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Abstract—To reveal the nature of artifacts in ultrasound images of human lungs (so-called B-lines), experi-
mental phantoms were created consisting of a silicone layer for acoustic imitation of intercostal muscles, a
layer formed with finely pored foam burn dressing imitating healthy or edematous lung tissue, a foam dressing
fragment, a mandarin juice sac, and a drop of ultrasound gel imitating the structures of the lung tissue. Ultra-
sound (US) images were recorded with a linear ultrasonic probe L7-4 connected to a Verasonics V-1 scanner.
Additionally, an image of a mandarin juice sac located on the surface of the water was constructed using the
synthetic aperture method with an Olympus focused piezoelectric transducer. The resulting echograms were
compared with images recorded in clinical cases of pulmonary pathologies. It is shown that the appearance
of B-lines is associated with the effects of multiple reverberation in liquid-filled structures imitating lung tis-
sue, while their brightness and width on the echogram depend on the characteristic size of the internal struc-
ture of the phantom.

Keywords: lungs, ultrasound diagnostics, artifacts of ultrasonic images, B-lines
DOI: 10.1134/S1063771024602413

1. INTRODUCTION

The need to treat pulmonary diseases and their
complications has stimulated the development of
methods for diagnostics and therapy of these patho-
logical conditions [1]. Interest in such approaches has
grown significantly in recent years, particularly during
the SARS-CoV-2 pandemic. The most commonly
used imaging modality for examining and identifying
various pulmonary dysfunctions, including pneumo-
nia, pneumothorax, fibrosis, and consolidation, is
computed tomography (CT) [5, 6]. Ultrasound (US)
examination offers an alternative, although the diag-
nostic capabilities of this method are limited, since the
gas-saturated tissue of the lungs prevents US propaga-
tion. On the other hand, CT uses ionizing X-ray radi-
ation, has a number of contraindications, and is infe-
rior to US in terms of safety, cost, and mobility.

In US examination of pathological lung condi-
tions, the primary source of information is the echo-
graphic image, characterized by multiple acoustic arti-
facts known as “comet-tails” or B-lines. The presence
of these artifacts correlates with increased extravascu-
lar lung f luid and interstitial lung diseases, character-
ized by thickening of the interalveolar septa and often
leading to pulmonary fibrosis [7, 8]. The characteris-

tics and physical mechanisms of artifact formation are
not yet fully understood [9].

Clinical cases can be broadly grouped by whether
they affect the pleura or the internal lung structures,
specifically the interstitium and alveoli. The manifes-
tation of pleural pathologies on US images remains
beyond the scope of this study, despite the fact they are
also of significant scientific interest [10, 11].

Distinct vertical echogenic artifacts (B-lines) occur
in conditions such as pulmonary edema and inflam-
matory processes in the lungs of various etiologies,
contusions, acute respiratory distress syndrome
(ARDS), and other diseases. These pathologies are
accompanied by changes in the interstitial tissue of the
lung, such as accumulation of extravascular f luid,
thickening of interlobular septa, and development of
fibrosis [12]. A higher number of B-lines that appear
on the echogram correlates with more severe lung
pathology [11]. According to the established diagnos-
tic protocols, the presence of one or two B-lines in one
intercostal space is usually considered normal. Three
or more B-lines are interpreted as a sign of impaired
lung aeration resulting from an increased volume of
fluid of various origins and/or fibrous tissue within the
interstitium relative to the air component [7, 13]. In
cases of pronounced interstitial changes, filling of the
interstitium with pathological f luid occurs in larger
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areas, which leads to a significant reduction in lung
aeration; in this case, the US image changes to a con-
tinuous echogenic background behind the pleural
line. This pattern, termed “white lung,” has diagnostic
power and indicates the presence of severe interstitial
lung pathology, which may precede its consolidation
[13, 14]. Acute respiratory distress syndrome (ARDS)
in newborns, in severe cases of which the white lung
artifact is observed, is a key example where US diag-
nostics is relevant as many other diagnostic modalities
are not suitable [4].

