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Abstract

3D printing technology is widely used for creating magnetic resonance imaging
(MRI) phantoms, mimicking tissue, and contrast levels found in real patients.
Traditionally, 3D-printed structures were filled with gels containing contrast agents.
Recently, studies have shown that some 3D-printed materials can be directly used
to create MRI phantoms. However, each material typically produces a unique MRI
signal, requiring specific materials for desired contrasts, or a single material can
produce various contrasts, but these often do not match the properties of different
soft tissues. In this study, we aimed to investigate MRI signal properties of 3D-printed
phantoms made of silicone in MRI. We determined the MRI relaxation times of
extrusion silicone 3D-printed phantoms from different materials with different
infill densities and correlated them with the reference values in soft tissues. We
also evaluated the performance of our approach using realistic tumor phantoms. A
reproducibility analysis as well as longitudinal stability analysis was also performed.
The experimental results showed that the 3D-printed silicone phantoms could
achieve MRI signal properties with good correspondence to a range of soft tissues
and organs (T1 relaxation time range from 850.8 to 1113.3 ms and T2 relaxation
time range from 22.6 to 140.7 ms). Our results demonstrated good stability of the
T1 and T2 values over time and also good agreement for the replicas compared to
the original samples, confirming the reproducibility of the printed materials. A good
agreement was observed between the MRI signal property in tumor phantoms and
the reference values of invasive ductal carcinoma of the breast in patients.
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1. Introduction

Magnetic resonance imaging (MRI) is a widely used non-
invasive tomographic imaging technique, renowned for its
exceptional soft tissue contrast and high spatial resolution.'
In oncology, these attributes, combined with the versatility
of various imaging sequences, allow for detailed
visualization of tumor heterogeneity, aiding in malignancy
detection, characterization, and improving diagnosis,
treatment planning, and patient outcomes. The integration
of radiomics with artificial intelligence (AI) shows great
promise in characterizing tumor heterogeneity and
supporting personalized disease assessment and treatment
prediction.” However, the reliability and generalizability
of these radiomics-based AI models depend on data
quality, which is often compromised by variations in
imaging protocols across different systems, centers, and
MRI manufacturers. Standardized protocols are essential
for ensuring data consistency throughout the “big data
chain,” from acquisition to pre-processing and mining,
enabling robust Al applications. Without standardization,
inconsistencies hinder dataset aggregation, complicate
data mining, and weaken AI models’ predictive power.
Developing and adopting standardized imaging
protocols is crucial to minimizing variations, improving
data comparability, and enhancing the reproducibility
and scalability of radiomics-Al workflows, ultimately
supporting their clinical adoption.®

To overcome these challenges, the development of
advanced imaging phantoms is essential for harmonizing
and standardizing image acquisition protocols, as well as
image processing and analysis techniques. MRI phantoms
have traditionally been made using aqueous solutions or
gel-like materials. For example, phantoms designed for
pelvic cancer studies featured a pelvic-shaped container
with inserts simulating lesions using polystyrene spheres
and agar gel* A more recent multimodal phantom
compatible with computed tomography (CT), positron
emission tomography (PET), and MRI employed a tissue-
equivalent gel for cross-modality imaging, though its
reproducibility and long-term stability remain challenges.’
Another design used an acrylic framework with cylinders
filled with various materials to mimic MRI properties,
but customization and stability issues persist.® These
approaches highlight ongoing challenges in developing
tully customizable, stable, and reproducible MRI phantoms.

In recent years, 3D printing technology has gained
importance in the medical field, in particular in the area
of anatomical models, where it has set a new standard
due to its high flexibility in spatial design. This has also
made it interesting for the fabrication of medical imaging
phantoms. While it has already been widely explored and

applied in CT phantoms,” for a long time, no 3D-printable
material that was also visible in MRI was found. Thus,
for the introduction of more anatomical shapes in MRI
phantoms, one common approach was to 3D-print a mold
and manufacture the phantom via molding,* but this
took away some of the flexibility and was a lot more time-
consuming. Another approach was to 3D-print a hollow
structure and fill it with gels and fluids.'*"" However,
this came with the same limitations in preparation and
maintenance as described above.

