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Abstract

Purpose The WHO reported an increasing trend in the number of new cases of breast cancer, making it the most prevalent
cancer in the world. This fact necessitates the availability of highly qualified ultrasonographers, which can be achieved by
the widespread implementation of training phantoms. The goal of the present work is to develop and test an inexpensive,
accessible, and reproducible technology for creating an anatomical breast phantom for practicing ultrasound diagnostic skills
in grayscale and elastography imaging, as well as ultrasound-guided biopsy sampling.

Methods We used FDM 3D printer and PLA plastic for printing an anatomical breast mold. We made a phantom using
a mixture of polyvinyl chloride plastisol, graphite powder, and metallic glitter to simulate soft tissues and lesions. Various
degrees of elasticity were imparted using plastisols of stiffness ranging from 3 to 17 on the Shore scale. The lesions were
shaped by hand. The materials and methods used are easily accessible and reproducible.

Results Using the proposed technology, we have developed and tested a basic, differential, and elastographic versions of
the breast phantom. The three versions of the phantom are anatomical and intended for use in medical education: the basic
version is for practicing primary hand—eye coordination skills; the differential one is for practicing the differential diagnosis
skills; the elastographic version helps developing the skills needed for assessing the stiffness of tissues.

Conclusion The proposed technology allows the creation of breast phantoms for practicing hand—eye coordination and
develop the critical skills for navigation and assessment of the shape, margins, and size of the lesion, as well as performing an
ultrasound-guided biopsy. It is cost-effective, reproducible, and easily implementable, and could be instrumental in generating
ultrasonographers with crucial skills for accurate diagnosis of breast cancer, especially in low-resource settings.

Keywords Training phantom - Breast ultrasonography - Ultrasound - Tissue-mimicking materials - PVC plastisol - Mammary
gland

Introduction

According to the WHO, there were 2.3 million women diag-
nosed with breast cancer and 685,000 deaths globally in
2020. As of the end of 2020, there were 7.8 million women
alive who were diagnosed with breast cancer in the past
5 years, making it the world’s most prevalent cancer in
women. Ultrasound examination plays an important role
in the diagnosis of cancer, since this method allows expe-
rienced clinicians to differentiate malignant from benign
lesions with great certainty based on the assessment of size,
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shape, elasticity, and echogenicity [1]. In addition, compared
to mammography equipment, ultrasound equipment is more
affordable and portable. Consequently, routine breast cancer
screening with ultrasound devices is cheaper and more fea-
sible in low-resource settings. As opposed to mammography
using X-rays, ultrasound uses no ionizing radiation and does
not cause pain or discomfort by compressing the breasts.
However, the diagnostic accuracy depends on the quali-
fication and experience of ultrasonographers [2]. Therefore,
it is important that the scientific community and healthcare
institutions make efforts to develop and use tools for training
highly qualified specialists by not only theoretical teaching
but also practicing at the clinical sites ideally involving real
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patients. However, intensive training on real patients is nei-
ther feasible nor desirable due to ethical constrains. In recent
years, one of the tools that has gained prominence in the med-
ical community is the ultrasonic phantom, which is made of
tissue-mimicking materials that present morphological and
acoustic properties close to human tissues [3, 4]. Undoubt-
edly, ultrasonic phantoms are essential in medical education
and training because, in many situations, they make possi-
ble the replacement of training on real patients, cadavers,
and animals. Medicine students can learn to identify specific
types of lesions in phantoms using ultrasonic imaging, and
practice repeatedly to improve their skills without any con-
straint. The characteristics of the ultrasonic images obtained
from the phantom depend on the materials used to build and
the manufacturing process. The following materials are most
often used for simulating acoustic properties of breast tissues:
chicken breast [5] and biopolymers [6, 7], characterized by
the low cost and ease of manufacturing, but low durabil-
ity; polyvinyl alcohol cryogel [8], which allows controlling
acoustic parameters using freezing cycles; polyacrylamide
[9], which emits toxic fumes during the manufacturing pro-
cess; and polyvinyl chloride plastisol [10-15], and silicone
[16], characterized by resistance to fungi and bacteria, dura-
bility and ease of use.

