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Introduction: The development and optimization of novel diagnostic imaging
prototypes heavily rely on experimental work. In radiology, this experimental
work involves the use of phantoms. When testing novel techniques to
demonstrate their advantages, anthropomorphic phantoms are utilized. The
aim of this study was to investigate seven materials for 3D printing to replicate
the radiological properties of breast lesions.

Methods: To achieve this objective, we utilized three fused filament fabrication
materials, namely, polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), and
polyethylene terephthalate glycol (PET-G), along with resins such as White v4
Resin, Flexible 80A v1 Resin, Model v2 Resin, and Wax40 v1 Resin, to 3D print
seven irregularly shaped lesions. These lesions were used to prepare a set of
seven physical phantoms, each filled with either water or liquid paraffin, and one
of the printed lesions. The phantoms were then scanned using a mammography
unit at 28 kVp. Additionally, six computational breast phantoms, replicating the
shape of the physical phantoms, were generated. These computational models
were assigned the attenuating properties of various breast tissues, including
glandular tissue, adipose tissue, skin, and lesions. Mammography images were
generated under the same experimental conditions as the physical scans. Both
the simulated and experimental images were evaluated for their contrast-to-
noise ratio (CNR) and contrast (C).

Discussion: The results indicated that the studied resins and filament-based
materials are all suitable for replicating breast lesions. Among these, PLA and
White v4 Resin exhibited the densest formations and can effectively approximate
breast lesions that are slightly less attenuating than glandular tissue, while ABS and
Flexible 80A vl Resin were the least dense and can represent fat-containing
breast lesions. The remaining materials provided good approximations for
malignant lesions. These materials can be utilized for constructing phantoms
for experimental work, rendering the model a valuable tool for optimizing
mammography protocols, ensuring quality control of mammography X-ray
equipment, and aiding in the diagnosis and assessment of breast cancer.

3D-printed breast lesions, breast phantoms, breast imaging, mammography,
experimental images, modeling and simulations
01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphy.2024.1441740/full
https://www.frontiersin.org/articles/10.3389/fphy.2024.1441740/full
https://www.frontiersin.org/articles/10.3389/fphy.2024.1441740/full
https://www.frontiersin.org/articles/10.3389/fphy.2024.1441740/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2024.1441740&domain=pdf&date_stamp=2024-08-29
mailto:kristina.bliznakova@gmail.com
mailto:kristina.bliznakova@gmail.com
https://doi.org/10.3389/fphy.2024.1441740
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2024.1441740

Bliznakova et al.

1 Introduction

The development and optimization of novel prototypes for
diagnostic imaging heavily rely on experimental work. In the
field of radiology, this involves extensive X-ray exposures,
subsequent image evaluations, and the fine-tuning of X-ray
system parameters. In this domain, physical phantoms enable the
conduction of unlimited irradiation sessions, offering a robust
platform for comprehensive system optimization. In the field of
breast imaging, researchers already demonstrated techniques for
manufacturing advanced breast models [1-3], used for testing novel
imaging techniques, such as tomosynthesis at synchrotron facilities
[4], dual-energy, spectral mammography and tomosynthesis [5-10],
breast computed tomography [11-13], evaluation of detection
performance and novel reconstruction algorithms [4, 14],
assessing the image quality of the X-ray breast imaging systems
[12, 15-25], and evaluating developed CAD systems [26].

Advanced physical models of the breast not only accurately
replicate the anthropomorphic shape of the breast but also simulate
specific anatomical structures such as glandular tissue, adipose
tissues, and Cooper ligaments, with materials exhibiting X-ray
attenuation properties close to the real anatomical tissues [1-3].
Materials approximating glandular tissue using fused filament
fabrication (FFF) and stereolithographic (SLA) 3D printers
include PLA stone (polylactic acid filled with powdered stone),
PLA wood (polylactic acid filled with wood powder), PET-G
(polyethylene terephthalate glycol), ASA (acrylonitrile styrene
acrylate), PVA (polyvinyl acetate), and EasyWood [27-29], as
well as different resins [10, 30, 31]. For simulating adipose tissue,
researchers have found acrylonitrile butadiene styrene (ABS)-based
filaments, high-impact polystyrene (HIPS)-based filaments, and
nylon to be suitable [10, 27, 29, 30, 32], while the skin can be
represented by either polyethylene terephthalate (PET) or PLA [33].
By uniquely combining these materials, anthropomorphic
phantoms of the breast can be produced [10, 12, 20, 33-35]. A
critical component of these models is the tumor representation,
where significant effort is dedicated to creating realistic lesion
models. This is accomplished at both computational [36-38] and
physical levels [15, 20]. Current efforts are focused on the creation of
advanced phantoms incorporating lesion models, enhancing their
reliability to real situations.