For the use in a cervical spine model for MRI-guided
therapy simulation, Mitsouras et al.'? analyzed the MRI
properties of 17 3D-printable materials, and finally detected
one, which was visible in MRI. This material was the high-
temperature RGD 525 material from Stratasys (Stratasys
Ltd., EdenPrairie, MN, USA), a photopolymer printable
with their Objet Polyjet printers, using inkjet printheads
and curing with UV light. Subsequently, this material was
used in studies for the evaluation of MRI-based radiomic
features' for attenuation correction in PET/MRI" and
for a multi-purpose MRI phantom.'* Two Polyjet support
materials (SUP705 in ref.”® and SUP705 in ref.'®) were
additionally found to have good MRI visibility, expanding
the options for this printer. A recent study'® even suggested
combination with non-visible Polyjet materials in a
matrix, using different percentages for tuning the imaging
properties. While the resulting T1 and T2 values could
actually be influenced in a certain range, unfortunately,
none of the Polyjet materials or material mixtures could
reach T1 values in the range of human soft tissues.

Many other materials were examined for their use in
MRI phantoms, including materials for other 3D printing
technologies, with little success.!” Stereolithography (SLA)
3D printing is also using photopolymerization as a concept,
but in this technology, a light source is used to cure liquid
photosensitive resin into hardened plastic. Although a
similar principle is used as in the Polyjet printing, MRI-
visible SLA materials have only been found for being able
to mimic cortical bone using ultrashort echo time (UTE)
MRI, a special technique to make human bone visible'
(photosensitive resin RP-405-CA01 by Prismlab, China
Ltd, Shanghai, China) and for the printing of a multi-
modal quality control phantom' (MDT-white by Meditool,
China). Regarding fused filament fabrication (FFE also
known as FDM, fused deposition modeling), the most
common 3D-printing method, where a filament is melted
and applied onto the printed object on a building platform
in a layer-wise manner, ABS is the only material that has
been attributed partial visibility for some MRI sequences.'”*
Recently, MRI-visible phantoms of brain materials were
created using a relatively new 3D printing technique called
two-photon polymerization (2PP), which is based on the
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non-linear optical effect of two-photon absorption and
enables printing of features in the sub-micron region.”
While this high resolution might be interesting for the
generation of radiomics features in MRI phantoms, it is
restricted to very limited sizes and therefore not applicable
for the real-size printing of human body parts.

With the aim of finding materials with similar T1 and T2
relaxation values as human tissue, Yunker et al."” performed
a huge study on molding and 3D printing materials,
reviewing more than 1200 materials and reporting
measurements on 100. Out of 70 printing materials, only
one acrylonitrile butadiene styrene (ABS) was found
partially visible. In contrast, out of 30 measured molding
silicones, 20 had T1 and T2 values in the range of human
tissues. These findings underscore the significant lack of
MRI-visible 3D printing materials suitable for customized
phantom design, highlighting the need for further research
and innovation in this area. Therefore, in the current study,
we attempted to combine the advantages concerning the
T1 and T2 range of silicone materials with the advantages
of flexible design and ability for material tuning previously
demonstrated for CT phantoms,*'** by using our custom-
made silicone extrusion 3D printer* for the fabrication of
MRI phantoms in the human tissue range. The novelty of
our work lies in introducing a new framework that, for the
first time, demonstrates how altering the infill density of
MRI-visible 3D printing silicone materials can generate a
range of MRI contrasts closely matching those of human
soft tissues. Our approach uniquely combines the inherent
properties of MRI-visible 3D printing materials with infill
density adjustments to achieve realistic, tissue-mimicking
contrasts. Thisapproach has notbeen introduced before, and
since phantoms with adjustable MRI contrast are rare, the
resulting accurate alignment with soft tissue MRI properties
with a framework proposed (combination of 3D printing
materials with infill density variations) holds, therefore, an
innovative aspect as it represents a significant advancement
in the MR imaging phantom development field.

In this study, we analyzed the T1 and T2 relaxation times
of three different 3D-printed silicone materials and their
ability to mimic various soft tissues MRI signal properties
by altering the printed infill density. The reproducibility
and longitudinal stability of the proposed phantoms
were also evaluated. Additionally, tumor phantoms were
fabricated, replicating MRI contrast observed in patients
with invasive ductal carcinoma of the breast.

