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Development of patient-specific 3D-printed breast phantom using
silicone and peanut oils for magnetic resonance imaging
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Background: Despite increasing reports of 3D printing in medical applications, the use of 3D printing in
breast imaging is limited, thus, personalized 3D-printed breast model could be a novel approach to overcome
current limitations in utilizing breast magnetic resonance imaging (MRI) for quantitative assessment of
breast density. The aim of this study is to develop a patient-specific 3D-printed breast phantom and to
identify the most appropriate materials for simulating the MR imaging characteristics of fibroglandular and
adipose tissues.

Methods: A patient-specific 3D-printed breast model was generated using 3D-printing techniques for
the construction of the hollow skin and fibroglandular region shells. Then, the T1 relaxation times of
the five selected materials (agarose gel, silicone rubber with/without fish oil, silicone oil, and peanut oil)
were measured on a 3T MRI system to determine the appropriate ones to represent the MR imaging
characteristics of fibroglandular and adipose tissues. Results were then compared to the reference values of
T1 relaxation times of the corresponding tissues: 1,324.42£167.63 and 449.27+26.09 ms, respectively. Finally,
the materials that matched the T'1 relaxation times of the respective tissues were used to fill the 3D-printed
hollow breast shells.

Results: The silicone and peanut oils were found to closely resemble the T1 relaxation times and imaging
characteristics of these two tissues, which are 1,515.8+105.5 and 405.4+15.1 ms, respectively. The agarose gel
with different concentrations, ranging from 0.5 to 2.5 wt%, was found to have the longest T'1 relaxation times.
Conclusions: A patient-specific 3D-printed breast phantom was successfully designed and constructed
using silicone and peanut oils to simulate the MR imaging characteristics of fibroglandular and adipose
tissues. The phantom can be used to investigate different MR breast imaging protocols for the quantitative

assessment of breast density.
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Introduction women at high-risk of breast cancer, preoperative staging

Breast magnetic resonance imaging (MRI) is a well- of newly diagnosed breast cancer, and follow-up of breast

established approach in the diagnosis of breast disease, and cancer treatment (1-3). Hence, the European Society of

it has become an important modality in the screening of Breast Imaging (EUSOBI) has recommended that breast
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MRI be used as an adjuvant modality in women at high-
risk of developing breast cancer (3), for those with (BRCA-
positive genetic mutation carriers), family history, and/or
high breast density (4).

Breast density, a measure of fibroglandular, dense
tissue relative to fatty, non-dense tissue, is an independent
risk factor of breast cancer (5-7). Consistent with this
risk relationship, women who have dense breasts have
a likelihood of developing breast cancer that is fourfold
higher than those with fatty breasts (8,9). Currently various
methods have been developed and introduced to segment/
measure breast density using MRI: the utilization of a
clustering algorithm, the segmentation of glandular and
fatty tissues with an interactive thresholding algorithm, a
logistic function approach and a curve-fitting algorithm;
each has its advantages and limitations (10-14). However,
there are certain drawbacks associated with the use of
these algorithms as most of them are interpreted as
measurements with a semi-automatic thresholding and
segmentation methods. Likewise, different MR breast-
imaging protocols have been used to differentiate between
adipose and fibroglandular tissues ranging from non-
contrast-enhanced T1-weighted to contrast-enhanced T'1-
weighted and diffusion-weighted acquisitions (15-19).
Despite improvements in the quantitative assessment of
breast density using MR imaging, there has been no general
agreement about the optimal scanning protocol in this
aspect. A recent systematic review and meta-analysis about
the quantitative assessment of breast density has confirmed
these variations among breast segmentation/measurement
methods and MR breast-imaging protocols (20).

