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Abstract

When pregnant patients undergo diagnostic and therapeutic radiological procedures, the
unborn child is exposed to an increased risk due to the use of ionizing radiation; therefore,
the fetal dose must be estimated and optimized. Tools and methods routinely used for fetal
dose estimation lack better personalization of patients. To address this, we developed a soft-
ware tool for creating phantoms at different pregnancy stages and with varying patient
anatomies to further personalize fetal dose estimation using measurements and Monte
Carlo simulations. The tool is developed and incorporated into 3DSlicer as a plugin. Phan-
toms are created based on a real patient phantom, Tena, and physiological data for use in
radiological protection. Phantoms are developed with only soft, lung, and bone tissue sub-
stitutes, represented for the mother and unborn child. This enables the construction of seg-
mented voxel models as well as mesh models (with the ability to export geometries to DI-
COM format) of the anatomical structures of pregnant women. Additionally, it allows real
patient image registration to enable better personalization of the phantom. The tool can help
decrease uncertainty in fetal dose estimation, as well as simplify and accelerate the process
of fetal dose estimation. It is released publicly to enable further research.

Keywords: diagnostic radiology; radiotherapy; fetal dosimetry personalization;
anthropomorphic phantoms creation

1. Introduction

Pregnant patients undergo diagnostic and therapeutic radiological procedures that
expose the unborn child to increased risk due to the use of ionizing radiation [1,2]. The
incidence of carcinoma during pregnancy is reported to be 1:1000-1:1500 pregnancies, and
according to the FIGO 2018 report, it has increased over the last 30 years [3,4]. Some of
these patients will have to undergo radiotherapy (RT) procedures [5]. On the other side,
trauma [2,6,7] is the most frequent reason for diagnostic imaging of pregnant patients and
occurs in up to 7% of pregnancies [8]. Lack of knowledge and patients” fear can lead to
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the unnecessary termination of a pregnancy due to radiation exposure [1,7,8]. In diagnos-
tic and interventional radiology (DIR) and radiotherapy procedures on pregnant patients,
the fetal dose must be estimated and optimized. However, the lack of harmonization in
clinical practice leads to large differences in fetal dose estimation [2]. For this reason, the
SONORA (towards Safe, Optimized and persoNalized radiOlogy and RAdiotherapy pro-
cedures for pregnant patients, https://pianoforte-partnership.eu/sonora/, accessed on 30
April 2026.) project research focuses on improving the accuracy of fetal dose estimation in
DIR and RT to optimize the process and improve benefit/risk communication with the
patient. One of the objectives of the project is the development of phantoms at different
pregnancy stages with varying patient anatomies to further personalize fetal dose estima-
tion using measurements and Monte Carlo (MC) simulations. These phantoms should re-
flect different sizes and patient anatomies as well as fetal growth, which causes a series of
changes in the mother during the entire period of gestation.

Several voxelized and 3D-printed anthropomorphic phantoms of pregnant women
are available for dosimetric research [9,10]. There are libraries of computational phantoms
of pregnant patients for use in MC simulations [11]. MC simulations are often used in
medical physics as they can provide data beyond experimental techniques, such as dose
distributions, organ doses, and spectra information [12]. However, their implementation
can be challenging, and additional attention should be introduced when setting them up
[13]. Building phantoms while maintaining their anatomical limitations is a complex and
time-consuming process, and in the majority of cases, existing models do not represent
real patients. For this reason, a tool for building computational phantoms with different
anatomical characteristics would benefit the further personalization of fetal dose estima-
tion using MC simulations. Additionally, if the tool can provide files that enable the con-
struction of physical phantoms, it could benefit manufacturing physical phantoms and
the experimental estimation of fetal doses. Although there are tools available for phantom
modification, none of them are pregnancy specific. Tools such as Slicer RT [14], Plasti-
match [15], and Slicer morph [16] offer the possibility of scaling the phantom but have
limited capability to provide input for MC simulations (with the exception of Plastimatch)
and exporting DICOM files. Within the SONORA activities, such a tool is developed and
incorporated in 3D Slicer [17] as a plugin. It enables the building of segmented voxel mod-
els as well as mesh models (with the ability to export geometries to DICOM format) of
anatomical structures of pregnant women for use in the estimation of fetal doses in diag-
nostic and interventional radiology and radiotherapy procedures. Phantoms are devel-
oped based on a real patient phantom, Tena, produced earlier [9,10] and basic anatomical
and physiological data for use in radiological protection [18]. Phantoms are developed
with only soft, lung, and bone tissue substitutes represented for both the mother and fetus.