2. Materials and methods

2.1. 3D printing technique
For the fabrication of all phantoms used in this study,
we utilized a custom-built multi-material 3D printer

(Figure 1, left), designed based on a commercially
available filament printer (Railcore II 300 ZL, Railcore
Labs LIC, USA). The standard filament printhead
was enhanced with a two-component fluid extruder
(Viscotec Vipro-HEAD 3/3, Viscotec GmbH, Téging am
Inn, Germany), enabling the printing of either a two-
component silicone or two distinct high-viscosity fluidic
materials within a single print. Further details on the
printer, including the calibration procedure, can be found
in published literature.’* In the current study, a 0.41 mm
nozzle was used with three different single-component
silicone rubbers, Elkem AMSil 20201, 20202, and 20203
(Elkem Silicones SAS, Lyon, France). These high-viscosity
silicones undergo condensation-based crosslinking upon
exposure to air.

2.2, 3D-printed phantom design

2.2.1. Sample design

The same silicone samples as previously reported
were used in this study, consisting of rectangular blocks
measuring 14 x 14 x 20 mm’. The infill densities were
adjusted in two different increments to achieve a range
of 12 levels. Specifically, between 60% and 75%, the infill
density was increased in steps of 5%, while between 79%
and 100%, the density was increased in smaller steps of
3%. For two levels (70% and 91%), five additional samples
(replicas) were fabricated for each level to check for
reproducibility, while all other levels were printed once
of each material. In all samples, the inner part with the
respective infill densities was embedded in a solidly printed
outer shell consisting of two top and bottom layers as well
as two contour lines on each side. A gyroid pattern was
used for the infill in all samples, but in the 100% samples,
where a rectilinear pattern was used. The printing speed
was set to 20 mm/s. G-code for printing was generated
using PrusaSlicer software V2.3.0 (Prusa Research, Prague,
Czech Republic).

2.2.2, Anatomical use case (breast tumor phantoms)

To demonstrate the applicability of the proposed tuning
method for developing anatomical MRI phantoms,
breast tumor phantoms were selected as the first use case.
Realistic tumor models, derived from human MRI data of
invasive ductal carcinoma patients, were used to 3D-print
two tumor phantoms. The T1 and T2 relaxation times for
invasive ductal carcinoma were reported 1183 + 256 and
68 * 13 ms, respectively, according to a published work.”
AMSil 20201 with infill densities of 97% and 94% was
chosen for printing the two tumor phantoms, respectively
(Figure 2). As for the samples, a gyroid infill pattern was
used and two contour lines/top and bottom layers were
added. A solid support structure was generated and printed
using the original filament printhead with PLA material to
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Figure 1. 3D printer and printed samples. (A) The multi-material printer. (B) Both are independently controllable fluid extruders. (C) The 3D-printed
samples related to the three printed materials (bottom: Elkem AMSil 20201; middle: Elkem AMSil 20202; top: Elkem AMSil 20203) at different infill
densities (S1-S12).

10 mm |
—

Figure 2. Tumor phantoms during slicing in Prusaslicer. The phantoms were printed from AMSil 20201 silicone (red) with 97% (left) and 94% (right) of
infill, surrounded with two contour lines. Filament support (black) was used to enable the printing of the overhangs.
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support the overhanging structure during simultaneous
silicone printing.

2.3. MRI of the samples

All measurements were performed using a 3T MRI
scanner (MAGNETOM Prisma Fit, Siemens Healthineers,
Erlangen, Germany) with a dedicated 32-channel proton
(*H) head coil in the coronal plane. The imaging protocol
included TI1-weighted (Tlw) and T2-weighted (T2w)
imaging, along with T1 and T2 mapping, using the
parameters listed in Table 1.

2.4. Relaxation time calculation

The pulse sequences for imaging and relaxation time
mapping were loaded and adapted from the Siemens
anatomical protocol. Relaxation time maps were generated
automatically using the vendor syngo MR EI1 software.
We used a variable flip angle gradient refocused imaging
approach® for rapid T1 relaxation time calculation based
on two-point (flip angles of 5° and 26°) fits. For T2 maps,
the data were acquired with a multi-echo sequence (the
range of TEs was 13.8-150 ms) and fitted to the mono-
exponential decay model with an offset.** The 3D slicer
was used as an image viewer and for the evaluation of T1
and T2 values relaxation time maps of the phantoms. We
placed a fixed 20 x 20 pixel circular region of interest (ROT)
within the inner slices of the phantom, ensuring maximum
coverage of the sample’s inner area. The reported mean and
SD of the relaxation time were calculated across all pixels
within all ROIs. In this study, printed samples with an SD
of 20-30% of their main values are considered acceptable
for MRI measurements, as this variation is also observed in
the T1 and T2 values of human tissues and organs across
different MRI setups and protocols.?”