This article presents the design of three training breast
phantoms using polyvinyl chloride plastisol. We call them
basic, differential and elastographic breast phantoms. The
basic phantom contains lesions of such shapes that are recog-
nizable even to novice students. This phantom was designed
for those students who wish to train their hand—eye coordi-
nation with almost no supervision from an instructor. The
differential phantom contains lesions that are similar in
shape, echogenicity, and elasticity to the common breast
lesions such as lipoma, fibroadenoma, malignant tumor,
and cyst. This phantom helps practice skills of differential
diagnostics. The elastographic phantom contains spherical
lesions with different levels of hardness, which can be used
for practicing elastography skills.

The main contribution of this work in relation to other pub-
lications involving polyvinyl chloride plastisol as a tissue-
mimicking material [10-15] is that it presents a method for
designing phantoms and models of lesions, which are not
only closely reproduce shape but also echogenicity and elas-
ticity of abnormal changes in the breast tissue. Since the
phantoms are permeable to the needle and contain lesions of
various shapes and sizes, echogenicity, and elasticity, they
can be used for practicing ultrasound examination skills and
needle-insertion procedures under ultrasound guidance.

@ Springer

Materials and methods
3D printer

A 3D printer (Designer X Pro, Picaso 3D, Moscow, Russia)
operating on FDM technology was used to make the casting
molds for the breast phantoms. The printer is equipped with
a heated table and enclosed build chamber with the printable
area of 200 x 200 x 210 mm and optimal layer thickness of
50 microns for professional modeling.

Tissue-mimicking materials

Plastisols (Redbug, Dmitrov, Russia) were used as the main
material for manufacturing phantoms. Plastisols were dif-
fered in stiffness (Young’ modulus), expressed as a value on
the Shore stiffness scale, as well as in the type of admix-
ture and its concentration. Unlike biopolymers, in particular
mixtures of gelatin and agar, plastisols are durable, easy to
store and use. Furthermore, it is a nontoxic, nonpolluting,
and low-cost material [1].

The structure of pure plastisol contributes a small amount
of scattering, so to make the speckle pattern image of this
type of material closer to that obtained in the highly scat-
tering human tissue, it is necessary to add scatterers to the
plastisol. There are studies in the literature that used scatterers
such as titanium dioxide (TiO;) and glass microspheres [17],
aluminium oxide (Al,O3) and graphite powders [13]. The
ultrasonic images obtained in the breast phantoms presented
in those works were close to the images obtained in human
breasts, so the scatterers employed are quite promising.
However, there is no study that compared speckle patterns
produced by different scatters and demonstrates the most
appropriate admixtures for ultrasonic phantoms.

In this work, the comparison of speckle patterns was
made (Fig. 1). We used graphite powder and metallic glit-
ter as scatterers. By changing their concentration in relation
to plastisol, we managed to create a grayscale “palette” in
which we reproduced hypoechoic and hyperechoic tissues as
well as tissues of intermediate echogenicity (Fig. 1). It was
obtained using an ultrasound equipment (Sonoace 8000 EX
Prime; Medison Co., Seoul, South Korea) with the L5-9EC
probe operating at the center frequency of 7.5 MHz. In this
palette, we used the gradation of echogenicity as described
in the caption for Fig. 1. Graphite powder with a particle
size of 40-80 wm (SpheroLit company, Smolensk, Russia)
consisted of 79% carbon, 23% ash, 0.34% Sulphur and 1%
moisture. Heat-resistant metallic glitter particles (Redbug,
Dmitrov, Russia) had a size of 200 pum. The influence of the
admixture on the acoustic properties (attenuation coefficient
and ultrasonic speed) was evaluated.
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Fig. 1 Ultrasound images of the samples of polyvinyl chloride plastisol
ranked in order of increasing echogenicity creating a grayscale palette:
a level 1—no admixture; b level 2—with the addition of 0.5% graphite
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powder; ¢ level 3—with the addition of 1% graphite powder; d level
4—with the addition of 1% graphite powder and 0.5% metallic glitter
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Fig.2 Lesions in the breast phantom: a layout; b lesions of the basic version; ¢ lesions of the differential version; d lesions of the elastographic