Realistic breast lesions can be derived through various
mathematical approaches, or by segmenting lesions from three-
dimensional imaging modalities, such as CT and magnetic
resonance imaging (MRI) [38, 39]. These advancements may be
exploited to manufacture realistic breast lesions and, thus, can
contribute to the creation of sophisticated anthropomorphic
breast phantoms; however, this requires research in both
appropriate materials and printing technologies [24, 40].

Studies have focused on investigating the radiological properties
of the available 3D printing materials [27, 30, 31, 41]. These studies
serve as a foundation for efforts directed at mimicking the
radiological characteristics of physically fabricated lesions [14, 20,
24, 40]. For instance, [14] proposed irregularly printed lesions from
four resin types, using SLA technology, the performance of which
was tested under an automatic exposure control (AEC) setting at
clinical mammography and tomosynthesis units. [40] proposed a
method for the production of realistic lesions based on FFF
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technology, tested for CT imaging. The materials used included
ASA, PLA, nylon, and PET-G with corresponding densities of 1.08
(g/cm?), 1.29 (g/cm?), 1.18 (g/cm?), and 1.30 (g/cm’). By varying the
infill ratio during modeling and printing, they achieved different
Hounsfield units (HU), effectively replicating lesions with variable
densities. Spheres with diameters of 3.2 mm and 4.8 mm,
representing low-contrast abnormalities, were wused in an
experimental study carried out at a non-mammographic imaging
setup with a 55-kVp X-ray beam by [10]. Recently, [15] used
polytetrafluorethylene (PTFE) ellipsoids as a tissue substitute for
masses and soybean for lesions. These models were integrated into a
phantom, imaged at several clinical breast imaging systems. [16]
used a mixture of acrylic resin and calcium bicarbonate to represent
the spherical (regular) and amorphous (irregular) mass structures,
respectively. These were incorporated into a slab, placed in a
phantom, and imaged using a clinical mammography unit
configured in the AEC mode. The incident beam was set to
28 kVp, utilizing a tungsten/rhodium anode/filter combination.
This study builds on extensive prior research by further
exploring materials used with 3D printing that replicate the
radiological properties of lesions. It extends this research by
producing lesions with irregular shapes, incorporated into
phantoms, imaged under clinical mammographic conditions. It
uses modeling, simulation techniques, and experimental
approaches to investigate and advance the understanding of these
materials. The resulting breast phantoms are specifically designed
for comparative studies, evaluating the performance of a prototype
X-ray breast system under development against commercial

mammography systems.

2 Materials and methods

Figure 1 summarizes the process of simulation and production.
Initially, the 3D lesion model and the breast shape in the form of a
semi-cylinder are computationally developed. Six computational
breast phantoms were created, approximating compressed breasts
of different These
mammography simulations. Then, the computational lesion

densities. models were subjected to
model and the breast shape were converted to st/ format and
printed with both FFF and SLA printers. The printed lesions
were inserted into the breast

shape and imaged at a

mammography unit.

2.1 Creation of the computational model
and images

The computational breast phantom is designed from 3D
geometrical primitives, as shown in Figure 2. XRAYImagingSimulator
was used, which is a computational software program for modeling and
simulations in X-ray imaging [42]. This application can create
computational models of any object with simple and complex
shapes, to assign material properties, and generate X-ray images
based on various acquisition geometries.

Two main computational objects were separately created: one
resembling a semi-cylindrical container, representing the shape of a
breast under compression during mammography imaging, and the
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FIGURE 1
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Overall approach of the study. The breast lesion model is taken from the Maxima database [36].