2.5. Reproducibility and longitudinal

stability analysis

We performed a reproducibility analysis to ensure the
reproducibility of proposed silicone phantoms. Different

infill density levels of each material (replicas) were printed
(Section 2.2.1) and were scanned using the same MRI
setup (Section 2.3). In addition, in order to evaluate
the longitudinal stability of the measured T1 and T2
relaxation times of the phantoms, we report the results
of the relaxation time assessments over the period of 7
months by repeating the MRI measurements of samples
three times (by intervals of 2-3 months). In all cases, we
calculated the relaxation time values by applying the same
methodology described in Section 2.4. Reproducibility is
measured by the coefficient of variation (CV) of T, and T,
measurements across the three time points similar to those
reported in a published literature.”

3. Results

3.1. 3D-printed samples results

The 3D-printed samples from three materials printed
with different infill densities S1-S12 (Section 2.2.1) were
scanned (Section 2.3) and T1w and T2w images as well as
T1 and T2 relaxation time maps and values are represented
(Figures 3 and 4). The calculated T1 and T2 relaxation
times of the samples are summarized in Tables 2 and 3.
T1 relaxation times ranged between 866.6 and 1198.6
ms, 879.4 and 1221.8 ms, 978.7 and 1338.9 ms, for AMSil
20101, AMSil 20102, and AMSil 20103, respectively. T2
values were in the range of 50.2 and 75.6 ms, 20.8 and
37.2 ms, and 124.1 and 177.7 ms, for AMSil 20101, AMSil
20102, and AMSil 20103, respectively. According to our
results, the T1 relaxation time correlated inversely (for
82-100% infill) with the percentage of infill density for
the three printing materials used. Although the trend was
not very linear, we observed generally higher T1 values
for samples with lower infill density, while lower T1 values
were obtained for samples with higher infill density. For
T2 relaxation time, different value ranges were observed
across the materials used. In general, samples made from
AMSil 20103 exhibited greater T2 variations compared

Table 1. Pulse sequences and parameters used for T1w and T2w imaging and T1 and T2 mapping of the phantoms

Pulse sequence Repetition/Echo time,  In-plane resolution Flip angle, Slice thickness, ~ Bandwidth, BW NEX
TR/TE (ms) (mm?) FA (°) SL (mm) (Hz/Px)

T1_fl2d_cor 250/2.84 0.7x0.7 70 2.0 355 1

T2_tse_cor 4000/89 0.7 x0.7 150 2.0 260 3

T1map (13d_GRE) 15/2.65 0.4x0.4 5/26 2.0 280 1

T2map (SE2d) 1680/(13.8-150) 0.5x0.5 180 2.0 225 1

Notes: T1_fI2d_cor—two-dimensional fluid attenuated T1w pulse sequence in coronal plane;

T2_tse_cor turbo—spin echo T2w pulse sequence in coronal plane;

T1map (fI3d_GRE)—three-dimensional fluid-attenuated gradient echo sequence;

T2map (SE2d)—two-dimensional spin echo pulse sequence.
Abbreviation: NEX, number of excitations.
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Figure 3. T1w/T2w imaging, and T1 and T2 relaxation time mapping related to the three printed materials at different infill densities.
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Table 2. T1 relaxation time values for the three printed materials at different infill densities as well as for different soft tissue with
corresponding values found in the printed materials with S1-S4

T1 relaxation time (ms)

Sample AMSil 20101 AMSil 20102 AMSil 20103 Soft tissue?-*
(silicone ratio%)
Mean SD Mean SD Mean SD Anatomical structure (mean * SD)
S1 (100) 866.6 72.7 879.4 74.0 978.7 77.9 Pancreas (725 + 71)
$2 (97 850.8 71.3 926.6 95.5 990.3 96.8 Liver (809 +71)
©7) : ) ) : ) ) Muscle (898 + 33)

$3 (94) 923.2 120.5 11223 700.8 1088.2 106.6 White matter (943 + 57)
Myocardium (1116 + 60)

$4(91) 992.3 165.0 11733 517.2 1113.3 147.8 Kidney cortex (1142 + 154)

S5 (88) 1063.9 339.2 1221.8 874.2 1195.5 596.2 Spleen (1232 + 92)