version

Breast phantoms

Three breast phantoms were prepared in this study: basic,
differential, and elastographic. Each phantom was 165 cm
in length and contained 12 lesions, arranged according to
the scheme shown in Fig. 2. We shaped the lesions by hand
using nail scissors. They were cut out from bars 70 x 30 x
30 mm in size, which were made from polyvinyl chloride
plastisol with graphite powder and metallic glitter as admix-
tures. The first version of the phantom, the basic one, had
a background with level 3 echogenicity and hardness of 9
Shore scale units. It contained lesions that were not similar
to real lesions in shape but had recognizable outlines. The
purpose of this phantom is to train basic navigation skills,
assessing the shape, contour, and size of the lesion, as well
as carrying out an ultrasound-guided biopsy. In the second
version of the phantom, differential, a background had the
level 3 echogenicity and hardness of 11 units. It contained
imitations of lesions having the shape, echogenicity, and elas-
ticity of the real ones, namely a simple cyst (5, 8), lipoma (1,
7), fibroadenoma (2, 12), fibrolipoma (4, 9), and malignant

tumor (3, 6, 10, 11). Thus, the differential version contains
anthropomorphic masses and is intended to improve the dif-
ferential diagnosis skill of breast tumors. The third version
of the phantom, elastographic, had a background with level
4 echogenicity and hardness of 6 units. It contained masses
of various stiffnesses and designed for elastography training.
Half of the masses in the elastographic version was hypoe-
choic, and the other half was isoechoic, so that they could be
detected only in the elastography mode.

The stiffness of lesions and breast tissue in phantoms
was modeled using different polyvinyl chloride plastisols.
They differ in their concentration of plasticizer. The greater
the concentration the stiffer is the tissue-mimicking material
[15]. The manufacturer provided us with data on the plasti-
sol stiffness in units on the Shore stiffness scale, which along
with other characteristics of the modeled inclusions is given
in Fig. 3. Lesions 3 and 11 in the differential phantom model
tumors with irregular borders. Their outer layer is 3 times
harder and slightly dimmer than the inner layer.
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Fig. 3 Characteristics of inclusions in the basic (77), differential () and
elastographic (\\) versions of the breast phantom

Phantom mold and manufacturing process

3D modeling software program Meshmixer (Autodesk Inc.,
San Rafael, CA, USA) was used for creating a casting mold
for the phantom. Based on the analysis of computer tomo-
grams of breasts regularly performed for numerous patients,
a reconstruction of the typical breast contour was performed
in this program. For the stability of the structure and the con-
venience of manufacturing the phantom, a rectangular case
with dimensions of 180 x 140 x 70 mm was built around the
model (Fig. 4a and b). The obtained mold model was saved
in STL file format and was made available to those who wish
to replicate our experiments [18]. We have chosen PLA plas-
tic for printing a casting mold for several reasons, namely
this material does not chemically interact with plastisol, is
suitable for manufacturing sealed structures, and withstands
an operating temperature of at least 160 °C.

A plastisol is a colloidal dispension of small polymer
particles in a liquid plasticizer. When heated to around
160-180 °C (320-356 °F), the plastic particles absorb the
plasticizer, causing them to swell and fuse together forming
aviscous gel [19]. Once the solution is cooled to below 60 °C

@ Springer
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Fig.4 Stages of phantom manufacturing: a creating a virtual model;
b 3D-printing the mold; ¢ filling the 1st layer and adding 3 lesions;
d filling the 2nd layer and adding 4 lesions; e filling the 3rd layer and
adding 5 lesions; f phantom after removal from the mold

(140 °F) it becomes a flexible, permanently plasticized solid
product. This process is called ’curing’.