The aim of this paper was to assess the possible
physical mechanisms underlying the appearance of B-
lines or comet-tail artifacts in US images, the forma-
tion of which is caused by the propagation and scatter-
ing of US waves in discretely aerated tissues of variable
density. In a model experiment, the formation of
echogenic artifacts was investigated on phantoms spe-
cially selected for their acoustic properties, simulating
the structural elements of the lungs.

2. METHODS

2.1. Preparation of Phantoms and Experimental Setup 
with an Ultrasound Probe

During lung US imaging, an elastic wave passes
through three tissue layers with different acoustic
properties: the intercostal muscle, the pleural sac, and

the lung tissue itself, which may exhibit varying
degrees of f luid content [15, 16]. For this study, two-
layer phantoms were created. The first layer, in the
form of two-component silicone, imitated soft tissues;
the second layer, in the form of a dry or wet finely
pored foam burn dressing (sponge), a fragment
thereof, a mandarin juice sac, or a drop of US gel,
modeled different conditions of lung tissue.

The first layer was fabricated using two-component
silicone (Elastosil-based Tool Decor 15, Germany).
Liquid silicone and a platinum vulcanization catalyst
were mixed in a smooth glass mold (11 × 11 cm) spe-
cially selected for the setup. After hardening, the sili-
cone layer was removed from the mold, secured
between metal plates (8 × 4 cm), and tightly clamped
with a bolt. The following phantoms were then
sequentially placed on the silicone layer: a dry or
water-filled finely pored sponge; a sponge fragment on
a layer of gel; two water drops covered with a sponge; a
mandarin juice sac; a drop of US gel (Mediagel,
Geltek-Medica, Moscow, Russia).

Two experimental setups were employed, the dia-
grams of which are shown in Fig. 1. Image artifacts for
the different lung tissue phantoms were observed using
first setup (Fig. 1a), consisting of a Verasonics V-1 US
scanner (Redmond, USA), a stand with a clamp (not
shown), an L7-4 US transducer (ATL, Bothell, USA), a
silicone layer, and five different lung tissue phantoms.

Fig. 1. (a) Schematic diagram of setup for observing image artifacts for different lung tissue phantoms: 1, phantom; 2, silicone
layer; 3, US L7-4 probe (ATL, Bothell, USA). (b) Schematic diagram of setup for recording a signal from piezoelectric transducer
reflected from different points on the surface of water and a phantom of the edematous region of lungs in the form of mandarin
juice sac. OlympusV307 US transducer was translated parallel to the water surface.
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Using a stereomicroscope (Stemi 2000, Carl Zeiss,
Germany), a photograph of a finely pored sponge was
taken (Fig. 2a), in which its structure and pore sizes
are clearly visible. This image demonstrates the corre-
spondence between the characteristic sizes of the
sponge pores and the pulmonary alveoli (~0.2 mm),
indicating an appropriate model choice with similarity to
real lung tissue (Fig. 2b) [17, 18]. Similarly, the character-
istic size of the mandarin juice sac (3 × 5 mm) is compa-
rable to the size of a lung acinus (Fig. 2b). A fragment
of the wet sponge and a drop of US gel can be com-
pared with a lung lobe (typical size 1–2 cm, Fig. 2c).