S6 (85) 1198.6 449.4 1103.7 738.8 1249.1 663.2

$7(82) 1182.4 607.2 1215.1 900.2 13389 689.1

S8 (79) 1138.4 846.2 1092.6 813.4 1278.2 909.8

$9 (75) 1144.3 722.7 989.4 818.9 1211.1 969.8

$10 (70) 1178.8 889.6 1051.3 816.4 1173.7 740,.3

S11 (65) 1153.5 837.4 1063.3 747.1 1208.6 929.2

$12 (60) 1149.4 952.1 1120.3 784.0 1131.6 909.8

Note: We consider samples with SD 20-30% of their main values acceptable for MRI measurements, which are highlighted in boldface.

Abbreviations: MRI, magnetic resonance imaging; SD, standard deviation.

Table 3. T2 relaxation time values for the three printed materials at different infill densities as well as for different soft tissue with
corresponding values found in the printed materials with S1-S4

T2 relaxation time (ms)

Sample AMSil 20101 AMSil 20102 AMSil 20103 Soft tissue? 3363711
(silicone ratio%)
Mean SD Mean SD Mean SD Anatomical structure (mean SD)
S1 (100) 72.9 15.2 37.2 11.2 140.7 25.9 Muscle (29 + 4)
Liver (34 + 4)

S2(97) 53.4 20.4 22.6 7.8 124.1 32.5 Cartilage (37 £ 4)
Myocardium (39 + 5)

$3 (94) 50.2 215 209 9.0 129.6 66.3 White matter (65 + 6)

Prostate (74 £ 9)

S$4 (91) 58.8 88.5 19.5 9.8 136.0 40.4 Myometrium of the uterus (79 + 10)
Gray matter (109 + 11)

S5 (88) 57.7 91.0 21.1 11.9 134.6 68.5 Fat (121 £ 20)

S6 (85) 65.2 92.2 22.1 11.8 177.7 296.6

S7(82) 75.6 70.1 20.8 10.9 163.5 42.2

S8 (79) 54.0 85.6 29.7 18.4 159.8 66.2

S9 (75) 67.8 88.8 21.6 17.2 163.0 289.9

$10 (70) 57.7 138.9 21.3 15.6 147.0 106.9

S11 (65) 55.1 194.2 22.0 18.6 147.5 129.1

S12 (60) 51.2 122.0 22.5 25.8 176.3 81.5

Note: We consider samples with SD 20-30% of their main values acceptable for MRI measurements, which are highlighted in boldface.

Abbreviations: MRI, magnetic resonance imaging; SD, standard deviation.
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to those made from AMSil 20102 and AMSil 20101, with
AMSil 20103 showing the highest T2 values and AMSil
20102 the lowest. Samples with lower infill densities
generally showed high SD values (mainly samples with
infill density less than 88%). However, in this study,
although all sample results are reported, we consider
only samples with SD 20-30% of their main values
acceptable for MRI measurements. According to Tables 1
and 2, this mainly belongs to the samples with an infill
density of more than 88% (S1-S4). For these samples,
we observed that the T1 and T2 relaxation times of the
printed samples match well with a wide range of different
human soft tissues (Tables 2 and 3), and SD values also
have agreement with realistic soft tissue’s SD range. The
T1 relaxation time of the different samples showed a good
similarity with the pancreas, liver, muscle, white matter,
myocardium, kidney cortex, and spleen. In addition,
the T2 relaxation time found in different samples was
in good match with different tissues such as the muscle,
liver, cartilage, myocardium, white matter, prostate, uterus
myometrium, gray matter, and fat.

3.2. 3D-printed anatomical phantom results

The two tumor phantoms were successfully printed and
scanned (Sections 2.2.2 and 2.3). The T1 and T2 relaxation
times of the 3D-printed large tumor were 950 + 190 and
96.8 = 29 ms, respectively. In addition, the T1 and T2
relaxation times of the 3D-printed small tumor were 1002
+ 107 and 95 * 18 ms, respectively (Figure 5).

3.3. Analysis results for replicas

The T1 and T2 relaxation times from the six replicas
related to the two materials at 91% and 70% infill densities
were calculated (Table 4). The calculated mean and SD

values found over all the replicas for the three materials
and different infill densities revealed a good reproduction
of the original densities (Table 5).