For heating, it is necessary to use a thick-walled ceramic
container, in which a plastisol can cool down more slowly.
A microwave oven is most convenient for heating as it heats
the substance evenly. When plastisol is stored in the liquid
form for a long time, a precipitate occurs at the bottom of
the bottle. In order to dissolve it, it is necessary to shake the
contents for 2—3 min before use. Then pour a liquid plastisol
into the container and put it in the oven. It is necessary to
use the moderate power in the oven and to stop the heating
for 15 s every 30 s in order to mix the substance thoroughly.
During the heating process, the plastisol gets thicker first, and
then becomes very fluid again. When the temperature reaches
150 °C, it is necessary to wait at least for a minute in order
to let the air bubbles escape from the solution. Overheating
of the plastisol should be avoided, as this leads to burning
and damaging the material. The temperature was measured
using a digital thermometer Fantast IKEA, Sweden).

When the temperature reached 160 °C, the resulting mix-
ture was poured into the prepared breast mold, shown in
Fig. 4b. The filling process was performed in layers. The
thickness of each layer was 20 mm. We placed the lesions in
3 layers according to the scheme shown in Fig. 1. The filling
process is illustrated with photos 3c—e. After filling a layer,
but before placing the lesions, we waited for about 30 s for the
formation of a film that prevents the lesions from drowning.
After filling the last layer, we left the phantom at the room
temperature until it cooled down completely. After that, we
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took it out of the mold. Upon completion of the described
process, the phantom is ready for use and looks as shown in
Fig. 4e.

Characterization of acoustic properties

In order to select suitable materials, admixtures and their
concentrations, an experiment was carried out to estimate
the speed and attenuation coefficient of ultrasonic waves.
We employed a relative measurement method previously
used in [20] to study the transmission of longitudinal ultra-
sonic waves through solid media. The experimental setup
consists of an ultrasound source and a hydrophone coupled
with gel to the sides of a sample in the form of a rectan-
gular parallelepiped. Each sample was made from polyvinyl
chloride plastisol having different concentrations of admix-
tures by the size of 70 x 30 x 30 mm. The ultrasonic signals
were generated and collected by A1550 IntroVisor Ultrasonic
flaw detector (Acoustic Control Systems—ACS Group, Saar-
briicken, SL, Germany). Two S3568 sensors with a center
frequency of 2.5 MHz having piezo elements with a diame-
ter of 10 mm were coupled to the flaw detector and served
as the ultrasound source and the hydrophone. The source
emitted a burst at a carrier frequency in the range from 1 to
5 MHz with 25 V and a pulse repetition frequency of 10 Hz.
The source and the hydrophone were located coaxially on
both sides of the sample. The ultrasonic signal emitted by
the source passed through the sample and was collected by
the hydrophone with the same central frequency and sampled
with a sampling frequency of 60 MHz. The measurements
were carried out for the rectangular cuboid sample with trans-
ducers coupled to its sides so that there was a 30 mm distance
between the surfaces of the transducers. Then the sensors
were coupled to other sides so that a 70 mm distance was
between the sensors’ apertures and the measurements were
repeated. The unknown sound velocity in each sample was
deduced from the temporal shift between the pulse transmis-
sion times for the 30 mm and 70 mm distances between the
apertures using the equation:

h—Db
c= s
n—n

ey

where /1 and [, are the distances between the coaxially placed
ultrasound source and hydrophone equal to 30 and 70 mm,
respectively, i.e., the length and width of the rectangular par-
allelepiped samples; #; and #, are time intervals between
emission and arrival of ultrasound pulses traveling through
the samples for the 30 and 70 mm distance, respectively. The
probing pulse had an envelope with a Gaussian shape and a
length of 5 cycles. Time was measured at the peak value of
the envelope. The attenuation coefficient « was calculated
from the difference in the amplitude of the signals received

for two distances between sensors’ apertures:

20 loglo(ﬁ—;)
0= ——"]">", 2
=1

where A1 and Aj are the peak values of the envelopes of
the received signals for the two measurements, carried out
for the distances /| and I, 3 and 7 cm, thus the « is mea-
sured in dB/cm. The attenuation coefficient was estimated
using signals with a 1 MHz carrier frequency. The experi-
ments were conducted at a temperature of 24.0 & 0.1 °C,
which was monitored using a digital thermometer TPM-10
(ESPADA, Moscow, Russia). Prior to applying this tech-
nique, the Egs. (1) and (2) for estimating the speed of sound
and attenuation were evaluated with a commercially avail-
able phantom SO-2 (STC Expert, Moscow, Russia) where
the actual parameters are known, which was also routinely
used to calibrate the flow detectors. After observing repro-
ducible results in the phantom, we conducted measurements
on the samples. The parameters for each material were deter-
mined by averaging five measurements.

Experimental procedure

After estimating acoustic parameters, the samples and
anatomical phantoms were examined with linear probes
on the following ultrasound scanners: Sonoace 8000 EX
Prime operating in B-mode; Ruscan 65 M (RPA “Scanner”,
Moscow, Russia) with LA3-14AD linear probe operating at
central frequency of 9.4 MHz (B-mode) and 8 MHz (sonoe-
lastography mode); Angiodin Sono/P-Ultra (BIOS, Moscow,
Russia) with L5-12/40 linear probe operating at central fre-
quency of 7.5 MHz (sonoelastography mode); and BK Specto
Ultrasound (BK medical, Herlev, Denmark) with 14L3e lin-
ear probe operating at central frequency of 9 MHz (B-Mode).
All images were analyzed at depths ranging from 30 to
70 mm. Using each of the scanners, an ultrasonographer with
7 years’ of experience captured and stored three images for
each sample and lesion in such a way that their borders were
visible. For each of the lesions, the ultrasonographer visu-
ally assessed the echogenicity and clarity of the borders. The
ultrasonographer additionally examined each of the lesions
with the Angiodin Sono/P-Ultra scanner in the elastography
mode and assessed the strain ratio, which represents under
certain assumptions an indirect assessment of tissue stiff-
ness. To visualize the results obtained with the elastographic
version of the phantom, a bar plot of stiffness in the form
of “average + standard deviation” was created based on 9
measurements for each of the Shore scale values.

The relative level of echogenicity for the samples was
assessed visually according to the consensus of three ultra-
sonographers with experience ranging from 7 to 19 years.

@ Springer
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Fig.5 Frequency dependence of ultrasound speed in the mammary
gland (values obtained from [21]): (-) min, (-) max; @) pure plasti-
sol from our experiments, (1) a mixture of plastisol and 0.5% graphite
powder, (/\) a mixture of plastisol and 1% graphite powder, (X) a
mixture of plastisol, 1% graphite powder and 0.5% metallic glitter

They ranked the sonograms of the samples in order of increas-
ing echogenicity; thus, they formed a grayscale palette for
ranking the echogenicity of lesions.

To assess the models of lesions, clinical feedback was
obtained in terms of a survey. The participants were students
studying ultrasonography (19 participants), and ultrasonog-
raphers with different level of experience: from O to 3 years
(4 participants), from 4 to 10 years (2 participants), from 10
to 20 years (2 participants), and more than 20 years (1 partici-
pant). They were asked to find each of the modeled inclusions
in the differential version of the phantom and grade how close
the models of inclusions replicate real inclusions on a scale
from O to 10, where 10 being “very close”. The results were
presented in form of a bar plot.