The first step in preparing the two-layer samples
involved creating the silicone layer, whose thickness
and homogeneity were crucial. Subsequently, the sec-
ond layer was prepared using pre-selected phantoms;
their characteristic dimensions were measured and
adjusted. For phantoms involving wet sponge, it was
pre-soaked and then wrung out underwater to mini-
mize air content in the pores. The setup was assem-
bled, the ATL L7-4 US probe (Philips, Bothell, USA)
with US gel applied to its surface was connected to the
Verasonics V-1 US scanner, and the scanning was per-
formed. Most echograms were acquired using the
finely pored sponge phantom (Fig. 3a) in three states:
dry, completely water-filled, and after absorbing two
water drops from the silicone surface. A subsequent

series of measurements was carried out with three
smaller phantoms: a wet fragment of the sponge, a
mandarin juice sac, and a drop of US gel (Fig. 3b–3d).
Each phantom was placed sequentially on a silicone
layer for image recording with the linear US probe, as
shown in Fig. 1a. To ensure acoustic contact and hold
the phantoms in a vertical position, their lower end
was lubricated with a small amount of US gel.

2.2. Experiment with a Single-Element Focused 
Piezoelectric Transducer

A single-element focusing US transducer was used
to quantitatively analyze the temporal shape of signals
reflected from the phantoms. The Olympus V307
transducer was used having a diameter of 14.5 mm and
a focal length of 25.4 mm (Waltham, USA), which has
the same frequency band as the L7-4 linear probe (4–
7 MHz at the –6 dB level). This transducer operated
in single-channel mode for both emission and recep-
tion. Hydrophone measurements of the generated sig-
nal profiles were carried out to verify the similarity of
acoustic pulses emitted by the linear multi-element
US probe and the single-element focusing piezoelec-
tric transducer.

The capsule hydrophone HGL-0200 (Onda, UK)
and the L7-4 probe were placed facing each other in a
water tank. The hydrophone was attached to a

Fig. 2. (a) Photograph of dry finely pored sponge under a microscope (Stemi 2000 by Carl Zeiss, Germany). (b) Characteristic
dimensions of sponge pores comparable to structural elements of human lungs, namely, alveoli (0.2 mm); characteristic size of a
juice sac of mandarin (3 × 5 mm) corresponds to the dimensions of acinus. (c) Fragment of the wet sponge and drop of US gel
are commensurate with lung lobe (1–2 cm).
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mechanical positioning system, while the ultrasonic
probe was fixed on a static tripod. Measurements of
the hydrophone electrical signal profiles as a function
of time were performed at two different distances
(15 and 50 mm). The US probe was then replaced with
the Olympus V307 transducer and the hydrophone
signal was recorded at the transducer’s focal point. By
adjusting the frequency of the generator’s signal and
the number of cycles, the hydrophone signal was made

similar to the signal measured using the L7-4 ultra-
sonic probe as the source. As shown in Fig. 4, the sig-
nals were indeed nearly identical. This made it possi-
ble to study the effect of the phantom (a mandarin
juice sac) on the shape of the reflected signal of the
focusing source, and then to apply the synthetic aper-
ture method to construct an US image of the specified
phantom (see below).

Fig. 3. Photographs of phantoms used in the experiment: (a) finely pored burn foam dressing (sponge) (thickness—8 mm);
(b) wet sponge fragment (7mm × 10 mm); (c) mandarin juice sac (3 mm × 5 mm); (d) drop of US gel (6 mm × 7 mm)
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Fig. 4. (a) Comparison of temporal waveforms and (b) spectra of pulse signals of the L7-4 US probe (blue curve) and single-ele-
ment piezoelectric transducer Olympus V307 (orange curve).
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2.3. Construction of an US Image 
Using Aperture Synthesis

The Olympus V307 transducer was placed in the
tank at the focal distance from the water surface
(Fig. 1b) and moved using an UMS-3 CNC position-
ing system (Precision Acoustics, UK). The mandarin
juice sac was fixed vertically above the surface of the
water, with its lower part touching the surface to form
a meniscus. In this way, an edematous area of the lung
was simulated, in contact with the adjacent soft tissues
of the pleura, which conduct US. Acoustic pulses
emitted by the transducer from different positions
were reflected either from the water–air boundary or
from the surface of the mandarin juice sac/air inter-
face and received by the same transducer. The trans-
ducer was moved, and echo signals were measured in a
plane parallel to the water surface with a step of 0.2 mm.
Before forming the B-scan, signals were prefiltered in
the frequency band from 0.1 to 20 MHz using a Black-
man–Harris window to suppress external noise [19].
The signal envelope was constructed using the Hilbert
transform [20]. Combining the obtained linear (verti-
cal) profiles of echo signals based on their peak values,
a two-dimensional image was constructed, along the
central line of which a B-scan was formed, similar to

that obtained using an US scanner with the L7-4 linear
probe.