3.4. Longitudinal stability analysis results

From Tables 2 and 3, we observed that samples S1-S4
primarily exhibited acceptable variability, with a smaller SD
(20-30% of the main values) for T1 and T2 measurements.
Therefore, we selected these samples to demonstrate the
long-term stability of the relaxation times. The T1 and T2
relaxation time measured for the three materials over the
three time points as described in Section 2.5 is represented
in Figure 6. The stability of the phantoms over three time
points was assessed by CV to assess the reproducibility of
T1and T2 relaxation times for all materials at these different
time points and the related CV% are reported in Table 6.
We observed that the CV of T1 was below 5% in half of
the cases and below 10% in the other half. Additionally,
the CV of T2 was under 22% in almost all cases. These
findings highlight the reliability of these phantoms as
robust standards for longitudinal studies. Overall, the T1
and T2 values of all three materials demonstrated good
longitudinal stability, particularly for T1.

4, Discussion

3D printing technology has become an integral part of
the production of medical imaging phantoms.'>*1623%
Anthropomorphic  3D-printed imaging phantoms,
designed to replicate tissue and contrast levels in
actual patients in terms of MRI signal properties, are
particularly useful. Determination of the longitudinal
and transversal relaxation times (T1 and T2) of tissue-
mimicking materials is essential for optimizing imaging

= 13001 — Elkem AMSil 20101
£ —— Elkem AMSIl 20102
E 1200 4 —— Elkem AMSil 20103
5 1100
=
= 1000
[:T)
o
= 900
175 4
=
E 150 - w
£ 1254
5 100 A
5 751 x—”’__//”\—/\
i
& 50
~
[ 25 -
s1 s2 s3 sa S5 S6 57 s8 59 s10 s11 s12
(100) (97) (94) (91) (88) (85) (82) (79) (75) (70) (65) (60)

Figure 4. Graphs visualizing the T1 and T2 relaxation time values for the three printed materials at different infill densities.
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Figure 5. T1w/T2w imaging and T1 and T2 relaxation time mapping related to the two tumor phantoms used in this study.
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Table 4. T1 relaxation time values for the three materials at infill densities 91% and 70% for replicas and mean and SD over all T1
relaxation time values of replicas

T1 relaxation time (ms)

Infill density = 91%

Infill density

=70%

AMSil 20101 AMSil 20102  AMSil 20103 AMSil 20101  AMSil 20102 AMSil 20103

Replica 1 992.3 1173.3 1113.3 1178.8 1051.3 1173.7
Replica 2 731.15 1048.4 1040.49 797.84 771.4 1251.18
Replica 3 691.15 1009.08 1024.23 851.28 753.25 1185.29
Replica 4 710.24 977.44 1000.79 856.79 766.22 910.59
Replica 5 729.93 1036.57 1020.05 717.65 794.4 998.26
Replica 6 846.79 950.09 1036.86 838.51 752.3 1030.64
Mean 783.5 1032.5 1039.3 873.4 814.8 1091.5
SD 115.8 78.05 38.8 158.2 116.8 131.2

Abbreviation: SD, standard deviation.

Table 5. T2 relaxation time values for the three materials at infill densities 91% and 70% for replicas and mean and SD over all T1
relaxation time values of replicas

T2 relaxation time (ms)

Infill density = 91%

Infill density =

70%

AMSil 20101  AMSil 20102 AMSil 20103  AMSil 20101 AMSil 20102 AMSil 20103
Replica 1 58.8 19.5 136.0 57.7 21.3 147.0
Replica 2 53.8 29.0 182.9 93.0 45.1 174.8
Replica 3 64.2 38.2 196.5 66.2 56.7 153.2
Replica 4 54.4 43.7 171.3 62.1 53.2 190.3
Replica 5 74.7 34.4 194.9 72.9 55.8 169.7
Replica 6 55.8 27.7 156.2 47.8 63.7 176.1
Mean 60.2 32.1 172.9 66.6 49.3 168.5
SD 8.02 8.5 23.5 154 14.9 15.9

Abbreviation: SD, standard deviation.