Results

Figure 1 shows the result of choosing admixtures to repro-
duce different levels of echogenicity. It can be noted that
we managed to model 4 levels. Therefore, we evaluated
echogenicity on a scale from 1 to 4, with 1 being anechoic
and 4 being hyperechoic.

Figure 5 shows the dependency of sound speed on fre-
quency for plastisols with various admixtures. We borrowed
the minimum and maximum levels of the sound speed in
human mammary gland from the literature [21]. Figure 5
reflects the range of speed of sound found in the fatty and
glandular tissues. We also evaluated the attenuation at the
frequency of 1 MHz, which was 0.05 dB/cm/MHz in plasti-
sol with the Shore stiffness of 11 units without admixture, the
attenuation increased to 0.18 dB/cm/MHz with the addition
of 0.5% graphite powder, up to 0.22 dB/cm/MHz with the
addition of 1% graphite powder, and up to 0.45 dB/cm/MHz
with the addition of 1% graphite powder and 0.5% metallic
glitter.

@ Springer

Based on the echograms of the basic, differential and elas-
tographic versions of the phantom presented in Figs. 6, 7, 8
and 9, we can observe that the background tissue is homo-
geneous and the lesions’ borders are quite clear; the clarity
is, especially pronounced in Fig. 9b, obtained at the higher
carrier frequency.

Figure 7 shows typical images of the main lesions in
the differential version of the phantom. The strain ratios for
the presented masses, namely hyperechoic (a replication of
lipoma), hypoechoic (a replication of malignant tumor), and
hypoechoic (a replication of fibroadenoma) were 0.39, 4.26,
and 0.83, respectively. The presented in Fig. 7a, a replica of
lipoma consists of plastisol with a Shore stiffness of 6 units
with the addition of 1% graphite powder and 0.5% metal-
lic glitter. The replica of malignant tumor (Fig. 7b) is from
plastisol with the Shore stiffness of 17 units without admix-
ture. The replica of fibroadenoma (Fig. 7c) is from plastisol
with the Shore stiffness of 11 units with addition of 0.5%
graphite powder. To assess the realism of the inclusion mod-
els, a survey among ultrasound professionals and students
was conducted. Its results in the form of “average =+ stan-
dard deviation” are presented in Fig. 8.

Figures 9 and 10 show examples of sono- and elastograms
of typical lesions in the elastographic version of the phantom.
Lesion made of the softest plastisol with a Shore stiffness of
3 units with the addition of 1% graphite powder, is shown in
Fig. 10a, that had a strain ratio of 0.65. The hardest lesion
shown in Fig. 10b, plastisol with a Shore stiffness of 17 units
and without admixture had a strain ratio of 4.98. Such stiff-
ness indicators demonstrate that the lesion shown in Fig. 10a
is softer, and the other lesion shown in Fig. 10b, respectively,
is harder than the surrounding tissue, which is made of plas-
tisol with the Shore stiffness of 6 units with 1% graphite
powder and 0.5% metallic glitter.

Figure 11 represents the data obtained with 3 experienced
ultrasonographers measuring elasticity in elastographic ver-
sion of the phantom. Targets with known equal stiffness
presented in Shore scale values were grouped. For each of
the group there is a bar in Fig. 11.

Discussion

The developed phantom is a simplified model of the human
mammary gland. We simulated the breast’s glandular tissue
and lesions with a mixture of polyvinyl chloride plasti-
sol, graphite powder, and glitter at various concentrations.
Figure 5 shows that the longitudinal ultrasonic speed is
1408 m/sec at the frequency of 1 MHz for pure plastisol with
a Shore stiffness of 11 units. The addition of 0.5% graphite
powder increases the speed up to 1449 m/sec, which is close
to the reported value measured in the fresh sample of breast
fat [22]. The addition of 1% graphite powder increases it
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Fig.6 Ultrasound images of
masses in the basic version of the
phantom, obtained with Sonoace
8000 EX Prime: a anechoic mass
in the form of a letter “E”;