In recent years, there has been an increasing interest in
3D printing techniques, which are being used in different
medical domains such as cardiovascular disease, orthopedic
surgery, prosthetics, and neurosurgery (21-24). 3D-printed
models have been shown to assist in the development of
many surgical implants, which can improve the individual’s
understanding of such a complex anatomical structure (21).
Several studies have produced anthropomorphic breast
phantoms for X-ray imaging, but there is still insufficient
data available for MR imaging (25-30). Carton et al.
developed a 3D anthropomorphic breast phantom for
the evaluation of image quality of 2D and 3D breast
X-ray imaging systems. This phantom was based on a
computational model and a rapid prototyping technique to
generate breast phantom with different compositions, sizes,
and shapes by using a tissue-equivalent material (25). While
the phantom has effectively demonstrated a heterogeneous
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distribution of the fibroglandular and adipose tissues
that can be analogous to the clinical breast images, it has
certain limitations in terms of its fabrication method and
application. The phantom has been printed in slabs form,
which is very complicated to manufacture and it is a time-
consuming process (25).

Although some research has been carried out on the use
of 3D printing techniques to develop a breast phantom for
MR imaging, only few studies have attempted to generate a
personalized 3D-printed breast phantom based on a realistic
breast MR images that can be similar to the anatomical
structures seen in human tissues (26-30). Burfeindt ez 4/. (26)
reported a new and convenient synthetic procedure to
develop an MRI-derived 3D-printed breast phantom for the
preclinical use in microwave breast-imaging experiments.
Although the phantom has successfully simulated the
dielectric properties of the biological breast tissues, it
has been designed for microwave breast-imaging rather
than for MR imaging system (26). Furthermore, the
importance of realistic phantom structure in the assessment
of photoacoustic breast imaging systems for the purpose of
simulating the acoustic and optical breast tissues properties
was demonstrated in a study by Dantuma et 4/. (27), in which
a semi-anthropomorphic 3D-printed moulds derived from
a MRI segmented numerical breast model was developed
to produce real breast morphology using polyvinyl chloride
plastisol (PVCP). However, there are limits to how
far the phantom that has been designed for ultrasound
and photoacoustic imaging can be used to simulate
the MR imaging characteristics of breast tissues (27).
Moreover, He et al. (28) developed a 3D-printed breast
phantom for machine calibration and image optimization in
multi-modalities imaging, where a mixture of PVC powder
and softener (i.e., dioctyl terephthalate) was used as a tissue-
mimicking material (TMM) of breast tissues. Although the
study has successful demonstrated the simulation of breast
structures, it has certain limitations in terms of the lack of
the appearance, variability, and heterogeneity of structures
that are presented in the physiological tissues (28). Another
potential limitation is that the T1 and T2 relaxation
times of the materials were measured and found to be
shorter than those reported in the physiological human
breast tissues (28,29). While most of the aforementioned
phantoms address their objectives in the medical imaging
discipline, there are currently no phantoms available to
evaluate the breast density based on a realistic morphology
of breast structures derived from a MR images of human
tissues. Likewise, uncertainties still exist about the most
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Figure 1 Schematic flowchart demonstrates the process of developing a patient-specific 3D-printed breast model.

appropriate TMMs that can be used to simulate the MR-
related characteristics and appearance of breast structures,
particularly fibroglandular tissue. Such a personalized
3D-printed breast model could be used to examine different
MR breast-imaging protocols not only to evaluate the
breast density but also to determine the impact of applying
various image quality parameters on the segmentation/
measurement methods of breast density. Therefore, the
aim of this study is to develop a patient-specific 3D-printed
breast phantom and to identify the most appropriate
materials for simulating the MR imaging characteristics of
fibroglandular and adipose tissues.

Methods
Patient data

Ethical approval was obtained from Curtin University’s
Human Research Ethics Committee (HREC) and King
Fahd Armed Forces Hospital’s (Jeddah) Research and Ethics
Committee. A random sample of patients with no history of
breast disease was retrospectively reviewed from an existing
breast MRI database. The criteria for selecting the subjects
were the following: no previous surgery, no radiotherapy
treatment on the chest wall, no history of breast cancer,
and a Breast Imaging-Reporting and Data System (BI-
RADS) classification of 1, indicating a negative likelihood
of cancer. A 46-year-old woman was identified by a senior
radiology resident to match the selection criteria. The
breast MRI examination was performed using 1.5T system
(MAGNETOM Aera, Siemens, Germany) with a dedicated
breast coil (18 channels). The MR breast imaging protocol
was chosen based on the recommendations of a recent
systematic review and meta-analysis (20) as high-resolution
non-contrast-enhanced T1-weighted images to allow a
precise differentiation between adipose and fibroglandular
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tissues: TR/TE 11.8/6.0 ms; matrix size 384x384; slice
thickness 0.9 mm with no gap.