This paper describes a software tool for developing segmented voxel models, mesh
(STL) models, and DICOM files of anatomical structures of a pregnant woman for use in
the estimation of fetal doses in diagnostic and interventional radiology and radiotherapy
procedures.

2. Materials and Methods

2.1. Reference Phantoms Creation

The tool for building personalized voxelized phantoms of pregnant patients, named
Fantom Wizard, was based on the pregnant female computational phantom Tena [9,10].
This phantom represents a woman of Central European origin, aged 37, in the 18th week
of pregnancy and was based on imaging material from a real patient (MRI of the chest,
abdomen, and pelvis during pregnancy and CT scan of the neck, chest, abdomen, and
pelvis after childbirth). To enable the use of the phantom in various dosimetric studies,
both arms were removed. As the bone marrow in the proximal portions of the humerus
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and femur belongs to hematopoietic tissues in adults, both femurs up to the neck were
retained as part of the phantom skeleton.

The estimated fetal mass was calculated as the product of the segmented fetal volume
(123.04 cm?) and the average soft tissue density (1.05 g/cm?, according to ICRP 89 publica-
tion), amounting to 129.2 g. Creating a series of anthropomorphic phantoms of a pregnant
woman required modeling phantoms of the 1st trimester (8th week) and 3rd trimester (34th
week), which included calculating the expected volume of individual organs and tissues as
part of physiological changes in pregnancy. The increase in mass is due to the growth of the
pregnant woman’s body and the fetus. The average increase shows variable results, alt-
hough the average increase in mass for first-time mothers is estimated at 12.5 kg [18].

The reference Tena phantom in the 18th gestation week was then transformed to re-
flect changes due to fetal growth [18] and reference phantoms for the 8th and 34th gesta-
tion weeks were developed, first as computational (voxelized, mesh, DICOM) and then as
physical phantoms, molded in the same way as the reference Tena phantom [9]. A gener-
alized curve of mass gain during pregnancy was used [18]. Additionally, during the de-
velopment of the pregnant women and the fetal body, there are changes in maternal body
composition. Generally, the body in pregnancy can be seen as two subunits connected into
a whole: the fetus, which includes the embryo/fetus, amniotic fluid, placenta, and uterus;
and the mother, where the structures that change most during pregnancy are the breasts,
adipose tissue, blood volume, and extracellular fluids. For proper modeling of phantoms
of pregnant women in different gestational periods or trimesters, it is necessary to know
the expected physiological processes that occur during pregnancy with individual organs.
These processes are often difficult to predict due to their complexity and the multitude of
influencing factors. In the growth and development of the human body, individual differ-
ences mean that growth and development curves are not identical for each person and are
a consequence of age, gender, racial, and other factors. The International Commission on
Radiation Protection (ICRP), in its 89th publication edition, systematized the growth and
development curves of the human body, from conception to pregnancy, based on availa-
ble research, and this was used in developing Tena phantoms in 8th and 34th gestation
weeks [18].

2.1.1. Changes in Fetus (Fetus, Amniotic Fluid, Placenta, and Uterus)

Research on prenatal development was performed based on anthropometric meas-
urements at different gestational ages, and the results are usually presented as a longitu-
dinal view of growth. Nevertheless, even under ideal circumstances (younger maternal
age with a median age of 28 years, uretic body mass, optimal calorie intake, absence of
socioeconomic difficulties), there are very large variations. For example, at the 37th week
of gestation, the physiological mass of the fetus ranges from 2205 g to 2538 g [19]. The
placenta grows in two phases: linearly until the 24th week (when its mass is about 150 g),
after which the increase in mass becomes more pronounced. During childbirth, the pla-
centa mass averages 600-700 g, with variations ranging from 500 to 1000 g [20]. The mass
of amniotic fluid in the first half of pregnancy correlates with fetal mass. In the second half
of pregnancy, estimating the volume of amniotic fluid is difficult, and extremely variable
values are obtained —according to research, the volume can range from 500 to 3000 mL,
and by term it further decreases. Correlations have been found between amniotic fluid
volume and the body mass index, gestational age, estimated fetal mass, and abdominal
circumference of the pregnant woman [21]. The estimated mean mass of non-pregnant
uteruses ranges from 50 g to 100 g in multiparous women (<5 pregnancies). During preg-
nancy, it expands many times (up to 1000 times, from 10 mL of intrauterine volume to
5000 mL), while volume and mass increase linearly, and can weigh up to 1100 g at the
time of delivery [18].
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2.1.2. Changes in the Mother’s Body (Breasts, Adipose Tissue, Blood, and
Extracellular Fluids)