b hyperechoic mass in the form
of a star; ¢ hyperechoic mass in
the form of a plus; d hyperechoic
mass in the form of a fish

a

Fig. 7 Ultrasound images of lesions of the differential version of the
phantom obtained with Sonoace 8000 EX Prime: a hyperechoic lesion
with clear, smooth margins and a weak distal acoustic shadow is areplica
of lipoma; b hypoechoic lesion of the vertical spatial orientation with
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Fig. 8 Distribution of survey answers regarding the similarity of the
models with their prototypes encountered on sonograms in clinical prac-
tice: (left to right) cyst, fibroadenoma, lipoma, and malignant tumor

further to 1465 m/sec. The addition of 0.5% metallic glit-
ter creates the highest echogenicity and gives the ultrasonic
speed of 1522 m/sec. All these values correspond to the pub-
lished results for a mixture of plastisol [11] and fall within the
normal range for breast tissues [21], which allows trainees to
have correct feedback regarding the targeting of the lesions
for biopsy. The ultrasonic speed in the basic and differential
versions of the phantom is approximately 1% less than the
longitudinal ultrasonic speed in the biological adipose tissue,
and the ultrasonic speed in the elastographic version is 1.4%

b

C

fuzzy irregular margins is a replica of malignant tumor; ¢ hypoechoic
lesion of the horizontal spatial orientation with clear, smooth margins
and slight distal acoustic enhancement is a replica of fibroadenoma

b

a

Fig.9 Ultrasound images of lesions in the elastographic version of the
phantom, obtained with BK Specto Ultrasound scanner: a lesion with
level 3 echogenicity; b lesion with level 1 echogenicity

less than the ultrasonic speed in the glandular tissue [8, 15].
The differences in the longitudinal ultrasonic speed between
adipose and glandular tissues reported in the literature [23]
are 3.8-8.1% and can cause aberrations in the ultrasound
examination, leading to a deterioration in resolution [24]. In
the developed phantom, these effects of image degradation
were not registered.

This is the first study that presents a polyvinyl chloride
plastisol-based breast phantom that used metallic glitter as a

@ Springer
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Fig. 10 Compression elastograms of lesions in the elastographic version
of the phantom obtained with the Angiodin Sono/P-Ultra ultrasound
scanner: a a soft mass; b a hard mass
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Fig. 11 Strain ration measured in elastographic version of the phantom
with ultrasound scanner in elastography mode for targets made of mate-
rial which hardness is characterized by either of 4 Shore values: (left to
right) 3,9, 11 and 17 units on the Shore scale

scatterer. The results show that this scatterer is very promis-
ing, because the speckle pattern of the ultrasonic images
obtained is very close to the pattern obtained in the human
breast.

Since the basic version of the phantom contains a set of
masses with easily recognizable shapes (Figs. 2b, 6), it is
convenient for developing the manual skills in finding the
right probe position to visualize a mass in the desired slice.
In clinical practice, an ultrasonographer observes a lesion
for several months by asking the patient to visit regularly.
During each subsequent visit, the ultrasonographer tries to
position a transducer at exactly the same location as before
to correctly compare the dimensions of the suspicious lesion
and assess its growth.

While previously reported lesion models [11] mimic real
lesions by reproducing their echogenicity level, manufac-
turing the differential phantom, we tried to reproduce other
known ultrasound signs of focal lesions [25] as well. For
example, a typical breast lipoma is characterized by increased
echogenicity compared to the surrounding adipose tissue at
the superficial location and low stiffness during elastogra-
phy. In the case of a prolonged existence of lipoma and
calcification of the capsule behind the lesion, an artifact of
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acoustic shadow may occur. As can be seen in Fig. 7a, the
model of lipoma has the described features of the real foci.
A typical fibroadenoma is characterized by the oval or round
shape, horizontal spatial orientation, clear margins, lobular
structure, often with a thin rim and posterior acoustic ampli-
fication, as shown in Fig. 7c. In case of suspicion for breast
cystic lesion (Fig. 9b), the following signs are seen in the
sonogram: a rounded anechoic structure with clear, smooth
margins. Thus, the differential version of the breast phantom
allows developing skills of assessing and reporting parame-
ters of various masses that mimic the encountered in clinical
practice focal breast lesions. As can be seen from the result
of the survey conducted among ultrasonography students and
experienced professionals, presented in Fig. 8, the models of
inclusions in this phantom are relatively accurate with the
models of cyst and lipoma being the most realistic.