Iimage post-processing and segmentation process

A series of image post-processing and segmentation of
the volumetric data was performed. First, the anonymized
Digital Imaging and Communications in Medicine
(DICOM) MR images were imported into the commercially
available software Analyze 12.0 (AnalyzeDirect, Inc.,
Lexana, KS, USA) to segment the non-contrast-enhanced
T1-weighted breast images. Second, the breast’s boundary
was delineated manually to distinguish the breast’s body
from the surrounding tissues (pectoral muscle, heart, lungs,
and thorax) on each 2D slice based on grayscale intensity,
displayed in a histogram. Then, the 3D breast volume
was created by these 2D images and was subsequently
used to design the 3D-printed breast model. Finally, the
3D segmented MR breast volume was saved as a standard
tessellation language (STL) file for further image post-
processing and 3D printing. Figure I presents a schematic
flowchart of the process of developing a patient-specific
3D-printed breast model using MRI data. For more details,
the phantom consists of three main parts: the outer shell,
simulating the skin layer, and the internal structures,
which include fibroglandular and fat tissues, imitating the
breast composition. To generate the skin shell, the STL
file containing the 3D segmented MR breast volume was
imported into the Blender software, version 2.79b (Blender
Foundation, Amsterdam, Netherlands) to hollow the model
and ensure that all the internal structures were perfectly
extracted.

On the other hand, the DICOM MR breast dataset was
loaded into the 3D Slicer software, version 4.10.2 [National
Alliance for Medical Image Computing (NA-MIC)] to

segment out the fibroglandular tissue and ensure that all
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Figure 2 External structure of the patient-specific 3D-printed breast phantom that consists of 3 mm thick skin layer and compartments to

be filled with fibroglandular and adipose tissues models.

the surrounding structures were completely removed. To
increase reliability of the segmentation, each slice was
segmented in different orientations using the threshold
function, which was adjusted manually. This approach
was used to threshold the DICOM dataset so that only
the fibroglandular tissue structures were kept in the final
segmented data. Subsequently, the segmented fibroglandular
model was saved as a STL file and imported into the (version
3.5.474, Autodesk Inc., San Rafael, CA, USA) open-source
software for further edit. Any deformities or free-floating
objects were removed, and any holes were fixed during the
editing process.

Overview and breast phantom design

This part is divided into three sections, each detailing the
construction process related to the 3D-printed breast model
components.

Skin layer

Based on the dimensions of a realistic tissue, the outer
phantom shell had an average thickness of 3.0 mm, which
corresponds to the normal skin thickness. The cover
of the skin shell was designed using a computer-aided
design (CAD) software. The skin shell and the cover
were fabricated with fused deposition modelling (FDM)
technology using polylactic acid (PLA) (Polymaker,
Shanghai, China) on a Raise3D N2 Plus 3D printer
(Raise3D, Irvine, CA, USA). The skin shell was printed
with a layer height of 0.15 mm, average printing time of
40 hours, and a resolution of 12.5 ym (Figure 2).

Fibroglandular region
The fibroglandular models constitute the internal
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component of the 3D-printed breast phantom. While
various definitions of the term “breast density” have
been proposed, in this study, the term “fibroglandular
tissue” is used to refer to the breast density. Naturally,
the fibroglandular region contains variable shapes and/or
volumes of glandular tissue, includes fibrous or connective
tissue. In clinical practice, the evaluation of fibroglandular
tissue is based on a subjective assessment recommended by
the American College of Radiology (ACR) BI-RADS, which
is commonly used for mammography but also for MRI.
The BI-RADS atlas can be described as a classification
system that characterises breast density on the basis of
the amount of fibroglandular tissue into four categories:
(I) almost entirely fat, (II) scattered fibroglandular tissue,
(IIT) heterogeneous fibroglandular tissue, and (IV) extreme
fibroglandular tissue (31,32).

