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Abstract
Brachytherapy is a common treatment in cervical, uterine and vaginal cancermanagement. The
technique is characterised by rapid developments in the fields ofmedical imaging, dosimetry planning
and personalisedmedical device design. To reduce unnecessary burden on patients, assessments and
training of these technologies should preferable be done using high-fidelity physical phantoms. In this
study, anthropomorphic deformable phantoms of the vaginal wall and cavity were developed for
image-guided adaptive brachytherapy, inwhich vaginal wall biomechanics weremimicked. Phantoms
were produced fromboth silicone and polyvinyl alcoholmaterials.Material characterisations were
performedwith uniaxial tensile tests, via which Young’smoduli and toughness were quantified. In
addition, the contrast between adjacent phantom layers was quantified inmagnetic resonance images.
The results showed that stress-strain curves of the silicone phantomswerewithin the range of those
found in healthy human vaginal wall tissues. Sample preconditioning had a large effect onYoung’s
moduli, which ranged between 2.13 and 6.94MPa in silicone. Toughness was amore robust and
accuratemetric for biomechanicalmatching, and ranged between 0.23 and 0.28 ·106 J·m−3 as a result
of preconditioning. The polyvinyl alcohol phantomswere not stiff or tough enough, with a Young’s
modulus of 0.16MPa and toughness of 0.02 ·106 J·m−3. Allmaterials used could be clearly delineated
inmagnetic resonance images, although theMRI sequence did affect layer contrast. In conclusion, we
developed anthropomorphic deformable phantoms thatmimic vaginal wall tissue and arewell visible
inmagnetic resonance images. These phantomswill be used to evaluate the properties and to optimise
the development and use of personalised brachytherapy applicators.

1. Introduction

1.1. Clinical background
Cervical cancer accounts for an annual 604,127 new
cases and 341,831 deaths worldwide. This is equivalent
to 7.7% of deaths in women due to cancer [1]. Early
stage cervical cancer is typically treated by surgery,
including conisation and (radical) hysterectomy. The
extent of surgery depends on the tumour stage, defined
by the Féderation Internationale de Gynécologie et
d’Obstétrique (FIGO) and the Union for International
Cancer Control (UICC) TNM systems. In locally
advanced and lymph node positive cervical cancer,

chemoradiation consisting of external beam radio-
therapy combined with weekly cisplatin chemother-
apy followed by brachytherapy (BT) is the standard of
care. BT plays an important role in the radiotherapy
management as it delivers a high and conformal dose
to the tumor with maximal sparing of surrounding
normal tissue [2]. Brachytherapy is a complex and
rapidly developing field, branching to disciplines such
as image analysis and radiation physics. Examples of
developments include automatic tumour segmenta-
tion [3], automated treatment planning [4], in-vivo
dose monitoring [5], and 3D-printing of patient-
specific applicators [6–8].
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To minimize patient burden during technological
development and evaluation, some steps can and
should take place in a preclinical setting. This can be
done using either computer-based models, physical
patient models or phantoms. For gynaecological BT, a
model of the female pelvis is needed that includes the
vaginal cavity, vaginal walls, cervix, uterus, and possi-
bly surrounding organs (bladder, rectum, sigmoid)
and ligaments. Model complexity may depend on
assessment objectives. Although female pelvis phan-
toms are commercially available, they tend to be
expensive, focus on medical imaging training, and
present a single idealised anatomical configuration. In
addition, they often contain thermoplastic or thermo-
setting polymers that do not match biomechanical tis-
sue properties. As a result, these phantoms are
particularly ill-suited to test personalised health solu-
tions and cases in which inter-patient variability in
topology or deformation responses are of importance.

1.2. Relatedwork
The female reproductive system is built to sustain
astonishing deformations, especially during preg-
nancy and labour [9]. Biomechanical tissue properties
are complex and hormone-regulated and vary as a
result of pregnancy, age, menopause, BMI, and pelvic
floor disorders, e.g. pelvic organ prolapse (POP)
[10–15]. For the vaginal wall, it has also been shown
that smooth muscle content decreases in women with
POP [16]. Properties of healthy vaginal wall tissuewere
examined in a limited number of studies. Typically,
stress-strain relations were derived by means of
uniaxial tensile testing, results of which are shown in
figure 1. These stress-strain relations were often
summarized with a Young’smodulus. Reported values
of healthy vaginal tissue ranged between 6.7–10.5MPa
[13, 17]. However, this linear biomechanical metric is

inadequate [12], as the stress-strain relations are
hyperelastic.

