; Caforio, G.; Marrocchio, C.;
et al. High-Resolution Computed Tomography and Lung Ultrasound in Patients with Systemic Sclerosis: Which One to Choose?
Diagnostics 2021, 11, 2293. [CrossRef] [PubMed]

15. Volpicelli, G.; Elbarbary, M.; Blaivas, M.; Lichtenstein, D.A.; Mathis, G.; Kirkpatrick, A.W.; Melniker, L.; Gargani, L.; Noble, V.E.;
Via, G.; et al. International evidence-based recommendations for point-of-care lung ultrasound. Intensive Care Med. 2012, 38,
577–591. [CrossRef]

16. Bouhemad, B.; Mongodi, S.; Via, G.; Rouquette, I. Ultrasound for “Lung Monitoring” of Ventilated Patients. Anesthesiology 2015,
122, 437–447. [CrossRef]

17. Dargent, A.; Chatelain, E.; Kreitmann, L.; Quenot, J.-P.; Cour, M.; Argaud, L. The COVID-LUS study group Lung ultrasound score
to monitor COVID-19 pneumonia progression in patients with ARDS. PLoS ONE 2020, 15, e0236312. [CrossRef]

18. Volpicelli, G.; Gargani, L.; Perlini, S.; Spinelli, S.; Barbieri, G.; Lanotte, A.; Casasola, G.G.; Nogué-Bou, R.; Lamorte, A.; Agricola,
E.; et al. Lung ultrasound for the early diagnosis of COVID-19 pneumonia: An international multicenter study. Intensive Care Med.
2021, 47, 444–454. [CrossRef]

19. Lugarà, M.; Tamburrini, S.; Coppola, M.G.; Oliva, G.; Fiorini, V.; Catalano, M.; Carbone, R.; Saturnino, P.P.; Rosano, N.; Pesce, A.;
et al. The Role of Lung Ultrasound in SARS-CoV-19 Pneumonia Management. Diagnostics 2022, 12, 1856. [CrossRef]

20. Demi, M.; Prediletto, R.; Soldati, G.; Demi, L. Physical Mechanisms Providing Clinical Information From Ultrasound Lung
Images: Hypotheses and Early Confirmations. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2020, 67, 612–623. [CrossRef]

21. Peschiera, E.; Mento, F.; Demi, L. Numerical study on lung ultrasound B-line formation as a function of imaging frequency and
alveolar geometriesa. J. Acoust. Soc. Am. 2021, 149, 2304. [CrossRef]

22. Silva, F.A.M.; Pastrana-Chalco, M.; Teixeira, C.A.; Pereira, W.C.A. Simulation of Lung Ultrasonography Phantom for Acquisition
of A-lines and B-lines Artifacts. In XXVII Brazilian Congress on Biomedical Engineering; Bastos-Filho, T.F., de Oliveira Caldeira,
E.M., Frizera-Neto, A., Eds.; IFMBE Proceedings; Springer International Publishing: Cham, Switzerland, 2022; Volume 83,
pp. 2045–2050, ISBN 978-3-030-70600-5.

23. COMSOL Multiphysics®Reference Manual v. 6.1. Available online: http://www.comsol.com (accessed on 30 September 2022).
24. Simulation Software for Analyzing Acoustics and Vibrations. Available online: https://www.comsol.com/acoustics-module

(accessed on 30 September 2022).
25. MATLAB Documentation. Available online: https://www.mathworks.com/help/matlab/ (accessed on 30 September 2022).
26. Sjodin, B. How to Generate Randomized Inhomogeneous Material Data|COMSOL Blog. Available online: https://www.comsol.

com/blogs/how-to-generate-randomized-inhomogeneous-material-data/ (accessed on 30 September 2022).
27. Dunn, F. Attenuation and speed of ultrasound in lung. J. Acoust. Soc. Am. 1986, 80, 1248–1250. [CrossRef] [PubMed]
28. Hussain, A.; Via, G.; Melniker, L.; Goffi, A.; Tavazzi, G.; Neri, L.; Villen, T.; Hoppmann, R.; Mojoli, F.; Noble, V.; et al. Multi-organ

point-of-care ultrasound for COVID-19 (PoCUS4COVID): International expert consensus. Crit. Care 2020, 24, 702. [CrossRef]
[PubMed]