In order to simulate the MR imaging characteristics,
the 3D fibroglandular models were designed as hollow
structures with an average thickness of 2.0 mm. The
fibroglandular models were fabricated using the digital light
processing (DLP) technology on an Anycubic Photon S 3D
DLP UV resin printer (Shenzhen Anycubic Technology
Co. Ltd., Shenzhen, China) using white photopolymer
resin (Magma H LINE Photopolymer Resin) from Magma
Filament, Malaysia. A curing time of 10 sec per layer, a
layer thickness of 0.05 mm, and a resolution of 47 pm were
used to fabricate the fibroglandular models. The printing
duration for both left and right fibroglandular models was
about 17 hours (Figure 3).

Fat/adipose region

"This region comprises a considerable part of the 3D-printed
breast model. It consists of a selected material that simulates
the MR imaging relaxation times of adipose tissue.
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Figure 3 Fabrication of the hollow fibroglandular models using the Anycubic Photon S high-resolution 3D DLP UV resin printer. The

thickness of the wall is 2.0 mm. DLP, digital light processing.

Fibroglandular TMMs

Agarose gels with different concentrations vary in their
ability to simulate the MR imaging characteristics of T'1 and
T2 relaxation times of an extensive range of human tissues
(33,34). In a study investigating the T1 and T2 relaxation
times of four sample phantom liquids, Gach et a/. (33)
found that silicone oil had the longest T1 and T2 times
on a 3T MRI system: 1,068.29+5.95 and 566.40+4.68 ms,
respectively. These results provide further support to the
hypothesis that agarose gel or silicone oil could be used to
mimic the MR imaging characteristics of fibroglandular
tissue based on T'1 and/or T2 relaxation times. Thus, four
different raw materials were scanned to determine which
one could be used to mimic the T1 and/or T2 relaxation
times of fibroglandular tissue. The candidate materials
were silicone oil with a viscosity of 50 mm®/s at 25 °C
(TEX Chemical Inc., Country), agarose (Thermo Fisher,
Waltham, MA, USA), silicone rubber RTV (Craftiviti Sdn.
Bhd., Selangor, Malaysia), and fish oil (Blackmores, Sydney,
Australia) (Figure 4).

Fat/adipose TMMs

As Niebuhr er /. (35) reported, olive oil successfully
simulates the MR imaging relaxation times of adipose tissue
in abdominal and pelvic tissues measured in-vivo. In another
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study, Niebuhr ez 4. (34) found that peanut oil efficiently
simulates the MR imaging characteristics of subcutaneous
fat for pelvis phantoms. Peanut oil was preferred in this
study for several reasons, including its relatively similar
MR imaging characteristics (T'1 and T2 relaxation times)
for adipose tissue, its translucent appearance, and its high
oxidation stability (34,35). These characteristics suggest
that peanut oil could be a performed material to mimic
the T1 and/or T2 relaxation times of breast adipose tissue.
Two types of peanut oil were scanned for testing: peanut
oil Basso (raw material: Arachis hypogea; price: US$ 5/1L;
Basso), and peanut oil Pressed Purity (raw materials: oleic
acid (96.2%) and linoleic acid (13.2%), price: US$18/1.5L,
Proteco Oils) (Figure 4).

Breast phantom construction

The T1 relaxation times of the five selected materials
(agarose gel, silicone rubber with/without fish oil, silicone
oil, and peanut oil) were measured at room temperature
using a 3T MRI system to determine which ones could
be used to mimic the MR imaging characteristics of
fibroglandular and adipose tissues. The results were then
compared to the reference values of T'1 relaxation times of
the corresponding tissues. Following this, the materials that
matched the T1 relaxation times of the respective tissues
were chosen to fill the 3D-printed hollow breast shells.
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Figure 4 Test raw materials. (A) Silicone rubber; (B) silicone rubber with fish oil; (C) fresh silicone rubber; (D) silicone oil with a viscosity of

50 mm’/s; (E) peanut oil (Basoo); (F) peanut oil (pressed purity); (G) agarose gel 0.5 wt%; (H) agarose gel 1.0 wt%; (I) agarose gel 1.5 wt%; (J)

agarose gel 2.0 wt%; (K) agarose gel 2.5 wt%.