3. RESULTS
3.1. Artifacts of US Images of Phantoms

Using the medical L7-4 linear probe (Fig. 1a),
echograms of various phantoms were obtained, which
showed artifacts analogous to B-lines observed in pul-
monary pathologies.

Figure 5 shows US scans of the first series of echo-
grams, illustrating the differences between the images
of a completely dry sponge simulating healthy lung tis-
sue, a completely wet sponge simulating severe pul-
monary edema, and a layer of water with the same
thickness as the sponge. In the images, the probe is on
top, the distance is measured from the probe down.
The spatial coordinates of the original image were
scaled so that the thickness of the silicone layer corre-
sponded to the true one (15 mm). In this case, a water
layer of 8 mm thickness is visible in the image as a layer
of 5 mm thickness due to the difference in the sound
speed in silicone and water.

As Fig. 5a shows, for the dry sponge, a total signal
reflection occurred at the silicone-sponge boundary,
appearing as a bright echogenic horizontal line at

Fig. 5. US images obtained in B-mode (US L7-4 probe is located on top) through a silicone layer: (a) completely dry finely pored
sponge; (b) completely wet sponge; (c) layer of water, thickness of which is equal to the thickness of sponge (8 mm). Solid red
arrow marks echogenic line corresponding to reflection from boundary of silicone layer with sponge; dashed red arrow marks first
reflection in the indicated layer. Yellow arrow indicates weak reflection from the back edge of fully wet sponge (b). Blue solid
arrow corresponds to water–air boundary, and blue dashed arrows mark multiple reflections in the water layer (c).
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15mm distance from the probe (red solid arrow). In
this case, the image of the dry sponge is absolutely
dark; its boundary distant from the probe is not visible,
but an artifact is visible in the image as an echogenic
line 30 mm from the probe, corresponding to the first
reflection of the signal in the silicone layer (red dashed
arrow).

The image of the wet sponge (Fig. 5b) showed a
bright echogenic region beyond the silicon boundary
with contrast decreasing with depth. The boundary
line between the silicone and the wet sponge (solid red
arrow) is less bright compared to the case of a dry
sponge (Fig. 5a), since there is no total reflection of
the acoustic signal. The sponge’s distant boundary
(yellow arrow) and the artifact of the repeated silicone
boundary (red dashed arrow) are barely noticeable in
the image, which indicates significant US penetration
through the silicone–sponge boundary. Ultrasound
pulse is repeatedly scattered inside the sponge, almost
not reaching its far boundary, and returns to the probe
through the near boundary of the sponge with increas-
ing delays. Thus, a wet sponge is a strong scatterer, but
US penetrates to some depth and is scattered many
times, instead of being reflected from the boundary
with silicone as in the case of a dry sponge.

Figure 5c shows an image of the water layer on sil-
icone with the same thickness as the sponge (8 mm).

Although water and the wet sponge have similar
impedances and US penetrates well in both cases
through the boundary with silicone, no scatterers are
present in water, which results in significantly different
image. On the echogram with the water layer, the solid
red arrow marks its boundary with silicone, the solid
blue arrow marks the brightest line corresponding to
the reflection of the US signal from the boundary with
air at a distance of 20 mm from the probe. Three
repeated bright bands are visible at distances of 25, 30
and 35 mm, arising due to multiple reflections in the
water layer between its boundaries with silicone and
air. A weak echogenic artifact of reflection in the sili-
cone layer may also be present at a distance of 30 mm
from the probe (red dashed arrow).