The increase in adipose tissue mass is one of the most variable components of the total
mass gain in a pregnant woman. To date, limited research has been conducted on body
composition analysis during pregnancy, so available data are scarce. These indicate a linear
increase of up to about 2 kg per trimester (or slightly less), or a total increase in body fat
volume of approximately 5.45 + 4.72 L during pregnancy. The increase in adipose tissue
mass depends on several factors, including the pre-pregnancy body mass index, the sex of
the fetus, and the number of pregnancies [22]. During pregnancy, the compartments in
which adipose tissue preferentially accumulate (visceral-subcutaneous, upper-lower body,
subscapular, thighs) also depend on these factors. A challenge in phantom modeling deter-
mines the distribution of adipose tissue, particularly regarding changes in breast volume.
According to the ICRP, the average breast volume of first-time mothers in early pregnancy
is about 565 mL, increasing to an average of 775 mL at term. The increase in breast volume
follows a linear trend, with an average increase of 96 mL regardless of initial breast volume
[23]. In summary, numerous organs and tissues undergo various physiological changes dur-
ing pregnancy, depending on both predictable and unpredictable factors, and follow differ-
ent volumetric curves, with a distinct emphasis on individual differences. Additionally,
body fluid volumes change during pregnancy. To simplify phantom modellingm and given
the extreme variability of fluid volume during pregnancy, changes in blood volume and
extracellular fluids were omitted, although it is known that about 2 L of blood and 2 L of
extracellular fluids accumulate during pregnancy [24]. Similarly, changes in bone mass were
not considered in the modeling of the phantom series, as they are insufficiently researched,
and likely refer to extremely small, negligible masses [25].

2.2. Software Tool for Creating Personalized Phantoms of Pregnant Patients

Since differences in height, mass, maternal circumference, and breast size influence
fetal dose in DIR and in RT procedures, it was decided to further personalize these phan-
toms by adjusting these parameters. For this reason, the 3DSlicer [17] plugin was devel-
oped with the capability to modify these parameters.

Human height is mainly determined by the growth of the long-shaft bones of the
legs, while the spinal column contributes to the height on a smaller scale. Studies have
shown that height influences the mass of internal organs only in males, while the mass of
the body positively correlates to the mass of the organs in both the females and males [26].
As the Tena phantom lacks extremities, for easier 3D modelling and subsequent software
development, it was decided that each vertebral body would be slightly increased or de-
creased in height to gain or lose the overall body height. For simplicity, internal organs
were modeled to remain unchanged in size, while soft tissue volume was increased. To
ensure better alignment with the real patient being modelled, the generated computa-
tional phantom can be additionally combined with real patient CT images. Additionally,
for phantoms in the third gestation period, fetal orientation can be changed.

A description of the reference phantom development within the tool is provided in
the Supplementary Materials.

The final tool was developed as a plugin for 3DSlicer using Python (version 3.9.10).
The user is prompted to enter the desired trimester and fetal orientation (in the case of the
second trimester), as well as the desired phantom mass and height. The valid ranges for
mass and height are queried from the appropriate lookup table. A description of the tool
development is provided in the Supplementary Materials.

3. Results
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3.1. Organ Volumes and Masses Calculation for Reference Phantoms

To calculate the volume required for modelling the computational phantom of a
pregnant woman, data on the expected mass of specific organs or tissues that change dur-
ing pregnancy, as well as tissue density, were used. The female subject (hereafter referred
to as “Tena”) had a body mass of 60 kg before pregnancy. According to available medical
documentation from an examination in the 18th week of pregnancy, the mass was 72 kg.
Therefore, the increase in body mass in the 18th week was 12 kg. For phantom modeling,
it is necessary to determine the volumes of specific tissues of interest for a given gesta-
tional age: adipose tissue volume (i.e., the increase in adipose tissue volume, as the exist-
ing adipose tissue volume from the previous phantom is added to each subsequent tri-
mester), uterine volume, and fetal volume. Since the reference Tena phantom had a mass
of 49.7 kg in the 18th week of pregnancy, the mass of the body and head before pregnancy
was calculated as follows:

Mbody = Marms+legs + Mtorso+head
Marms+legs = Mlbody — Mtorso+head
Marms+legs = 72 kg -49.7 kg

Marms+legs = 22.3 kg
It follows from the above that
Mtorso+head before pregnancy = Nlbody before pregnancy — Mlarms+legs
Mtorso+head before pregnancy = 60 kg -22.3 kg =377 kg
According to the ICRP (the closest data are for the 20th week of pregnancy)
Wfetal unit = Mfetus + Wiplacenta + Maamniotic fluid + Muterus
st anit = 300 g + 170 g +350 g + 320 g = 1140 g = 1.140 kg

Mwhole body in the 18th week of pregnancy = Wltorso+head before pregnancy + Wifetal unit + Wlincrease in adipose tissue;

Mincrease in adipose tissue = VHwhole body in the 18th week of pregnancy — VHtorso+head before pregnancy — Mlfetal unit

Mlincrease in adipose tissue = 49.7 kg -37.7 kg +1.14 kg =10.86 kg =10 860 -

It follows that the volume of adipose tissue growth in the 18th week of pregnancy
compared to before pregnancy is

Increase in adipose tissue = increase in adipose tissue mass divided by density of adipose tissue = 10.86

kg divided by 900 kg per m? = 0.01207 m?3 = 12070 mL.

In ICRP Publication 89, data on the fetal mass, amniotic fluid, placenta, and uterus
for 30 and 38 weeks of gestational age are available, and given that the phantom of interest
is modeled for the corresponding 34th week of pregnancy, organ mass was calculated as
an arithmetic mean.

The mass of the fetus is 1500 g in the 30th week and 3400 g in the 38th week. Accord-
ingly, the approximate mass of the fetus at 34 weeks is 2450 g.

The mass of amniotic fluid at 30 weeks is 750 g, and at 38 weeks, it is 800 g. Accord-
ingly, the mass of amniotic fluid at week 34 is 775 g.

The mass of the placenta at week 30 is 430 g, and at week 38, it is 650 g. Therefore,
the approximated mass of the placenta at week 34 is 540 g.

https://doi.org/10.3390/app16115404
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The mass of the uterus in the 30th week is 600 g, and the mass of the uterus in the
38th week is 970 g. Accordingly, the approximated mass of the uterus at week 34 is 785 g.

In the 34th week of pregnancy, an increase in body mass of 20 kg was recorded at the
follow-up medical examination.

increase Miuotal = INCrease Madipose tissue + Mfetal unit
Therefore,

increase Madipose tissue = iINCIeASE Mitotal — Mietal unit

increase Madipose tissue = 15.45 kg

It follows,

Volume increase of adipose tissue = mass increase divided by density of adipose tissue = 15.45 kg divided

by 900 kg per m?=17166.7 cm?® =17 166.7 mL.

According to the above calculation, three reference computational Tena phantoms
are created (Figure 1) and physical phantoms are also molded.

Figure 1. Reference phantoms: (a) first, (b) second, and (c) third trimester.

3.2. Software Tool and Workflow

Software tool (Fantom Wizard)—3DSlicer plugin, for the development of personal-
ized computational phantoms of pregnant patients for computational dosimetry applica-
tions, is available as an open-source repository on GitHub (https://github.com/Isimic/Fan-
tomWizard (accessed on 30 April 2026)). The tool description and installation instructions
are available as a part of the repository. Instructions describe input parameters for phan-
tom building different possibilities of voxel sizes, exporting different formats of phan-
toms. User interface and workflow showing how to build and register the phantom from
beginning to end are given in Figures 2-7.

To set up the CreateFantomModule in 3D Slicer, begin by cloning the repository to
your local machine. Once the repository has been downloaded, open the 3D Slicer applica-
tion. From the top menu, navigate to Edit, select Application Settings, and go to the Modules
section. In this area, you will find a field labeled Additional module paths. Drag and drop
the CreateFantomModule folder into this field to add it as an external module. After com-
pleting these steps, the module will be available for use within 3D Slicer.