+

FIGURE 2

Created computational breast phantom by using XRay/magingSimulator [42]: a semi-cylindrical container housing a lesion composed of specific
breast tissue. The phantom is filled with either adipose tissue, glandular tissue, or 50% adipose—50% glandular tissue mixture.

TABLE 1 Tissues assigned to the different components in the computational breast phantom.

Material Density, g.cm™ Phantom component
1 Adipose tissue 0.93 Container/lesion
2 Glandular tissue 1.04 Container/lesion
3 50% Adipose-50% glandular tissue 0.98 Container/lesion
4 Skin 1.09 Container edge

other mimicking a breast lesion. The first component of this
phantom, the breast shape, was modeled as a semi-cylinder with
a thickness of 50 mm. The skin shape is obtained by the difference of
two semi-cylinders with the same height of 50 mm and a base of
60 mm and 55 mm, respectively. Thus, the resulted skin thickness is
5 mm, with assigned elemental composition of the skin. The
intersection of the semi-cylinders is filled with a homogeneous
material, corresponding to adipose tissue, glandular tissue, and

Frontiers in Physics

50% adipose-50% glandular tissues. The characteristics of the
simulated breast tissues are listed in Table 1. Data on the density
and chemical composition were obtained from [30].

The computational model of the breast lesion was chosen from
the Maxima database [36]. The irregular-shaped lesion was placed in
a matrix with a size of 100 x 100 x 100 pixels, each pixel with a size of
0.2 mm x 0.2 mm x 0.2 mm. The lesion was created by initially using
Brownian motion, followed by a low-frequency filter to smooth the
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FIGURE 3

Simulated X-ray mammography geometry. D; and D, are the
distances from the X-ray tube to the center of rotation and to the
detector surface and were set to 600 mm and 650 mm, respectively.

shape. Furthermore, a procedure was created to insert the
computational lesion model into the center of the modeled
container. The complete phantom was voxelized and used in a
simulation experiment, which included three breast glandularities
and three types of breast lesions, each differing in their chemical
composition. The outputs of this simulation are X-ray images of the
computational phantoms.

The geometry used in the simulations is shown in Figure 3.

The simulation is implemented using XRAYImagingSimulator
[42] and includes the generation of X-ray images of the six
phantoms for the mammography setup. The generated images
are represented as a matrix with values corresponding to the
evaluation of the line integrals calculated for each X-ray
emerging from the X-ray tube toward each detector pixel. The
exploited relationship is the Beer-Lambert law (Equation 1),
reflecting the attenuation of the X-rays while passing the
phantom and the properties of the objects in that phantom.

1
1= Io.e‘f B (1)

In this equation, I, represents the intensity of the initial X-ray
beam, while I denotes the intensity of the beam detected after
traversing a path of length I through a material with a linear
attenuation coefficient y(E). Images had a size of 2,000 pixels x
2,000 pixels, with a pixel size of 0.1 mm x 0.1 mm. The images were
generated for distances, 600 mm and 650 mm, which correspond to
the distances from the source to the center of rotation and from the
source to the detector plate, respectively. One image per phantom
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was generated with these settings, resulting in six X-ray images,
which were subjected to evaluation. The simulated X-ray spectrum
was used in the experimental work, i.e., 28 kVp with a W/Rh anode/
filter combination. Quantum and detector noise was not simulated.

2.2 Printed models and experimental images

The computational lesion model shown in Figure 4A is used with
Image] [43] to obtain its st/ version, as shown in Figure 4B, which was
then used for 3D printing. The model was printed using two 3D
printers, namely, the Formlabs Form 3 printer (Formlabs, Somerville,
Massachusetts), which is SLA-based, and the Raise3D Pro3 Plus
printer (Raise3D, Costa Mesa, California), which is FFF-based.
Seven physical lesion models were produced using four different
resins: Wax40 v1 Resin, Model v2 Resin, White v4 Resin, and Flexible
80A v1 Resin. Additionally, three filament materials were used: PLA,
ABS, and PET-G. These materials are summarized in Table 2.

Figure 5 shows the 3D-printed tumor models and the
corresponding materials used.