The second series of echograms (Fig. 6) was
obtained by placing two drops of water on the silicone
surface and as a result of their absorption by a dry
finely pored sponge. Without the sponge, due to
reflections inside of free water drops, an acoustic trap
arises in each of them, forming B-lines with a non-
uniform structure (Fig. 6a). At the initial section of the
lines, two bright horizontal stripes are visible, corre-
sponding to reflections between the rear surface of the
drop and its boundary with the silicone. After placing
the sponge on the drops, the structure of the B-lines
becomes different (Fig. 6b, 6c). As water penetrates

Fig. 6. B-lines on US images: (a) two drops of water on the silicone layer without sponge; (b) immediately after sorption of drops
by dry sponge; (c) after 60 s of placing the sponge on the drops. US probe is located on top. Solid red arrow marks echogenic band
corresponding to the reflection from the boundary of silicone layer with sponge; dashed red arrow marks first ref lection in the
indicated layer.

(a) (b) (c)

(b) (c)

mm

mm

5

10

10

15

20

20

25

30

35

0
mm
10 200

mm
10 200



ACOUSTICAL PHYSICS  Vol. 71  No. 3  2025

EXPERIMENTAL MODELING OF IMAGING ARTIFACTS 471

the pores of the sponge, the shape, size, and structure
of the acoustic trap gradually change. Multiple scatter-
ing within the water-filled sponge pores led to ultra-
sonic waves escaping from the sponge to the probe
with increasing delays, forming B-lines with a more
uniform structure. As the comparison of the length of
the echogenic lines in Fig. 6a and 6b shows, acoustic
waves are retained in free drops (Fig. 6a) for shorter
time than in a sponge that has absorbed these drops
(sponge with “edema”). In turn, some broadening of
the B-lines in Fig. 6c compared to Fig. 6b can be
explained by the diffusion of water through the pores
of the sponge over time, which leads to expansion of
the “swelling” area.

The third series of similar echograms was obtained
for three phantoms simulating individual structural
elements of the lungs (Fig. 3): a wet fragment of a
finely pored sponge (7 × 10 mm), the mandarin juice
sac, and a drop of US gel. The echograms shown in
Fig. 7 illustrate typical single artifacts in the form of B-
lines, which confirms the previous assumptions about
the correspondence of the selected phantoms to
pathological lung tissue in terms of acoustic proper-
ties. The spatial coordinates of the initial image, like in
Fig. 5, 6, are scaled so that the thickness of the silicone
layer corresponds to the true one (15 mm). Dotted
contours illustrate the approximate geometric con-

tours and dimensions of the phantoms, assuming that
the sound speed in phantoms is equal to that in water.

3.2. Artifacts of US Images Constructed 
Using the Synthetic Aperture Method

To exclude the possibility of the inf luence of the
method of imaging construction by the diagnostic US
system, which can introduce additional artifacts, the
following imaging experiment was conducted using
the aperture synthesis method. Figure 1b shows a dia-
gram of the setup. The aim of this experiment was to
observe B-line artifacts in imaging echoes from the
mandarin juice sac placed on the water surface. For
the measurements, an Olympus V307 ultrasonic
piezoelectric transducer was used, the signal of which
was similar to that generated by the Phillips ATL L7-4
linear probe (Fig. 4).

