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Treatment with radiotherapy in pregnant women may occur due to
some critical conditions. The dose given during the treatment process
is not only received by the patient but can also be absorbed by the fetus
which can affect its growth. Moreover, the radiation target is near the
fetus such as the lung. This study aims to determine the dose
distribution to the fetus with variations in fetal age (trimester 1, 2, and
3), beam energy, field size, and fetal distance to the target location
(lung). The entire simulation utilized the Monte Carlo-based software
EGSnrc-DOSXYZnrc which produced a 3-dimensional dose
distribution on the virtual phantom. The simulated virtual phantom
is a box with a size of 40x40x40 cm3 containing several materials,
namely water, tissue, and lung. The size of the fetus is varied
according to trimesters 1, 2, and 3. The beam is in the form of
monoenergetic photons with energies of 3 MeV and 5 MeV emitted
from above with a source to surface distance (SSD) of 48 cm. The field
size was set at 5x5 cm? and 8%8 cm? on the phantom surface. The beam
axis was located at a distance of 5 cm and 3 cm from the fetus. The
results showed that the four variations performed affected the fetal
dose, where the fetal dose increased considerably when the field size
was enlarged and the beam axis was closer to the fetal position. The
increase in fetal dose is also influenced by the increase in fetal age and
beam energy. Meanwhile, the location of the beam below the lung
causes an increased dose to the fetus due to the closer position of the
beam to the fetus.

Copyright (c) 2025 by Author(s), This work is licensed under a Creative
BY SA

Commons Attribution-ShareAlike 4.0 International License.

Introduction

In 2020, lung cancer is one of the leading causes of death, accounting for 13.2% (30,843 deaths)
in Indonesia [1]. Lung cancer did not have specific symptoms, making it difficult to diagnose
[2-25]. Lung cancer treatment could be done using surgery, radiation therapy, chemotherapy,
targeted therapy, and immunotherapy. Lung cancer radiotherapy works by controlling the
growth of cancer cells [3-6]. Radiotherapy could adjust the target shape and reduce risks to
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healthy tissue. However, radiotherapy could cause physiological and genetic risks [7]. These
risks were particularly concerning for pregnant patients. The potential impacts of radiotherapy
included miscarriage, premature birth, and death [8-11]. Thus, it was essential to understand
the radiation dose distribution to the fetus.

Monte Carlo (MC) is commonly used to calculate dose in complex geometries, including fetal
dose distributions [12-14]. MC is a powerful and commonly used tool to simulate particle
transport and calculate the energy deposited in a given volume in homogeneous and
inhomogeneous materials [15-17]. Monte Carlo (MC) is considered the “gold standard” for
dose calculations and particle transport in radiotherapy, which can precisely calculate doses
in complicated geometries and inhomogeneous material such as human tissue [18-20]. Some
MC codes that are widely used in radiotherapy are EGSnrc [16-17], MCNP, PHITS, and
PENELOPE [21]. EGSnrc is a widely used software for simulating electron and positron
photons developed by the National Research Council of Canada that can also be used to
simulate fetal dose distribution.

Research on dose distribution in fetal has been conducted by Benameur et al. (2023). They used
the Monte Carlo code GATE to estimate the fetal radiation dose for a pregnant patient treated
for Hodgkin's lymphoma. The pregnant patient was modeled with a voxelized pregnant
female phantom with gestational age at week 24. The results of this study showed that the
average absorbed fetal dose was 26.18 mGy [22]. Another study has been conducted by
simulating fetal radiation dose distribution in pregnant women with breast cancer. The beam
used was an X-ray with an energy of 6 MV. The gestational age (fetus) was set in the first and
second trimesters with a phantom size of 30x30x5 cm?. The study concluded that the fetus
received a maximum radiation dose of 22 mGy and 70 mGy in the first and second trimesters,
respectively [13]. Geng et al. (2016) used Monte Carlo TOPAS to evaluate the scattered photon
dose, secondary neutron dose, and equivalent dose received by a sensitive fetus from photon
and proton radiotherapy when treating brain tumors during pregnancy using an
anthropomorphic pregnancy phantom with three stages (3, 6, 9 months). The results obtained
show that pregnant women with brain tumors can be treated with pencil beam scans that pose
no risk to the fetus [23].

This study aimed to simulate radiation dose distribution to the fetus using Monte Carlo (MC)
simulation. A dose distribution simulation was performed on lung cancer of pregnant women
with varied gestational (fetal) ages.