The user interface is built to be as user friendly as possible (Figure 2), and it can be
found in Slicer Modules under Wizards—Create Fantom. After selecting the module, the
Fantom Wizard opens in the module panel. The Fantom Wizard is divided into three main
tabs (Figure 2):

https://doi.org/10.3390/app16115404
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e  Generate—Build a personalized phantom by specifying patient parameters (tri-
mester, height, mass), resolution (voxel size), and required organs.

e Blend—Extend CT imaging by blending its segmentation with the phantom gener-
ated in the Generate tab.

e  Export—Used for exporting the created phantoms in DICOM and voxelized format.

Generate Merkup Lines

;;;;;; Select 2 Segmentation

Align Fantom to Patient

vvvvvv Select 2 Segmentation

Align Patient to Fantom

ation| Select 2 Segmentation

jon | Select a Segmentation
Blend Radius (mm)  e— s0.00 3

Blend Segmentations.

(b) ()

Figure 2. Fantom Wizard user interface with three tabs: (a) Generate, (b) Blend, and (c) Export.

The full capabilities of the Fantom Wizard can be seen in the workflow for creating a
blended model, which includes the following steps (Figures 3-7):

1. Patient segmentation: Segmentation is created in 3D Slicer using partial patient CT
imaging data (Figure 3).

2. Phantom generation: The parameters for building the personalized phantom are de-
fined (Figure 4) (gestational trimester, fetal orientation phantom height from the bot-
tom of the torso excluding legs and mass excluding arms and legs). The phantom is
then built with the possibility to further adjust the parameters to better match the real
patient. The generated phantom can be exported as a standalone model and does not
require blending with patient CT segmentations.

3. Reference point placement: Reference point placement: Markup lines need to be po-
sitioned in the same places in the generated phantom and patient CT (Figure 5).

4.  Alignment of phantom and patient: Prior to alignment, imported CT data of the pa-
tient must be named in the same manner as the segments in the generated phantom.
The structures are then aligned (Figure 6), and the procedure can be repeated itera-
tively to improve the fit.

5. Blending of phantom and patient: In the end, both structures are blended, and the
volume of the final phantom is generated (Figure 7).

After creating the phantom, it can be exported in DICOM, mesh, and voxelized form
to be used for computational purposes or for the production of physical representation. Usu-
ally for RT, supradiaphragmatic CT images are used as the patient data, with the rest of the
patient developed according to the above-described method. For DIR procedures, ab-
dominal CT images could also be acquired and used for computational phantom develop-
ment.

The generation of a personalized computational phantom (Figures 3-7) can last for
several minutes using an average desktop computer, mainly depending on the desired
voxel size. The time for creating a computational phantom by adjusting it to the real pa-
tient CT (Figure 4) highly depends on user skills and experience.

https://doi.org/10.3390/app16115404
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Figure 4. Phantom developed by the tool (Fantom Wizard).

https://doi.org/10.3390/app16115404



Appl. Sci. 2026, 16, 5404

9 of 15

(]

Ele Edt View Help
ga 2 Modules: Markups
B e S,

N/

> Help & Acknowledgement

Create Markups:

&% Point List st Line. < Angle
S closed Curve @ Plane ‘ROt
Node
=t FantomLined
st FantomLinel

FantomLine2

Display

Control Points

Measurements

Export/import Table

» Data Probe: C:/Users/ivord/Downloads...2026-05-14-Scene.mrmi

B 3D Slicer 5.10.0
Eile Edit View Help

£a  modues: 4 | BB creote Fantom
B An S
(0

> Help & Acknowledgement

Generate | Blend | Export

~ Align
Generate Markup Lines

! Align Translation

V' Align Rotation

Fantom Generated_Segmentation

Description -
length: 1869.mm
length: 1783.mm
length: 1782.mm 4
length: 1773.mm o

Figure 5. Generating and placing markup lines.

- = Q.

Align Fantom to Patient

Patient CTChest_Segmentation

Align Patient to Fantom

~ Blend
Fantom Segmentation Generated_Segmentation
Patient Segmentation | CTChest_Segmentation
Blend Radius (mm) ~ ee—

8lend Segmentations

» Data Probe: C:/Users/ivord/Downloads...2026-05-14-Scene.mrml

50.00

2Fantom

1 Fantom ot

B: Volume

B: Volume

EPO @ 4 B »

= 1Patient 0 Faiiant

1 Fantomn

B: Volume

L: -12.1211mm

L: -12.1211mm

Figure 6. Aligned segmentations of CT imaging data and phantom developed by the tool.