Table 6. Coeflicient of variation (%) related to T1 and T2 relaxation times for all three materials at these different time points for

$1-S4 samples

Phantom Relaxation time S1CV% S2 CV% S3 CV% S$4 CV%
T1 3.6 3.5 4.6 6.5
AMSIl20101
T2 214 6.4 3.0 4.5
T1 4.4 6.2 6.9 9.1
AMSIil20102
T2 31.3 11.8 11.2 17.6
T1 3.8 3.5 5.3 6.1
AMSIil20103
T2 18.0 15.9 13.3 11.4
Abbreviation: CV, coefficient of variation.
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Figure 6. T1 and T2 relaxation time values related to samples S1-S4 for the three time points acquired for longitudinal stability analysis.

sequences and achieving the highest possible contrast
between healthy and pathological tissue. Therefore, these
phantoms potentially aid in optimizing and comparing
image quality across different imaging systems, conducting
dosimetry, performing quality control, and defining
imaging protocols. Furthermore, such phantoms can be of

great importance in the verification of radiomics studies

to assess the reproducibility and repeatability of radiomics
features used in Al-based radiomics models.

This study focused on the determination of the MRI
relaxation times of extrusion silicone 3D-printed phantoms.
The ability to replicate tissue-mimicking MR properties
through simple modifications to the infill density of silicone
materials offers a new, versatile, and scalable approach. This
simple but useful approach is introduced for the first time
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in this study and significantly enhances the practicality and
utility of 3D-printed phantoms for MR imaging—an area
where achieving realistic tissue properties has traditionally
been very challenging. Considering the high values of SD
for samples with infill density of less than 88%, we only
report samples with SD 20-30% of their main values
acceptable for MRI measurements (mainly belong to S1-
S4). For these acceptable cases, the 3D-printed samples
made of three different materials were able to produce a T1
relaxation time spectrum in the range of 850.8-1113.3 ms
and T2 relaxation time spectrum in the range of 22.6-140.7
ms, which correspond greatly with a range of relaxation
times of human soft tissue and organs at 3T.*

We conducted our measurements using imaging
sequences provided by the imaging machine vendor. These
clinically available protocols are fast, efficient, and easily
implementable in routine clinical examinations. Our MRI
measurements were repeated (three times with interval of
2-3 months) and demonstrated good longitudinal stability;
this was possible because the experiments were performed
under the same conditions and with identical sequence
parameters, scanner, hardware, k-space fill, and T1 and T2
calculation method. Experimental results demonstrated
that by minimizing factors contributing to variations in
relaxation times, the most suitable material with relaxation
properties similar to human tissue can be identified.
However, a high level of standardization could be more
difficult to achieve in a multicenter study. Since differences
among scanners from different manufacturers may impede
the use of identical protocols at every center, a common
consensus on relaxometry methodology is necessary. Using
established sequences and protocols, multicenter study
standardization may be achieved; the obtained values can
be compared in repeated studies on a given subject, between
subjects, and in multicenter examinations, which may
enhance the use of the relaxometry in image diagnostics
and improve the development of quantitative MRI.

We also investigated the performance of our approach
using realistic anatomical phantoms (tumor models).
The infill density of the printed tumor phantoms was
selected according to the resulting T1 and T2 relaxation
times (Tables 2 and 3) for the samples and their match
with the values reported for invasive ductal carcinoma
patients. However, we should note that it was not possible
to find a sample that matched both the T1 and T2 values
of invasive ductal carcinoma of the breast. In addition,
although the samples with lower infill density (especially
for T1 values) matched better with the values found in
invasive ductal carcinoma patient, we chose higher infill
density (we selected infill densities 0.97% and 0.94%) for
the two printed tumor phantoms to avoid the high SD. We
observed good agreement, especially for the T1 relaxation

time of printed tumor phantoms and the reference values
of the invasive ductal carcinoma patient.

Our study advances previous research in several key
areas. First, the proposed phantoms achieve significantly
higher T1 relaxation times (over 1000 ms) compared to
earlier studies, making them more realistic for mimicking
the MRI properties of a wide range of soft tissues (see
Table 2). Additionally, we introduce a method for
generating a spectrum of MRI contrasts using a single
material, overcoming the limitation of requiring specific
materials for each desired MRI signal property. Finally,
our phantom offers the added advantage of flexibility. The
only previous study that proposed a 3D printed-based
method to reproduce a range of MRI contrasts from a solid
material was able to report a maximum T1 relaxation time
of 158 ms, which is not consistent with many soft tissue
T1 relaxation times.” However, our study improves this
study as it can achieve a significantly higher T1 relaxation
time in the printed materials and the 3D-printed samples
also have the advantage of being flexible compared to
the phantoms proposed in this study. Flexible soft tissue
materials are needed for imaging phantoms used for
various scenarios where anatomical deformations are
to be simulated, for example, phantoms with respiratory
movements or motion-adaptive radiotherapy treatments.”
In another similar study,'® a soft, silicone-like material was
presented that has visibility and MRI properties similar
to some organ tissues with a T1 relaxation time of up to
1000 ms. Although high T1 values were achieved for their
phantoms, in their approach distinct MRI signal properties
can only be achieved according to the material properties
of the available commercial silicones and a target range of
MRI contrast could not be achieved.