29. Buonsenso, D.; Piano, A.; Raffaelli, F.; Bonadia, N.; Donati, K.D.G.; Franceschi, F. Point-of-Care Lung Ultrasound findings in
novel coronavirus disease-19 pnemoniae: A case report and potential applications during COVID-19 outbreak. Eur. Rev. Med.
Pharmacol. Sci. 2020, 24, 2776–2780. [PubMed]

30. Mento, F.; Demi, L. On the influence of imaging parameters on lung ultrasound B-line artifacts, in vitro study. J. Acoust. Soc. Am.
2020, 148, 975–983. [CrossRef]

31. Avruch, L.; Cooperberg, P.L. The ring-down artifact. J. Ultrasound Med. 1985, 4, 21–28. [CrossRef]
32. Louvet, A.; Bourgeois, J.-M. Lung ring-down artifact as a sign of pulmonary alveolar-interstitial disease. Vet. Radiol. Ultrasound

2008, 49, 374–377. [CrossRef]
33. Treeby, B.E.; Cox, B.T. k-Wave: MATLAB toolbox for the simulation and reconstruction of photoacoustic wave fields. J. Biomed.

Opt. 2010, 15, 021314. [CrossRef]

http://doi.org/10.7863/jum.2013.32.1.165
http://doi.org/10.7863/jum.2009.28.2.163
http://doi.org/10.1121/1.2973186
http://doi.org/10.5114/ait.2020.96560
http://www.ncbi.nlm.nih.gov/pubmed/32702940
http://doi.org/10.3390/jcm11061704
http://www.ncbi.nlm.nih.gov/pubmed/35330029
http://doi.org/10.3390/diagnostics11122293
http://www.ncbi.nlm.nih.gov/pubmed/34943531
http://doi.org/10.1007/s00134-012-2513-4
http://doi.org/10.1097/ALN.0000000000000558
http://doi.org/10.1371/journal.pone.0236312
http://doi.org/10.1007/s00134-021-06373-7
http://doi.org/10.3390/diagnostics12081856
http://doi.org/10.1109/TUFFC.2019.2949597
http://doi.org/10.1121/10.0003930
http://www.comsol.com
https://www.comsol.com/acoustics-module
https://www.mathworks.com/help/matlab/
https://www.comsol.com/blogs/how-to-generate-randomized-inhomogeneous-material-data/
https://www.comsol.com/blogs/how-to-generate-randomized-inhomogeneous-material-data/
http://doi.org/10.1121/1.393818
http://www.ncbi.nlm.nih.gov/pubmed/3771931
http://doi.org/10.1186/s13054-020-03369-5
http://www.ncbi.nlm.nih.gov/pubmed/33357240
http://www.ncbi.nlm.nih.gov/pubmed/32196627
http://doi.org/10.1121/10.0001797
http://doi.org/10.7863/jum.1985.4.1.21
http://doi.org/10.1111/j.1740-8261.2008.00384.x
http://doi.org/10.1117/1.3360308


Diagnostics 2022, 12, 2751 12 of 12

34. Kameda, T.; Kamiyama, N.; Kobayashi, H.; Kanayama, Y.; Taniguchi, N. Ultrasonic B-Line–Like Artifacts Generated with Simple
Experimental Models Provide Clues to Solve Key Issues in B-Lines. Ultrasound Med. Biol. 2019, 45, 1617–1626. [CrossRef]

35. Soldati, G.; Smargiassi, A.; Demi, L.; Inchingolo, R. Artifactual Lung Ultrasonography: It Is a Matter of Traps, Order, and Disorder.
Appl. Sci. 2020, 10, 1570. [CrossRef]

http://doi.org/10.1016/j.ultrasmedbio.2019.03.003
http://doi.org/10.3390/app10051570

	Introduction 
	Materials and Methods 
	Ultrasound Propagation Simulation Techniques 
	COMSOL® Models 
	COMSOL® Strategy 

	Results 
	Discussion 
	Conclusions 
	References