The elastographic version will help students to get a bet-
ter grasp of the ultrasound elastography (Fig. 10), since this
version contains lesions that look similar in the B-mode, but
differ from each other and the surrounding tissues in terms
of stiffness. As can be seen in Fig. 11, the increase in the
Shore stiffness values leads to higher stiffness measured with
the ultrasound scanner. The elastographic version also dif-
fers from other versions in modeling a background by softer
plastisol and a mixture of metallic glitters, which makes it the
most echogenic, corresponding to level 4 on the echogenicity
scale (Fig. 1d). According to the ultrasonographers partici-
pating in the study, this background is the closest to the real
ultrasound image of the breast.

For training using the phantom, we propose the following
steps:

(1) Select one of the lesion models in the diagram shown in
Fig. 2.

(2) Pick up the phantom, apply the gel, position a linear
probe on the surface of the phantom so that a sonogram
of the phantom can be observed on the scanner’s screen.

(3) By looking at the scanner’s screen, observe the lesion
models presented in the phantom and find the one you
selected.

(4) Using a measuring tool available in the scanner’s inter-
face, estimate the dimensions of the selected model.

(5) Insert the ultrasound-guided needle so that it passes
through the wall inside the selected model.

(6) Based on the assessment results of the model size, as
well as the speed and number of attempts required for
a needle penetration of the wall of the selected model,
evaluate the skill of ultrasound-guided manipulation.

Our experience of working with plastisol has indicated
that it interacts chemically with some plastics, which was
also noted in the literature [11]. Previously, we tried to make
molds from ABS plastic, which proved well when working
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with agar and gelatin, however, it turned out that plastisol dis-
solves ABS plastic but not PLA. That is why we have decided
to print molds using PLA plastic. Unlike agar and gelatin,
plastisol retains its properties over the years; moreover, it
is a wear-resistant and easy to use material, which makes
plastisol attractive for manufacturing training phantoms.

A limitation of our phantom design includes the fact that
the modeled cysts do not contain liquid. They can be punc-
tured with a needle, but the liquid cannot be pumped out.
A positive side of this design is that cyst models, like other
lesions, can be punctured multiple times. Another limitation
compared to the phantom developed by De Matheo et al.
[13] is the absence of lactiferous ducts. Thus, in the future,
we plan to complicate the breast phantom by including mod-
els of adipose and glandular tissues, as well as lactiferous
ducts and ductal carcinoma.

Conclusion

The methodology described in this article allows creat-
ing a breast phantom and can be easily replicated in any
laboratory. Using this methodology, three breast phantoms
were designed to train and improve the skills of performing
ultrasound examinations, namely the basic, differential and
elastographic phantom. The basic one contains 12 masses
with easily recognizable shapes. It allows the development of
hand-eye coordination, which is so critical for an ultrasound
specialist. In addition, it is the ideal tool for teaching to find
the correct probe position to visualize the mass in the desired
slice. The differential one contains masses that mimic breast
lesions in various shapes, stiffnesses and echogenicitties:
lipoma, fibroadenoma, cyst, malignant tumor. This phan-
tom was designed to practice the skills of interpretation and
differential ultrasound diagnosis of breast lesions. The elasto-
graphic one contains spherical masses of various stiffness and
is intended for practicing the usage of elastography. These
phantoms are needle permeable and can be used not only for
elastography and hand—eye coordination training, but also
for practicing ultrasound-guided biopsy skills.
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