The printed lesion models were placed in a container composed
of two semi-cylinders (Figure 6A). The white and black containers
were printed from PLA. The thickness of the white container was
3 mm. The black container was an envelope, with a thickness of
2 mm, and when combined with the white container, a breast skin
thickness of 5 mm can be obtained. Then, the container was used to
prepare 14 breast phantoms: 7 breast phantoms with water and
7 breast phantoms with liquid paraffin, each one scanned using a
mammography imaging system, as shown in Figures 6B, C.

The experiments were conducted on a Siemens Mammomat
mammography system, operated in the AEC mode, allowing the
radiographer to manually select the kVp for obtaining X-ray
mammographic images. The anode voltage was set to 28 kVp, and
the used anode/filter combination was W/Rh. Fourteen experiments
were performed corresponding to the number of phantoms. Each
lesion phantom was imaged five times, and the contrast and contrast-
to-noise calculations were presented as average values. In this way, the
resultant image was obtained with decreased quantum noise.

2.3 Quantitative evaluation of models

The processing of the X-ray images includes the calculation of two
parameters, the contrast of the lesion, contrast (Cieson), and the
contrast-to-noise ratio (CNRyeon), calculated as suggested by [44].
These two features provide quantitative measures of the visibility and
detectability of different materials used in printing lesion models,
similar to the approach of other research groups exploiting in their
research anthropomorphic physical phantoms [45-47]. By keeping
kVp constant, variations in the CNR and contrast directly reflect
differences in the phantoms themselves rather than changes in the
imaging setup. Additionally, we attempted to position the lesions in
the same location for each experiment in order to ensure that the
comparison is fair and that any observed differences are attributable to
the characteristics of the phantoms.

The following areas on the mammographic images are defined,
in which the mean and the standard deviation were measured in
order to calculate C and CNR:
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FIGURE 4
Computational lesion model (A) and the respective stl models without and with support structures (B).

TABLE 2 Materials used in preparing the physical phantoms.

Material Printer Density, g.cm™
PLA Raise3D Pro3 Plus 100% 1.24
ABS Raise3D Pro3 Plus 100% 1.04
White v4 Resin Formlabs Form 3 100% 1.08/liquid/

1.15-1.20/after polymerization/

Wax40 v1 Resin Formlabs Form 3 100% 1.01/liquid/
1.15-1.20/after polymerization/

PET-G Raise3D Pro3 Plus 100% 1.23

FLEX 80A resin v1 Formlabs Form 3 100% 1.06/liquid/
1.15-1.20/after polymerization/

Model v2 Resin Formlabs Form 3 100% 1.09/liquid/
1.15-1.20/after polymerization/

Water - - 1.00

Liquid paraffin - - 0.82

Wax40 v1 Model v2 ] i . White va
Resin F Resin | | Resin

FIGURE 5
3D printed models and materials from which the lesion models were prepared.

Frontiers in Physics 05 frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2024.1441740

Bliznakova et al.

10.3389/fphy.2024.1441740

(b)

FIGURE 6

(©)

Phantom components: (A) components of the skin: white container—printed from PLA simulating a compressed breast—and black
component—printed from PLA simulating breast skin; (B and C) physical phantoms with lesion formations placed in water/paraffin on a

mammography machine.
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where I, is the average pixel intensity value in the region of the
lesion (ROljesion)s Imyg is the average pixel intensity value in the
background region of interest (ROIyqckground)> and 0y and Opegion are
the standard deviations of the background and the lesion pixel intensity
values, respectively. The ROl area is of size 100 pixels x 100 pixels,
while ROIhaciground is defined as an area of 250 pixels x 200 pixels. The
CNR for the simulated lesion is calculated by a slightly different formula,
as suggested by Equation 3, imposed by the fact that the images are free
of noise. The Image] application was used for this purpose.

3 Results and discussion
3.1 Simulation study
Simulated X-ray images of the phantoms with the lesion made

from different percentage ratios between the glandular and adipose
tissues are shown in Figure 7. These phantoms represent scenarios
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obtained from the literature, based on both simulated and patient
data. Specifically, the breast density and the attenuation of the breast
mass lesion were obtained from several research studies [38,
39, 48-50].