Relaxation times have a major influence on the quality
of MR images as follows: proper weighting improves tissue
differentiation, the choice of T1 or T2 affects noise and
resolution, and reduces the occurrence of image artifacts.
Therefore, knowing the T1 and T2 values of different
tissues can contribute to better contrast differentiation
between healthy tissue and lesions, which in turn can
improve the sensitivity and specificity of different AI
methods and MRI techniques. For example, improved
signal-to-noise ratio (SNR) and resolution enable the
detection of small morphological details achieved by
better visibility of lesions, which together with the large
contrast difference between healthy tissue and lesions can
substantially increase the diagnostic accuracy of clinical
MRI examination.

We also acknowledge some limitations of this proposed
approach. We observed that SD for the T1 and T2 values
were high for samples with a lower infill density. Accurate
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measurements of relaxation times depend on several
factors, such as imaging sequences used, different models
for the signal fitting, and measurement conditions, that
is, temperature of the samples, etc.”” Therefore, slight
differences in T1 and T2 times measured at different
sites using different methodologies may be present and
have to be acknowledged in such studies.” Besides, other
factors can cause systematic errors that can compromise
the accuracy of the T1 and T2 maps, such as noise, partial
volume effect, local field inhomogeneities (B1 effects), and
spoiling.?” However, we assume that the main reason for
the high SD for samples with a lower infill density is the
higher air content and a smaller percentage of the material
within these phantoms giving low MR signal (low SNR),
which increases dispersion of relaxation time data. This
demonstrates that materials with high air content may not
be suitable for accurate MRI measurements and that the
selection of the proper ratio between air and materials is
crucial for our study. To address this limitation, a future
study will explore the capabilities of our custom-made
multi-material printer, which features three printheads
capable of printing silicone rubber alongside viscous
liquids such as silicone oil and thermoplastic filament
in a single print.****! Incorporating viscous liquids into
the printed silicone structure may not only reduce high
SD values but also allow for fine-tuning of MRI signal
properties. This could be achieved by using liquid materials
or additives with specific MRI characteristics, such as
contrast agents. In addition, investigating a potential
match of the mechanical properties of printed silicone and
multi-material samples with the MRI signal properties, for
example, as proposed in another paper,* is also another
future prospect for this research. Certain infill structures or
fluid fillings can result in matching MRI signal properties
and mechanical properties of certain tissue. In such cases,
MRI contrast and mechanically realistic models can
be created, which can be particularly useful in surgical
training or image-guided procedures where flexible
phantoms are of importance. This would also increase
the dimensions of the print according to previously used
definitions,”* where every additional local information
taken into account in the printed part was defined as
another dimension. For example, changes in tumor size
or physiology were color-coded,* or material composition
as well as magnetic particle orientation were controlled
during the print,* both resulting in “5D-printed” objects—
similarly to our proposed technology, taking into account
MRI-signal properties as well as mechanical properties. In
the case of such image-based, patient-specific additional
dimensions, this approach has been shown to increase the
value of 3D-printed phantoms for surgical planning® and
it has even been proposed for the advancement of personal
medicine in in vivo applications.*

5. Conclusion

3D printing technology has revolutionized the creation of
medical imaging phantoms, recently offering advantages
in replicating tissue properties for MRI studies. This study
highlights the ability of 3D-printed phantoms, particularly
those made from silicone with varying infill densities, to
accurately mimic the T1 and T2 relaxation times of human
soft tissues. By achieving a broad range of relaxation times,
these MRI phantoms facilitate the optimization of imaging
sequences, improve the consistency of image quality across
different systems, and support standardizing radiomics
analysis for multicenter studies to ensure its reproducibility.
This research demonstrates that 3D printing can produce
flexible, realistic MRI phantoms, enhancing their utility in
clinical and research settings, particularly for applications
requiring the simulation of anatomical deformations.
Future research will focus on refining these methods to
reduce measurement variability and further enhance the
material properties of the phantoms.
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