Related work in phantom design provided physi-
cal models of the male pelvis [18–20]. In addition,
non-deformable female pelvis models were made for
optimisations in radiomics [21]. Nattagh et al devel-
oped a phantom to train transrectal ultrasound image-
guided needle insertion and suturing of the cervix [22].
Kadoya et al developed a deformable phantom of the
vaginal cavity, uterus, bladder and rectum to assess
deformable image registration [23]. Campelo et al
made a phantom for BT training based on direct 3D
phantom printing [24]. Although this is a convenient
production method, mimicking biomechanics can be
difficult as printable elastomers available today are still
limited. The last two articles evaluated Shore hardness
values via indentation tests. No articles were found in
which large material strains were assessed and used to
develop female pelvis phantoms.

Deformable materials used in pelvis models inclu-
ded silicone and polyvinyl alcohol (PVA) [18], agarose
gel and silicone [19], carrageenan gel [20], gelatin and
rubber [22], urethane and silicone [23] and 3D prin-
table photopolymers [24]. Silicone is a widely used tis-
sue-mimicking material with a high durability [25]. In
addition, it has been shown that PVA can be suitable to
mimic needle-tissue interactions [26], which may
become relevant in BT tasks when interstitial needles
are used. We therefore decided to evaluate both sili-
cone and PVAmaterials.

1.3. Goal
The goal of our study is to develop anthropomorphic
and deformable phantoms of the vaginal wall and
cavity, with which we can assess and further develop
tools and software to assist image-guided adaptive BT.
The topology of these phantoms was based on MR
images. Uniaxial tensile tests were performed to assess

Figure 1. Stress-strain curves of healthy human vaginal wall tissues, as presented in three cadaver studies. Chantereau et al compared
samples collected from young and oldwomen. For the other two studies, themean age is indicated.
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the biomechanical response of phantommaterials and
compare them to vaginal wall tissue properties found
in literature. This is thefirst study inwhich vaginal wall
tissue is matched with phantom materials by looking
at large-strain situations, i.e. the stress-strain curves
instead of surface indentations. This is crucial when
the organ itself may also be subjected to large strains.
Stress-strain curves yielded the parameters Young’s
modulus and toughness (area under the curve). In
addition, material layer contrast comparisons were
performed in magnetic resonance images (MRI) to
quantify relative phantom layer visibility. These phan-
toms can serve to evaluate personalised applicator fits
and ease of insertion or removal, intuitiveness in use
during needle placement, and to train vaginal wall
contouring and applicator reconstruction in MR
images.

2.Methods

2.1. Anthropomorphic design
The vaginal cavity topology was derived from anon-
ymised MRI data, see figure 2. Treatment planning
software (Oncentra-Brachy, Elekta, Sweden) was used
to segment the vaginal cavity. Contours were saved as
DICOM RT-structure files and a surface mesh model
was constructed using the SlicerRT extension of 3D
Slicer [27]. This model was exported as an STL file and
processed further in a computer-aided design pro-
gram (SolidWorks, Dassault, Systemes, USA). Based
on the 3D model of the female pelvic described by
Kraima et al [28], the outer vaginal wall contour was
constructed by non-uniform scaling, using a 2 mm
wall thickness. The mould was created using the
SolidWorks cavity function. At this stage, surrounding
tissue support was simplified by suspending themodel
inmixtures of PVA and siliconewith a lower stiffness.

2.2. Phantommaterials
PVA samples were produced by mixing tap water and
cooling liquid (C&C automotive Type D/G12,
Jodima, Belgium) at a 3:2 weight ratio. PVA powder
(99+% hydrolysed PVA, Sigma-Aldrich, USA) was

added to create a 12 wt% mixture. The mixture was
stirred magnetically (250 rpm) while being heated up
to 93 °C and kept at this temperature for 30 min using
a control heat plate (IKA C-MAG HS 7, IKA England
Ltd, United Kingdom). The mixture was left to cool to
50 °C–65 °C before being injected into themould with
a syringe. The silicone samples (Smooth-Sil™ 940,
Smooth-on, USA) consisted of two components that
weremixedmanually at a 10:1 ratio. A 10 wt% thinner
(Silicone Thinner™, Smooth-on, USA) was added to
improve filling of the vaginal wall mould. To mimic
supportive surrounding tissue, lower stiffness versions
of PVA (8 wt%, 2 cycles) and silicone (SORTA-Clear™
18, Smooth-on, USA)were used.