In phantoms 1 and 2, the breast density is 100%, resulting in a
lesion appearing as lower-density regions due to their lower
attenuation coefficient than that of glandular tissue. The optimal
differentiation between the lesion and the background tissue occurs
when the lesion has an attenuation coefficient similar to glandular
tissue and the surrounding tissue is entirely adipose, as observed in
phantom 5, which simulates the breast tissue composition in women
with fatty breasts [51]. This is well-supported by the quantitative
results given in Table 3, demonstrating both maximum contrast and
CNR (calculated by Equations 2, 3) for phantom 5, which represents
a combination of fatty background and 100% glandular lesion. Thus,
this phantom is suitable for representing the fatty breasts in
experimental work.

The lowest CNR and contrast are observed for phantom 1, where
the lesion is modeled as a combination of 50% gland-50% adipose
tissue inserted in a 100% glandular tissue, simulating the case of a
100% dense breast. However, this case is not very realistic. [52]
reported that the mean compositions, expressed as percent
fibroglandular tissue with the skin, range from 13.7% to 25.6%
among various breast type groups. Despite this, some investigators
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Phantom 1:

BG: 100% gland

Lesion: 50% gland
50% adipose

Phantom 2:
BG: 100% gland
Lesion: 100% adipose

Phantom 3:

adipose
Lesion: 100% adipose

FIGURE 7

BG: 50%-50% gland BG: 100% adipose

(L

10.3389/fphy.2024.1441740

Phantom 4: Phantom 5: Phantom 6:
BG: 100% adipose  BG: 50%-50% gland-
Lesion: 50% gland  Lesion: 100% gland adipose

50% adipose

Lesion: 100% gland

Simulated mammography images of the six computational phantoms, replicating different breast composition scenarios. BG, background.

TABLE 3 Calculated CNR and C parameters for the images of the six computational phantoms. The image shows the region of interest used in the

calculation of these parameters.

3.94 7.57

Phantom 1 BG: 100% gland;

Lesion: 50% glandular-50% adipose

Phantom 2 BG: 100% gland;

Lesion: 100% adipose
Phantom 3 BG: 50% glandular-50% adipose;

Lesion: 100% adipose
Phantom 4 BG: 100% adipose;

Lesion: 50% glandular-50% adipose

Phantom 5 BG: 100% adipose;

Lesion: 100% gland
Phantom 6 BG: 50% glandular-50% adipose;

Lesion: 100% gland

still use breast models with glandularity of up to 75% [49] and 100%
[48] in their experimental work. [39] modeled breast lesions with
86% of the absorption of glandular tissue, while [50] modeled the
attenuation of the computational irregular mass to be equal to that of
glandular tissue. This instantly shows that the configurations of
phantom 2 and phantom 3 are not realistic phantom combinations
for implementation in experimental work.

3.2 Experimental study

Each physical phantom was imaged five times, with input
parameters recorded for each session, and is shown in Table 4.

Figure 8 presents the mammographic images of the imaged
physical phantoms: the images in the upper row correspond to

Frontiers in Physics
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8.19 15.14
4.52 8.65
4.80 10.09
9.04 19.88
4.03 8.40

phantoms filled with liquid paraffin (fatty breasts), while the images
in the lower (second) row correspond to mammographic images of
physical phantoms filled with water (dense breasts).

The comparison of the mammograms of the printed tumor
formations shows that all the materials from which the lesions are
printed are denser than paraffin. Of the materials from which the
tumor formations are made, ABS (phantom 3) is closest in density to
that of paraffin, which is visually demonstrated by the apparent
All  other
representation, appear on the mammograms denser than the

small contrast. materials, used for the tumor
paraffin, demonstrated visually by the greater contrast. The visual
assessment shows that Model v2 Resin (phantom 6), PET-G
(phantom 5), White v4 Resin (phantom 1), and PLA (phantom
2) demonstrate greater contrast regarding the paraffin background

than Flexible 80A v1 Resin (phantom 4) and Wax40 vl Resin
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TABLE 4 Measured mAs and average glandular dose (mGy) at 28 kVp.