Figure 8 shows the results of measuring echo sig-
nals, filtering them, and constructing a two-dimen-
sional image of a tissue phantom on the water surface.
Using the synthetic aperture method, a rectangular
area of the water surface was scanned using a position-
ing system. A distribution of peak envelope values was
obtained by processing a set of linear signal profiles
(Fig. 8a,b), in the center of which is a meniscus
formed by the juice sac of the mandarin. By selecting

Fig. 7. US images of lung tissue phantoms located on surface of a silicone layer (Fig. 1a): (a) fragment of wet sponge; (b) mandarin
juice sac; (c) drops of US gel. US probe is located on top. Solid red arrow marks echogenic line corresponding to the reflection
from the boundary of the silicone layer with sponge; dashed red arrow indicates first reflection in indicated layer. Dotted contours
illustrate characteristic geometric contours and dimensions of the phantoms.
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a plane for the B-scan that passes through the center of
the phantom (marked with a red line in Fig. 8b), one
can observe an image (Fig. 8c) like the US image
obtained in B-mode using a diagnostic US system.
The timeline t of echo signal delays was recalculated in
the figure into the corresponding distance z = ct/2,
where c = 1480 m/s is the sound speed in water and
z = 0 corresponds to the distance of 2 mm above the
water surface. An artifact similar to the one present in
Fig. 6b is distinguished, confirming that the mecha-
nism underlying the appearance of the B-line in this
case is caused not by processing the probe signal by the
diagnostic US system, but by the physical process of
reverberation of the acoustic pulse inside the phantom
and the corresponding delays in the output and broad-
ening of the echo signal.

4. CONCLUSIONS
This study employed two experimental arrange-

ments to simulate US imaging artifacts typical for pul-
monary diseases. The characteristic dimensions of the
structural elements of the phantoms selected for mod-
eling were assessed. It was shown that on phantoms of
lung tissue with edemas in the form of a fragment of a
finely pored sponge of foam burn dressing, a mandarin
juice sac, and a drop of US gel, US artifacts are
observed that are identical to vertical echogenic arti-
facts that occur in various pathological conditions of
the lungs. A qualitative explanation is proposed for the
correlation between the obtained US images and arti-
facts occurring in medical research. To confirm the
physical mechanism of the resulting B-line artifacts,
images of the mandarin juice sac on the water surface

Fig. 8. (a) RAW (blue) original signal, filtered (mandarin) signal after filtering with Blackman–Harris window from 0.1 to
20 MHz, envelope (red) of signal obtained using the Hilbert transform after zero-frequency rejection. (b) Rectangular scan of
mandarin juice sac on the water surface. Red line marks section on plane along which the image of juice sac was constructed in
B-mode. (c) B-scan, where orange dashed outline corresponds to the shape, size, and location of juice sac.
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were constructed by the synthetic aperture method
with a single-element Olympus V307 transducer,
which was used both as a source and as a receiver.
Images were obtained containing B-line artifacts sim-
ilar to those recorded with a US scanner on various
phantoms.

The experiments conducted in this study on simple
phantoms simulating lung tissue illustrate the hypoth-
esis that the mechanism for the occurrence of a B-line
artifact is the trapping and reverberation of an ultra-
sonic pulse inside an acoustic trap. Although the gen-
eral concept and physical mechanism of the acoustic
trap have been recognized and are commonly used in
interpreting the occurrence of B-line artifacts, a com-
plete understanding of the correspondence of various
pathological conditions of the lung to trap models with
specific parameters has not yet been reached. The
experiments examined and compared several simple
models of B-line formation in the lungs, which can be
attributed to different etiologies. It is analyzed which
manifestations of B-lines they model and how they
differ. Such a comparison has not been made before.
In the future, with further development, such models
with well-controlled acoustic properties can be used
both for educational purposes and for the develop-
ment of specific modalities of US diagnostics of pul-
monary diseases.

The direct measurements of US echo signals and
the US image constructed on their basis also illustrate
new possibilities for analyzing emerging artifacts and
correlating them with various diseases. For example,
changes in these signals due to altered acoustic prop-
erties of lung tissue could be used to monitor the con-
dition of patients [2]. Detection and quantitative study
of features of “raw” acoustic signals would allow
advances in interpreting the obtained images, under-
standing the observed artifacts, developing new meth-
ods for diagnosing patients with pulmonary patholo-
gies, and creating new devices specially designed for
lung sonography.
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