Results
3D-printed hollow models

The 3D-printed models of the hollow skin and
fibroglandular region shells were scanned on a 3T MRI
system (MAGNETOM Prisma, Siemens Healthcare,
Erlangen, Germany) to check whether the models printed
with the PLA or the photopolymer resin produce MR
signals corresponding with these tissue features. Fortunately,
no MR signal was observed from scanning the 3D-printed
hollow models, indicating the possibility of using these
materials for breast structure simulation and further patient
models. It is important to note that the selected materials
were checked when the 3D printing was initially performed
and then checked again at the end of the breast phantom
construction.

Sample characteristics

The five selected materials were scanned on the same 3T
MRI system, with the materials placed in the 18-channel
body and 32-channel spine coils. The MR breast scanning
was chosen based on the institutional clinical protocol using
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3D T1- and T2-weighted turbo spin echo (TSE) sequences:
TR/TE 650.0/10.0 ms; matrix size 384x384; slice thickness
2.9 mm; no gap, and TR/TE 6,080.0/78.0 ms; matrix size
384x384; slice thickness 4.0 mm; no gap, respectively.
Figure 5 presents the MR imaging T'1 relaxation times of
the five materials (agarose gel, silicone rubber with/without
fish oil, silicone oil, and peanut oil) simulating the breast
composition. Figure 5D shows that the T1-weighted image
of the silicone oil was associated with a mid-grey signal
intensity, which is usually related to water-based tissues
characterized by a moderate T'1 relaxation time. On the
other hand, Figure SE,F shows that the T1-weighted images
of the peanut oils indicated a high signal intensity, which
was within expectation, as fat-based tissues have a short T'1
relaxation time. In contrast, the T1-weighted images of the
agarose gel with different concentrations, 0.5 to 2.5 wt%;
were associated with low signal intensity, which is mainly
observed in free water and other fluids (Figure 5G,H,17,K).

T1 relaxation times of the sample materials

The T1 relaxation times of these five materials are listed
in Table 1. Silicone oil had a T'1 relaxation time similar to
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Figure 5 T1-weighted images. (A) Silicone rubber; (B) silicone rubber with fish oil; (C) fresh silicone rubber; (D) silicone oil with a viscosity

of 50 mm’/s; (E) peanut oil (Basoo); (F) peanut oil (Pressed Purity); (G) agarose gel 0.5 wt%; (H) agarose gel 1.0 wt%; (I) agarose gel 1.5

wt%; (J) agarose gel 2.0 wt%; (K) agarose gel 2.5 wt%.

Table 1 T1 Relaxation times of different materials for tissue
surrogates used in the experiment

T1 (average SD, ms),

Phant TMM
antom, 3T Siemens MR Scanner

Fibroglandular shell No signal
Skin/outer shell No signal
Silicone rubber 577.2+107.8
Silicone rubber with fish oil 902.1+120.5
Fresh silicone rubber 638.3+108.5

Silicone oil 50 mm?/s* 1,515.8+105.5

Peanut oil (Basso) 405.4+15.1
Peanut oil (pressed purity) 404.1+10.5
Agarose gel 0.5 wt% 4015.5+100.2
Agarose gel 1.0 wt% 3,877.8+130.5
Agarose gel 1.5 wt% 3,404.8+255.9
Agarose gel 2.0 wt% 3,572.6+100.4

Agarose gel 2.5 wt% 3,617.2+101.5

*, Viscosity unit. TMM, tissue-mimicking material.

that of fibroglandular tissue: 1,515.8+105.5 ms. In contrast,
the Basso and Pressed Purity peanut oils had T'1 relaxation
times analogous to that of adipose tissue: 405.4+15.1 and
404.1£10.5 ms, respectively. For comparison, the T1 and
T2 relaxation times of fibroglandular and adipose tissues
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measured using a 1.5T and a 3T MRI system are presented
in Table 2.