https://doi.org/10.3390/app16115404



Appl. Sci. 2026, 16, 5404

10 of 15

& 3D Slicer 5.10.0
Flle Edit View Help

) R Modues:
B fa R,

b Help & Acknowledgement

£S5 create Fantom

Generate  Blend | Export

Blended_Segmentation
~ Generate

V| Generate Volume Data
V' Bxport Voxelized format
V| Export Dicom

C:/Users/ivord/AppData/Local/slicer.org/3D Slicer 5.10.0

Apply

» Data Probe: C:/Users/ivord/Downloads...2026-05-14-Scene.mrml

2P

1 Patient
Famtom

L:-12.1211mm

robont
Zilein

Lrepiont

Figure 7. Blended model developed by the tool.

3.3. Clinical Applications

To demonstrate the power and flexibility of Fantom Wizard, example phantoms that

can be created are presented (Figure 8a—c). The phantoms present the Tena phantom in
gestation period 2 with a height difference of 10 cm and the same body mass (Figure 8a,b)
and the Tena phantom in gestation period 3 with the same height as the phantom pre-
sented in Figure 8c. The DICOM, mesh, and voxelized form files of each phantom are
provided in the Supplementary Materials.

Figure 8. The phantoms generated by the tool: (a) Tena 2 mass 51 height 84, (b) Tena 2 mass 51
height 94, and (c) Tena 3 mass 51 height 84.

https://doi.org/10.3390/app16115404
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The examples have been chosen to show possible differences in patient anatomies
that could influence fetal doses in RT and DIR. Since fetal dose highly dependent on the
distance of the fetus from the beam edge in RT as well as in DIR procedures, there will be
significant fetal dose difference for radiological breast procedures for patients presented
in Figure 8a,b, e.g., using conformal 6 MV photon beams for RT of the breast, in the lower
patient (Figure 8b), the fetal dose could be doubled compared to the patient presented in
Figure 8a. This value strongly depends on the radiation field edge distance from the fetus
and was estimated according to the fetal dose estimation guidelines given by AAPM [27].
Although this is a rough estimate, it shows the need for pregnant phantom personaliza-
tion. Similarly, in diagnostic and interventional radiology procedures on pregnant pa-
tients when the fetus is in the primary beam, the fetal dose strongly depends on the patient
abdominal size [28], and the patient presented in Figure 8c would have a significantly
higher fetal dose or lower image quality.

3.4. Evaluation

The quantitative evaluation of geometrical accuracy is provided in Table 1, where
organ volumes data, generated for phantoms in all first two trimesters, are compared with
ICRP reference phantoms [29,30]. ICRP offers phantoms at gestational ages of 10 and 17
weeks, which is closest to Tena 1 (8 weeks) and Tena 2 (17 weeks). The generated phan-
toms were adjusted to fit ICRP phantoms with their mass and height, namely, Tena phan-
toms were generated as 84 cm high without legs and body masses of 35 and 37 kg, respec-
tively.

Table 1. Comparison of ICRP phantoms and those developed with our tool. The volume of the or-
gans is given as well as the overall volume of the phantom. For Tena 1, the phantom height was 84
cm and the body mass was 37 kg. Tena 2 was 84 cm high and had a mass of 37 kg. For the ICRP

phantom, data for arms and legs were not calculated.

Volume [cm3]

ICRP 10 Weeks ICRP 17 Weeks Tena 1 Tena 2
Soft tissue 22,022.1 22,639.0 22,670.6 23,241.6
Bones 2352.9 2360.0 2290.0 2281.4
Bone marrow 1762.3 17719 670.8 668.2
Nerves 1244.6 1247.2 1153.9 1154.0
Esophagus 41.2 41.7 11.0 11.0
Esophagus lumen 20.2 20.2 4.1 4.0
Lungs 2209.3 2260.6 3648.8 3626.5
Air in body 27.4 27.3 133.7 133.3
Eyeballs 14.6 14.6 124 124
Eyeballs 68.2 68.0 29.4 294
Myocardium 277.7 280.2 201.6 200.6
Colon 429.9 435.3 214.1 264.2
Colon content 304.8 304.8 595.4 418.0
Stomach, small intestine 886.9 898.1 371.0 387.9
Stomach, small intestine contents 485.7 485.7 810.1 523.4
Liver 1729.8 1753.1 1652.0 1641.7
Spleen 179.3 182.7 363.0 360.8
Kidneys 341.5 350.5 289.4 287.5
Gallbladder 7.8 7.8 14.5 14.4
Gallbladder content 45.7 45.7 15.2 15.2
Pancreas 138.6 140.1 79.0 78.5
Adrenal glands 14.8 14.9 4.7 4.7
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Blood 707.4 750.6 744.6 739.6
Thyroid 18.6 18.7 10.0 9.2
Uterus 236.9 592.4 38.3 965.1
Urinary bladder 53.5 53.5 20.2 19.7
Urinary bladder content 190.5 190.5 13.0 10.3
Overall volume 35812.3 36955.1 36060.7 37102.4