Background: water

10.3389/fphy.2024.1441740

Background: paraffin

mAs
Phantom 1, White v4 Resin 109.4 + 1.34
Phantom 2, PLA 108.8 + 0.84
Phantom 3, ABS 95.6 + 1.34
Phantom 4, Flexible 80 A vl Resin 101.4 + 1.34
Phantom 5, PET-G 1014 + 1.34
Phantom 6, Model v2 Resin 100.0 + 1.00
Phantom 7, Wax40 v1 Resin 101.6 + 0.89

e S

Phantom 2

Phantom 1

Phantom 4

mGy mAs mGy
1.22 + 0.08 31.2 + 0.45 0.3
12 +0.07 312 +0.45 03
12 +0.18 304 + 0.55 03
1.10 + 0.00 31.8 + 0.45 03
1.10 + 0.00 31.8 + 0.45 03
1.10 + 0.00 31.0 + 0.00 0.4
1.02 + 0.45 304 + 0.55 03

4

W b Attt o |

Phantom 5 Phantom 6

FIGURE 8

Mammographic images of the imaged physical phantoms: upper row: images of the seven phantoms with liquid paraffin; lower row: images of the
seven phantoms with water. Images 1-7 correspond to images of phantom 1 with lesion from White v4 Resin; phantom 2 with lesion from PLA; phantom
3 with lesion from ABS; phantom 4 with lesion from Flexible 80A v1 Resin; phantom 5 with lesion from PET-G; phantom 6 with lesion from Model v2 Resin;

phantom 7 with lesion from Wax40 v1 Resin.

(phantom 7). This is a logical output, taking into account the
difference in the densities of these two models regarding the
denser materials.

Mammographic images depicting lesions in water (simulating
denser breast) revealed that the PLA-based lesion (phantom 2)
exhibits the closest density resemblance to water, evident in the
minimal contrast observed between the two materials in Figure 8.
ABS (phantom 3) exhibits the most substantial contrast with water,
supporting its status as the least dense material among those
investigated, as discussed in the preceding paragraph. The visual

Frontiers in Physics

assessment further emphasizes that Model v2 Resin, PET-G, White
v4 Resin, and PLA exhibit higher densities than Flexible 80A
vl Resin and Wax40 vl Resin, as indicated by their lower
contrast than that of water. All dark spherical spots are observed
in the lesion formations themselves, caused by air voids, which may
arise during 3D printing.

Objective evaluation was implemented using Image] [43], using
a custom macro that was created to calculate both the object and
background averages. This macro was applied to all five images
within a given imaging set, generating regions of interest (ROIs) as
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TABLE 5 Measured pixel intensity gray value data. The first seven phantoms Ph1-Ph7 are water-based, and the rest are liquid paraffin-based. The regions of
interest (ROIs) on the image show the ROIs for object and background for the calculation of measured parameters with ImageJ.

Lesion IMiesion + Olesion Igc * Obg Ciesion: %

Ph1 water 1036.22 + 2.3 1361.39 + 2.91 13.56 87.67
Ph2 water 1197.14 + 1.78 1358.89 + 5.38 6.33 28.54
Ph3 water 585.06 + 5.25 1361.62 + 3.08 39.89 127.58
Ph4 water 787.35 £ 3.22 1347.35 £ 2.03 26.23 147.12
Ph5 water 1022.23 + 147 1406.38 + 1.51 15.82 182.29
Ph6 water 1003.75 + 0.83 1421.62 + 1.63 17.23 228.45
Ph7 water 848.18 + 0.86 1414.97 + 1.68 25.04 300.31
Ph1 paraffin 3099.31 + 5.32 1402.87 + 0.87 37.68 314.70
Ph2 paraffin 3293.12 + 6.05 1408.88 + 2.08 40.07 294.52
Ph3 paraffin 2035.56 + 6.46 1403.16 + 1.1 18.39 96.51
Ph4 paraffin 2733.63 + 4.29 1414.57 + 2.32 31.80 270.46
Ph5 paraffin 3052.49 + 6.2 1413.35 + 0.42 36.70 263.77
Ph6 paraffin 2899.83 + 6.11 1395.19 + 2.37 35.03 229.59
Ph7 paraffin 2785.28 £ 5.56 1402.63 + 3.4 33.02 212.15

depicted shown in Table 5. In the same table, the measured mean
pixel intensity gray values of the ROIs are reported.