As shown in Tuble 1, the agarose gel with different
concentrations, ranging from 0.5 to 2.5 wt%, had the
longest T'1 relaxation times, which are similar to that
of free water. The interesting finding is that the lowest
concentration was associated with the highest T'1 relaxation
time. Overall, the results presented in Tible I and Figure 5
indicate that the silicone and peanut oils closely resemble
the MR imaging T'1 relaxation times of the fibroglandular
and adipose tissues, respectively. Therefore, these materials
were chosen to fill the 3D-printed hollow models.

Figure 6 provides an overview of the construction process
of the 3D-printed breast phantom. The two fibroglandular
shell models were filled with a silicone oil and then sealed
using UV-curable photopolymer resin. Following this, the
filled fibroglandular shell models were fixed inside the skin
shell model using acrylic-based adhesive. Further, the space
between the fibroglandular and skin shell models was filled
with peanut oil. A home-made silicone gasket and cover
were used to enclose the breast phantom. Finally, the cover
was tighten using the commercially available polycarbonate
bolt and nuts.

Scanning of the 3D-printed breast phantom

The MR images of the phantom were acquired following
the same breast imaging protocols described in the Results,
Sample Characteristics. The phantom was scanned in a

Quant Imaging Med Surg 2020;10(6):1237-1248 | http://dx.doi.org/10.21037/qims-20-251



1244 Sindi et al. Development of patient-specific 3D-printed breast phantom

Table 2 T'1 and T2 Relaxation times of the breast tissues at 1.5T and 3T using FSE-IR scans (36)

T1 (average SD, ms), T2 (average SD, ms),

Tissue (reference) T1 (average SD, ms), 3T T2 (average SD, ms), 3T

1.5T 1.5T
Adipose/fat 372.04+8.6 53.33+2.11 449.27+26.09 52.96+1.54
Fibroglandular 1,135.98+151.37 57.51+10.15 1,324.42+167.63 54.36+9.35

FSE-IR, Fast Spin Echo-Inversion Recovery.

Skin/outer shell model Fibroglandular shell models

were filled with a silicone oil.

The fibroglandular models were attached to the skin shell model using acrylic-based
adhesive. Then, the skin shell model was filled with a peanut oil.

The peanut oil was enclosed in the breast phantom using a silicone gasket and cover.
Finally, the cover was tightened up using polycarbonate bolt and nuts.

Figure 6 Flow chart showing 3D construction of the breast phantom. 3D printing technique was used to create the hollow shells for skin

and fibroglandular regions. Fibroglandular and adipose tissues were simulated using silicone and peanut oils, respectively.

prone position using a dedicated 18-channel breast coil.
Figure 7 shows the T1- and T2-weighted MR images

acceptable level of contrast and MR-related characteristics
in both the T1- and the T2-weighted images. One of

of a patient-specific 3D-printed breast phantom using
silicone and peanut oils as surrogates of the fibroglandular
and adipose tissues, respectively. These oils presented an
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the most noticeable features of this phantom is that it is
slightly inhomogeneous. However, this feature simulates
the considerable inhomogeneity as often observed among
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Figure 7 MR images of the 3D printed breast phantom. (A) T1-weighted image; (B) T2-weighted image using TSE scans. TSE, turbo spin

echo.

the irregular distribution of the patient. Overall, the results
shown in 7able 1 and Figure 5 indicate that the MR imaging
T'1 relaxation times of the silicone and peanut oils used
for the simulation of fibroglandular and adipose tissues are
similar to their respective reference values reported in the
literature.

Discussion

This study aimed to develop a patient-specific 3D-printed
breast phantom and to determine the most appropriate
materials for simulating the MR imaging characteristics
of fibroglandular and adipose tissues. Anthropomorphic
shapes of skin and fibroglandular tissues were constructed
using 3D-printing techniques based on the segmentations
of breast MR images from a selected healthy patient’s
data. All the 3D skin and fibroglandular region shells were
designed as hollow structures using PLA and photopolymer
resin. Since no MR signal was generated by the 3D-printed
hollow models of those corresponding shells, different
materials were selected to search for suitable ones with
silicone oil and peanut oil being the most appropriate
materials with similar T1 relaxation times to fibroglandular
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and adipose tissues.