2.3.Moulds
Three types of moulds were created from polylactic
acid (PLA) with a 3D filament printer (Ultimaker 3,
Ultimaker, The Netherlands). To determine stress-
strain curves, modified dog-bone samples were made,
as shown in figure 3(A). Four Silicone 940 samples, ten
Silicone 940+thinner samples, and ten PVA 12%
samples were made. The cross-sectional surface area
of these samples at the strained region was 30 mm2

(10×3 mm). To evaluate material visibility in MRI,
blocks (length, width, height=50, 50, 40 mm) with
cylindrical holes (radius, height=10, 25 mm) were
made, as shown in figure 3(C). Finally, anthropo-
morphic phantom moulds were created (figure 3(D)).
The mould contained four interlocking parts, sur-
rounding a core. In addition, outer support structures
were printed for the floor and top of the mould, to
keep parts together. The core had the shape of the
vaginal cavity and was created using a water-soluble
PVA 3D printing filament. The core was centred with
four bolts. The mould contained four filling reservoirs
at the top, with slanted channels running to the
enclosed space. The mould was filled in sequence with
silicone and PVA. Air was able to escape via the space
between the mould and the central core. Figure 3(E)
shows the fully assembled mould with silicone in the
reservoirs. After curing of the silicone and PVA
phantoms, the structure was suspended in an acrylic

Figure 2.The anthropomorphic vaginal wallmodel wasmade using vaginal wall contours drawn in axialMR images. A generic
cylindrical basewas added to themodel. Reproduced From [6]. CCBY 4.0.
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container (figure 3(F)). The container was filled with
the softer supportive material to facilitate phantom
handling and positioning. Finally, the insert was
dissolved in water and the phantom was ready to use
(figure 3(G)).

2.4. Uniaxial tensile testing
A customised linear stage was used for uniaxial tensile
testing (figure 3(B)), containing a linear actuator
(ACT115DL Direct-Drive, Aerotech, USA) and a
linear encoder (RGH22S50F61, Renishaw, United
Kingdom) to measure platform location with 0.1 μm
precision. A controller (Soloist CP and PWM Digital
Drive, Aerotech, USA) was used to control stage
movements. For all runs, a constant stage speed of
0.5 mm s−1 was used. Tensile force data were acquired
using a load cell (ZFA 25 kg, Scaime, France), which
was positioned between the upper tissue clamp and
the fixture to the stage. The sensor output was
amplified (CPJ-CPJ2S analog signal conditioner,
Scaime, France) and sent to a computer (USB Multi-
function I/O Device NI USB-6008, National Instru-
ments, USA).

2.5. Stress-strain data processing
Data were recorded at a sample rate of 200Hz. Stored
data were post-processed in Matlab (R2019b, Math-
works, USA) bymeans of amoving average filter with a
kernel size of 50. Stress was defined as the force
normalised per unit of cross-sectional area of the
sample, in N m−2 or Pa. Strain was defined as the
change in length divided by the original length (L), i.e.
ΔL/L or l-L/L (-), where l is the final sample length.

Tissue biomechanics were summarised using the
Young’s modulus and the area under the mean stress-
strain curves. The slope of the stress-strain curve was
determined with a linear least squares fit and evaluated
along a running window of 1000 data points (5 s). This
enabled a search for the largest slope in the 20%–60%
strain region, which was considered to be the Young’s
modulus. The area under the stress-strain curve was
determined using a trapezoidal numerical integration
of themean stress-strain curve for strains up to 60%.

2.6.Material visibility inMRI
Dosimetry plans in BT are often constructed with the
use ofMR images.We therefore evaluated the contrast
of adjacent phantom layers using an OptimaMR450w
1.5T scanner (GEHealthcare, Chicago, USA). Samples
were placed on an MR-compatible tray (figure 4(A)).
The second coil was positioned above the tray in
accordance with standard pre-BT MRI treatment
protocols. Standard MRI sequences used in gynaeco-
logical BT were used for imaging, of which the T2-
weighted fast recovery fast spin echo scan (FRFSE)
with TR/TEeff=2986ms/103ms and T1-weighted
2-point Dixon radio-frequency spoiled gradient echo
scan (LAVA Flex) using TR/TE/flip angle=6.7ms/
4.5ms/10° were selected to compare phantom layers,
see figures 4(B) and 4(C).