The analysis of the X-ray images of the water-based phantoms
shows that the lowest Ciegion and CNR are observed for physical
phantom 2, where the lesion is printed from PLA. This is clearly
visualized in the mammographic image of the phantom, shown in
the second row of Figure 8. The low CNR is due to the low contrast
of the object in this case. This result also compares well to the
simulated result of computational phantom 1, representing a 100%
glandular background with a lesion made up of 50% gland and 50%
adipose tissue, although this is not a realistic scenario according to
the findings obtained by [52].

The maximum Ce 0, Was observed for phantom 3, where the
lesion was 3D-printed from ABS, which was expected, given the
lower density of this material than that of water. This result
associates well with the simulated image of computational
phantom 2, composed of 100% dense breast tissue with a
lesion represented by adipose tissue. Although a 100%
glandular breast is not a realistic breast, an adipose breast
lesion can represent a fat-containing breast lesion, and this
may be useful in virtual investigations with other backgrounds.
Finally, the maximum CNR was reported for physical phantom 7,
with a lesion produced from Wax40 vl Resin. The image of this
phantom is characterized by higher lesion contrast and lower
noise. This advantage of printing with this material must be
taken into account when producing noise-reduced images of
breast phantoms.

The analysis of the liquid paraffin phantoms showed that the
highest contrast was observed for physical phantom 2, where the
lesion was printed from PLA. This is clearly visualized in the
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mammographic image of the phantom shown in the first row of
Figure 8. This result aligns well with the performance of
computational phantom 5, which represents a fatty breast with a
lesion composed of 100% glandular tissue, a realistic breast
composition and imaging scenario. The maximum CNR was
reported for physical phantom 1, with the lesion printed from
White v4 Resin. This model is characterized by high contrast and
low noise, leading to an increased CNR. The lesion produced with
this resin had fewer air voids, resulting in lower noise levels.
Minimal contrast and CNR were observed for physical phantom
3, where the lesion was 3D-printed from ABS. This outcome is
expected, given that ABS has a density close to that of paraffin. This
result compares well to computational phantom 4, which represents
a fatty breast with a lesion composed of 50% gland and 50% adipose
tissue, another realistic breast composition and imaging scenario.
The mean intensities of the tumor entities are compared in
Table 5. The single ANOVA test (data available on Zenodo) shows
that there is a difference in the measured background values, which
is explained with the variability of the input parameters. The X-ray
images of the phantoms were taken on 4 different days within
2 consequent months, which may have led to variations in the
positioning of some of the phantoms. For instance, the first three
phantoms, phantom 1, phantom 2, and phantom 3, showed no
significant differences in their intensity background values as they
were scanned on the same day without being moved from the
mammography units, with only the lesion models being changed.
Additionally, slight variations in the water quantity within the
phantoms could result in differences in pixel grayscale values.
[53] demonstrated in an experimental study that under constant
kVp and target/filter material of the mammography X-ray tube, even
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TABLE 6 Challenges during imaging of the phantoms.

10.3389/fphy.2024.1441740

Phantom Challenges

Ph1:/White v4 Resin/

No difficulties

Ph2:/PLA/

Several unsuccessful attempts were made to image the phantom. Despite soaking it in water for

approximately 1 h, followed by thorough washing and drying, persistent air voids remained. Some of
these voids were alleviated by gently pushing with a thin stick after the model had been submerged in

water

Ph3:/ABS/

During water immersion tests, the lesion floated to the surface due to its light weight, causing

displacement in successive consecutive projections

Ph4:/Flexible 80A v1 Resin/

This lesion appeared invisible during the paraffin projections. Only air voids were visible, which were

difficult to remove

Ph5:/PET G/
Phé6:/Model v2 Resin/

Ph7:/Wax40 v1 Resin/

a 5-mm difference in phantom thickness leads to increased mAs and
average glandular dose.

AEC in mammography systems establishes the optimal
exposure conditions required to achieve the desired image quality
based on the absorption characteristics of compressed breast tissue
[54]. Studies have shown that under the same target/filter
configuration, different AEC options tend to converge as the
thickness increases, indicating that the benefits of the effective
energy downshift in the incident beam are overwhelmed by the
beam-hardening effect [55]. On the other hand, the modified AEC
may be more effective than the default AEC for a typical breast
thickness range of 4.5 cm-6 cm as it improves both the figure of
merit and the signal difference-to-noise ratio.