It was assumed that the T1 relaxation times would
effectively supplement and extend our knowledge about
the selected materials since most organs’ T'1 values are five
times longer than their T2 values. A comparison of the
T1 relaxation times of the scanned materials with breast
structure and literature reports showed that the silicone and
peanut oils closely resemble the MR imaging T1 relaxation
times of the fibroglandular and adipose tissues, respectively.
Surprisingly, this study did not find a significant difference
in the T'1 relaxation times between different concentrations
of agarose gel, which exhibited long T1 relaxation times,
similar to that of water. Nevertheless, the agarose gel
can be mixed with a gadolinium-based contrast agent for
T'1 adaptation, and can thus be used to simulate the MR
imaging relaxation times of a wide range of human tissues.
However, this would be costly and requires precautions
when handling the contrast agent. Another unexpected
finding was the slight difference in the T'1 relaxation times
between the Basso and Pressed Purity peanut oils. However,
the observed difference was not significant. It is also worth
noting that the Basso peanut oil was preferable due to its
purity, availability, and low cost.
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The most important clinically relevant finding was that
the silicone and peanut oils demonstrated an acceptable
level of contrast and MR-related characteristics of breast
structures in both the T1- and the T2-weighted images.
These findings are in line with Niebuhr er al. (34),
who suggested that peanut oil efficiently simulates the
MR imaging characteristics of subcutaneous fat for
pelvis phantoms. In accordance with the present results,
previous studies demonstrated that silicone oil with a
viscosity of 50 mm’/s had the longest T1 and T2 relaxation
times on a 3T MRI system (33,35). However, silicone
oil was not previously used for simulating the MR-
related characteristics of breast structures, particularly
fibroglandular tissue. Thus, this study presents interesting
findings to encourage more research along this direction in
breast phantom.

The observed correlation between silicone oil’s T'1
relaxation time and fibroglandular tissue could be attributed
to its chemical composition and physical properties such
as viscosity and density. This preliminary finding; suggests
that silicone and peanut oils can be used to efficiently
simulate the MR imaging characteristics of breast
structures and produce further models. An implication
of this is the possibility to examine different MR breast
imaging protocols to identify the most appropriate for
the quantitative assessment of breast density. For future
investigations, it might be possible to use different chemical
compositions and physical properties of silicone oils
to evaluate the MR imaging relaxation times of breast
structures. Since the relationship between silicone oil and
fibroglandular tissue has not been studied, further research
is required to better understand it.

Although the study has successfully designed and
constructed a patient-specific 3D-printed breast phantom,
the findings are subject to several limitations. The study
was not specifically designed to evaluate the mechanical
properties of breast tissue components, such as elastic
modulus or tissue strength. Examining the mechanical
features along with the physical properties of selected
materials could provide an idea of their characteristics
and allow more detailed comparisons to the human breast
tissue. Moreover, there are certain drawbacks to the use
of 3D printing techniques for the construction of skin and
fibroglandular hollow shells. One of them is the potential
risk for some of the connected structures to break easily
during the cleaning process. For this reason, several models
of varying wall thicknesses, ranging between 1.0 and
2.5 mm, were printed. However, increasing the thickness of

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

photopolymer resin can cause considerable deformation of
the fibroglandular structure. Another potential limitation is
due to the complexity of the fibroglandular structure, with
holes formed in the final mould. For this reason, a wrapping
process was performed manually for each model to ensure
that all the small gaps had been completely sealed.

A further study on a patient-specific 3D-printed breast
phantom will be conducted with a focus on different
percentages of fibroglandular tissue. This can correspond
to the four categories of the ACR BI-RADS atlas, thus
allowing an estimation of the volumes of fibroglandular
tissue. Varying its proportions will allow the quantitative
assessments of breast density to be performed.

Conclusions

In this study, a patient-specific 3D-printed breast
phantom was successfully constructed using silicone and
peanut oils to simulate the MR-related characteristics of
breast fibroglandular and adipose tissues. The proposed
methodologies can be used as a preliminary work for breast
structure simulations and the construction of further patient
models using MRI dataset. The phantom can be used to
test different breast MR imaging protocols to determine the
optimum scanning parameters and analysis algorithms for
the quantitative assessment of breast density.
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