In addition to the phantoms, standardised blocks
of silicone and PVA were produced, see figure 3(C)
and figure 4(A). These blocks contained a cylindrical
cavity to quantify contrast with ultrasound gel (supra-
gel, LCH medical products, France), which is used in
clinical practice to distend the vaginal cavity and
enhance contrast to facilitate contouring [29]. Image

Figure 3.Material testing and designing of phantoms by creating dog-bone shaped test samples of silicone and PVA (A), that were
clamped in a uniaxial tensile testing set-up (B), consisting of amount to a linear stage (1), force sensor (2) and a sample clamp (4) that
uses both shape-locking (3) and boltfixations. Phantomblockswith cylindrical holes weremade from the samematerials to test
visibility inMRI (C). These holes could be filledwith ultrasound gel. An anthropomorphic vaginal cavitymouldwith a soluble core
was 3Dprinted (D), and filledwith PVA/silicone (E), to create vaginal wall phantoms, that were subsequently suspended in a
container (F) to add a block of surroundingmaterial with a lower stiffness (G).
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data were stored in DICOM format and contrast was
analysed in Matlab. For each sample layer, the average
of four regions of interest was determined, as shown in
figure 4(C). Air pockets and shadows, which were
mostly seen in the ultrasound gelfilling, were avoided.

Contrast was determined in normalised FRFSE
and LAVA Flex images, in which pixel intensity ranged
between [0,1]. Contrast was defined as |ĨFG-ĨBG|,
where ĨFG is themean pixel intensity of the foreground
layer and ĨBG the mean pixel intensity of the back-
ground layer. To summarize material visibility, con-
trast values were averaged for samples that compared
the same adjacentmaterials.

3. Results

3.1. Stress-strain curves
The results of the uniaxial tensile tests are shown in
figure 5(A). In addition, the area of interest of stress-
strain curves of vaginal wall tissue of healthy patients is

shown, as derived from literature (see Introduction).
The curves are furthermore summarised by means of
the Young’s modulus (YM) and area under the curve
(AUC) in table 1. From the curves, it can be seen that
the silicone samples resemble the vaginal wall biome-
chanics, in particular when low to moderate elonga-
tions (<50%) are applied. The PVA samples have a
much lower stiffness. Figure 5(B) shows the effect of
preconditioning for Silicone 940 with a thinner. It
appears that preconditioning increases the non-linear-
ity of the stress-strain curve. This is visible from the
Young’smodulus, which increases rapidly (table 1).

3.2. Visibility inMRI
Data on the relative contrast of structures in multi-
layered phantoms in MR images are presented in
table 2. In addition, the contrast of these materials
relative to ultrasound gel is shown. The multi-layered
silicone and PVA structures could best be distin-
guished with the LAVA Flex sequence (contrast in

Figure 4.Photo of the collection of silicone and PVAmaterials on anMR-compatible tray (A). AnMR image (FRFSE)was obtained
(B) of the samples, containing thematerials: s1 (S18, S940, US gel), s2 (S18, US gel), s3 (S940,US gel), s4 (S940, air), s5 (PVA8, PVA12,
US gel), s6 (, PVA8, US gel), s7 (PVA12, US gel), s8 (PVA12, air). The phantoms contained thematerial layers: p1 (S18, S940,US gel),
p2 (PVA8, PVA12, US gel). A secondMR image (LAVAFlex)was obtained (C) of the same samples. Here, the regions of interest are
shown in four specimens, whichwere used for relativematerial contrast quantifications.

Figure 5. Stress-strain curves obtained by uniaxial tensile tests of Silicone 940, Silicone 940+ thinner, and PVA12%dog-bone samples
(A). The effect ofmaterial preconditioning is shown by applying 1–3 times a∼70% strain on the samples (B).
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silicone: 0.11, and in PVA: 0.12). The contrast was
much lower in the FRFSE sequence (silicone: 0.01 and
PVA: 0.04).