In the ICRP phantoms, volumes of extremities were not calculated, while the “com-
mon denominator” for the fetus, amniotic fluid, and placenta in both phantoms is the
uterus. Since the Tena 1 phantom is two weeks younger in gestational age, it is reasonable
that the uterus volume is lower. It should be also taken into consideration that the Tena
phantom is based on a real patient scenario.

4. Discussion

Within this study, software enabling the creation of personalized pregnant female
phantoms has been developed and named Fantom Wizard. It is available as open-source
software (under an MIT license) and can be used by the scientific community to improve
fetal dosimetry in DIR and RT procedures performed on pregnant patients. Although sim-
ilar tools exist (SlicerRT, Slicermorph, and Platimatch), none of them are dedicated to
pregnant patients and have the possibility to export in several computational formats sim-
ultaneously. Fantom Wizard allows for building personalized pregnant patients as com-
putational phantoms for MC simulations as well as providing geometry for building
physical phantoms for fetal dose measurements (Figure 3). A Tena anthropomorphic
phantom of a pregnant female was used as a reference [9,10]. The ICRP is also developing
pregnant female Mesh-type reference computational phantoms [29,30]. Nevertheless,
Fantom Wizard goes beyond reference phantom creation. This approach can be used to
build similar tools for the personalization of phantoms with ICRP reference phantoms.
Even then, this tool can add value for the further personalization of pregnant patient do-
simetry (experimental or using MC simulations).

The main limitation of Fantom Wizard is that phantoms development is based on
ICRP reference organ data [18], though large variations among pregnant women exist.
The same applies to variations in heights and masses of patients. When comparing ICRP
phantoms [29,30] with phantoms of similar gestation age, height, and mass generated by
Fantom Wizard, there are significant differences between some of the organs (Table 1).
This limitation here is addressed with the possibility of registering the real patient CT and
then adjusting it within the tool (Figure 7). An additional limitation that influences the
fetal dose estimation is variations in fetus positions. At this stage, this is addressed only
as a possibility to change the fetal orientation in the second gestational period. Neverthe-
less, this can be further investigated in terms of involving the dosimetric impact of ana-
tomical variations of pregnant patients undergoing DIR or RT procedures.

There are several fetal dose estimation methods and tools in DIR, but it has been
shown that the uncertainties of these methods are not well known in clinical routine [2].
In RT, fetal dose estimation methods mostly rely on approximations developed from the
distance between the edge of the radiation field and the fetus [31]. Fantom Wizard offers
the possibility of developing a computational anthropomorphic phantom of a pregnant
woman for use in MC simulations and fetal dose estimation. The tool can provide DICOM
files of the patient that can be used for dosimetric studies in RT or even used in treatment
planning systems. Additionally, there is the possibility of exporting mesh format files,
which enables 3D printing of the same phantom and performing experiments on identical
geometry as MC simulations. This can influence current dosimetry practices in clinics,
enabling better understanding of fetal dose estimation methods used routinely.
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The example phantoms (Figure 8a—c) are developed by the software tool to show the
need for pregnant phantom personalization. Fetal doses for different RT or DIR proce-
dures could differ significantly in these example phantoms. Also, AAPM 36 and 158
[27,31] emphasize that the determination of fetal doses during radiotherapy should be
improved by performing MC simulations and measurements in dedicated anthropo-
morphic phantoms.

As demonstrated in Table 1, Fantom Wizard successfully created phantoms matching
those provided by ICRP, perfectly matching overall phantom volume. The discrepancies
might occur since Tena Phantom is based on the real case scenario of the pregnant female.

Fantom Wizard has been developed to enable the more personalized estimation of
fetal dose in DIR and RT procedures. This should help decrease fetal dose estimation un-
certainty as well as simplify and speed up the process of fetal dose estimation. It is re-
leased publicly to enable further research.
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