The comparison of the measured mean intensity lesion values
shows that the densest formations are PLA and White v4 Resin, and
the least dense are ABS and Flexible 80A v1 Resin. Regarding object
contrast, physical phantom 3, with an ABS lesion in water, exhibits
the highest contrast, while physical phantom 2, with a PLA lesion in
water, shows the lowest contrast. This results in minimal brightness
variation across different parts of the image, creating a softer, more
natural-looking appearance.

All resins used in this study demonstrate suitable radiological
properties, making any of them appropriate for representing breast
lesions. The most challenging scenario for screening is the PLA
lesion in water, which reflects a dense breast with a lesion. However,
this is not a realistic case.

Research on materials for replicating the radiological properties
of the human tissues confirmed that ABS and nylon may be
successfully used to replicate the adipose tissue, while 100% PLA
is good in replicating soft tissues [10, 29]. The results of our
experimental study indicate that all tested materials are suitable
for replicating breast lesions, depending on the specific type of lesion
desired for simulation. This conclusion is well-supported by the
results of several experimental studies. For instance, [30]
demonstrated that for mammography purposes, resins and PET-
G are suitable for representing properties of breast mass when the
mass absorption is lower than that of glandular tissue, as suggested
by [39]. [16] used a mixture of acrylic resin and calcium bicarbonate
to represent amorphous breast lesion structures in a new physical
breast phantom. Furthermore, [15] utilized PTFE, soybean, and

Frontiers in Physics

Presence of air voids
Presence of isolated air voids

The material was very fragile and not suitable to work with

nylon to represent mass, tumor, and fibroglandular structures in a
novel breast phantom designed for digital mammography, contrast-
enhanced digital mammography, and digital breast tomosynthesis.
Their use is also based on experimental data obtained from [30] and
the theoretical study by [56]. Additionally, PLA was used by [20] in
preparing  lesion

tomosynthesis studies.

phantoms  for = mammography and

During experimentation, we faced various problems with the
materials used for replicating the lesion and the used background.
These are summarized in Table 6 as most of the problems were due
to presence of air voids. In the case of PET-G, the visible air voids on
the mammography image may be due to entrapped air during 3D
printing and surface porosity, which is valid for many polymer
materials. In addition, PET-G is hygroscopic, similar to PLA, and
absorbs moisture from the environment. If the material has
absorbed moisture, the heat during printing can cause the
moisture to vaporize, leading to the formation of air voids [57].
Therefore, the calculated values in this study reflect not only the
material properties but also the shape and orientation of the
individual lesion and the specifics of the printing and filling
processes. For instance, during the cooling process, ABS may
experience issues such as shrinkage and warping [58], which may
result in a slightly smaller shape of the printed lesion. Furthermore,
PLA is reported to absorb approximately 1 wt% moisture at 21 °C
within 1 day of printing, and this level remains relatively constant for
the next 10 days [59]. However, this moisture absorption could
potentially alter the composition of the printed lesions and
consequently affect the absorption properties of the material.

Other limitations to this study include the challenge of
consistently positioning the tumors within the phantom and
placing the phantom itself in the same mammography position.
Variability in placement was unavoidable due to the difficulty in
precisely locating the lesions in water and paraffin.

4 Conclusion

This study focused on investigating seven materials used in 3D
printing, alongside simulations. The modeled lesions served as the
basis for constructing 3D physical breast phantom configurations,
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which were analyzed in parallel with simulations. The results
demonstrated that all the studied materials are suitable for breast
phantoms containing lesions. The densest materials were PLA and
White v4 Resin, while the least dense materials were ABS and
Flexible 80A vl Resin. Wax40 vl Resin and White v4 Resin
exhibited less noise due to the absence of air voids, a feature that
will be beneficial in future heterogeneous breast models. However,
taking into account the challenges during the experimental work, the
best material for representing low- and high-contrast lesions turned
out to be the resins, such as Flexible 80A v1 Resin and White
v4 Resin. The findings will be utilized in creating a mammary tumor
phantom and producing realistic X-ray images that closely resemble
patient mammograms of breast carcinoma. This makes the model a
valuable tool for optimizing mammography protocols, performing
quality control of mammography X-ray equipment, and aiding in
the diagnosis and assessment of breast cancer.
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