4.Discussion

Deformable anthropomorphic phantoms of the vagi-
nal wall and cavity were produced with PVA and
silicone materials. The topology of these phantoms
was based on MR images, and tissue biomechanics
were studied and compared to vaginal wall properties
found in literature. Surrounding tissues were repre-
sented by a low-stiffness alternative of PVA and
silicone, respectively. The obtained stress-strain curves
of the silicone phantoms are within the range of those
found in vaginal wall tissues. In comparison, the PVA
phantoms lack in stiffness and toughness. As the
description of hyperelastic materials with a linear fit
and Young’s modulus is inaccurate, we have also
quantifiedmaterial toughness using the area under the
stress-strain curve. This area describes strain energy
per unit of volume. However, comparative clinical
values are still missing. In addition, the contrast of
material combinations was evaluated in MRI. In
particular with the LAVA Flex MRI sequence all
materials selected could be distinguished.

The phantoms produced can serve many pur-
poses. Phantoms can be of value for training, e.g., to
counter recently found limits in confidence of resi-
dents in developing a BT practice [30]. During train-
ing, variation in cases is very important to avoid
repetitive non-comprehensive learning [24]. The pre-
sented patient-driven approach can provide these

variations. In addition, the phantom may be used to
assess applicator introduction to- and removal from
the vaginal cavity, and mechanical solutions to facil-
itate this, e.g., by splitting applicators in dove-tailing
pieces that can be inserted in sequence [8]. They can be
made alongside personalised applicators to test user-
friendliness and to train vaginal wall contouring and
applicator reconstruction inMR images.

A limitation of thematerials used is that they could
notmimic the strong hyperelasticity of vaginal wall tis-
sue, which result from the anisotropic fibrous net-
works. The vaginal wall consists mostly of smooth
muscle, collagen and elastin and is arranged in four
layers: the epithelium, the subepithelium, the muscu-
laris, and the adventitia [9]. The subepithelium pro-
vides passive mechanical support via randomly
aligned fibres, whereas the muscularis provides active
mechanical support via smooth muscle cells that are
oriented in the longitudinal direction of the vagina.
The adventitia provides connections to surrounding
organs, such as the bladder and rectum. Although it is
known that the force response differs between long-
itudinal and transverse samples [31], and between
samples of the anterior and posterior wall [32], tissue
anisotropy still needs to be studied in more detail. In
the end these hyperelastic responses may bemimicked
in multi-layered or fibre-reinforced phantoms. For a
high-fidelity mechanical response, mimicking con-
nections to adjacent structures, i.e., mechanical
boundary conditions, will be equally important.

Next steps in our phantom design include the
introduction of the uterus, as well as zones to treat
(tumours) and avoid (organs at risk). This enables
imaging and dosimetric planning in MRI to assess
dose conformity obtained after implementing intraca-
vitary and interstitial needles with conventional and
personalised applicators. Here, the ability of phantom
materials to mimic needle-tissue interactions may
become important. For each intended use, it is impor-
tant to balance model fidelity and complexity. For
many assessment and training purposes, model sim-
plificationsmay be justifiable.

In conclusion, we have developed anthro-
pomorphic deformable phantoms that mimic vaginal
wall tissue and are well visible in magnetic resonance
imaging. In terms of the biomechanical response, the
developed silicone phantoms provided a close corre-
spondence to mechanical behaviour of the vaginal
wall. These phantoms will be used to evaluate the
properties and to optimise development and utilisa-
tion of personalised brachytherapy applicators.
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Table 1.Biomechanical phantommaterial propertiesa.

S940 S940T S940T 1× pc 940T 2× pc PVA12

YM 2.99 2.13 4.66 6.94 0.16

AUC 0.46 0.28 0.24 0.23 0.02

a YM: Young’s modulus (MPa) and AUC: area under the curve

(106 J·m−3), derived from the mean stress-strain curves of Silicone

940 (S940), Silicone 940+ thinner (S940T), and PVA 12% (PVA12).
The effect of preconditioning (1× pc, 2× pc, at 70% strain) is also
shown formaterial S940T.

Table 2.Contrast in FRFSE (left bottom, bold) and LAVAFlex (right
top) sequences, quantified asmean intensity differences of adjacent
layersa.

US gel S18 S940 PVA8 PVA12

US gel 0.16 0.27 0.15 0.29

S18 0.46 0.11 — —

S940 0.48 0.01 — —

PVA8 0.21 — — 0.12

PVA12 0.29 — — 0.04

a Contrast values were obtained by sampling four foreground (FG)
and four background (BG) regions of interest per imaged sample.

Relative material contrast was obtained by averaging values of

sampleswith the samematerial combinations.
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