Experimental Method

The simulation was conducted using the Monte Carlo method with EGSnrc software. EGSnrc
was developed explicitly for linac modeling and dose calculations [24]. This simulation used
isource = 3 or Point Source Rectangular Beam Incident from the Front. The source used was a
photon beam with energies of 3 MeV and 5 MeV. The beams were emitted from the front at a
distance of 48 cm (Source to Surface Distance = 48 cm). The phantom was illustrated as a box
with dimensions of 40x40x40 cm®. The materials used in the phantom included bone, fetus,
water, and lung. The bone and lung are at a depth of 2 and 4 cm from the surface of the
phantom, respectively (the distance between the bone and lung is 2 cm). The dimensions of
the lung are 8x8x8 cm3. The following is the simulation setup that was conducted [23].
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Figure 1. Phantom illustration (a) top view (b) side view

The phantom was illustrated in Figure 1. The lung and fetus were located at a depth of 4 cm
from the surface. The field size was set to sizes of 5x5 cm? and 8%8 cm?. There were two
irradiation locations, namely irradiation 1 and irradiation 2. Irradiation 1 was 5 cm away from
the fetus or right in the middle of the lung, while irradiation 2 was set 3 cm away from the
fetus or in the lower part of the lung. The simulation involved 100 million particles. The
phantom illustrating the fetus varied according to the trimester. The fetus was set at trimester
1, trimester 2, and trimester 3. The volume of the fetus in the first trimester was 128 cm? with
a distance of 3 cm between the lung and the fetus. In the second trimester, the volume of the
fetus was 512 cm?® with a distance of 2 cm between the lung and the fetus. In the third
trimester, the volume of the fetus reached 1.152 cm?® with a distance of 1 cm between the lung
and the fetus. Fetal size in each trimester was obtained from Utami et al. 2020 [29].

Data analysis was conducted using the outputs from DOSXYZnrc, specifically the .3ddose and
.egsphat files. These files were then analyzed using MATLAB to obtain isodose and DVH
curves. Isodose curves were used to observe the dose distribution received by the cancer and
surrounding organs [12, 25]. DVH curves in radiotherapy simulation provided a 3D
visualization of the received dose [8].

Results and Discussion

Implementation of radiotherapy for pregnant women requires careful consideration to
provide the best care for both the mother and the fetus. The radiation dose received by the
fetus had to be minimized. In this study, a pregnant woman with lung cancer was irradiated
using photon beams while varying the irradiation location (distance between the fetus and
the irradiation site), fetal age, photon beam energy, and field size. The results were presented
as isodose and Dose Volume Histogram (DVH) curves.

Isodose curves were used to observe the dose distribution received by cancerous and
surrounding healthy tissues. These curves were derived from .3ddose and .egsphant files and
were analyzed using MATLAB-based VDOSE. The DVH curve represents the dose
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distribution tissues or organs receive in 3D. The x-axis on the DVH curve shows the
percentage of the dose received, while the y-axis shows the percentage of the volume
receiving the dose [21].

Fetal Age

The fetus's age varied based on the trimester. The fetus in the first trimester was estimated to
be 3 months old, the second trimester was 6 months old, and the third trimester was 9 months
old. The simulation was conducted using 5 MeV photon beams, with a field size of 8x8 cm?,
and the irradiation location at irradiation 2 was set 3 cm away from the fetus. The isodose
curves were extracted at a depth of 4 cm or slice 21. Figures 4 and 5, respectively, showed the
isodose and DVH curves for the variation in fetal age. The volume of the fetus in the first
trimester was 128 cms3, in the second trimester was 512 cm?, and in the third trimester was 1.152
cmd.

(b)

F 170
60
150

Figure 2. The isodose curve at (a) trimester 1, (b) trimester 2, and (c) Trimester 3

Figure 2 shows the isodose curves from the simulation with varying fetal ages. In Figure 2a,
the fetus in the first trimester received no radiation dose. Figure 2b, which showed the fetus in
the second trimester, indicated that the fetus was exposed to radiation doses ranging from 20%
to 100%. However, the area receiving this dose was not as large as in the third trimester (Figure
2c), where the fetus received doses ranging from 10% to 100%.
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Figure 3. DVH curve of the lung with varied fetal ages

The DVH curve in Figure 3 shows the dose received by the lung. The dose received by the lung
was the same for each trimester. This was because the treatment of the lung was kept consistent
for each variation in fetal age. The fetus in the first trimester received a dose of 1% to 13% in
0.02% of its volume. The fetus in the second trimester also received a dose of 1% to 100% in
0.04% of its volume. The fetus in the third trimester received a dose of 1% to 100% in 0.07% of
its volume. These percentages were calculated from the total volume of the fetus in each
trimester.

The simulation data showed that the fetus in the first trimester received the least dose. In the
second and third trimesters, the fetus received a 100% dose, but the 100% dose received by the
fetus in the third trimester covered a larger area. As the fetus grew older, the dose received
also increased. This was because as the fetus aged, its size increased, making it closer to the
lung as the irradiation site. The fetus also received radiation doses when the lung was
irradiated due to the closer proximity of the fetus to the lung. These results are in line with
research conducted by Mazonakis et al. (2026) showed that an increase in fetal age resulted in
an upward in fetal dose.

Photon Beam Energy

The particle source used in this study was a monoenergetic photon beam with energies of 3
MeV and 5 MeV, positioned 48 cm from the phantom. The field size was set to 8x8 cm?, with
irradiation location 2 being closer to a 9-month-old fetus or in the third trimester. Figure 4
showed the isodose curves for 3 MeV and 5 MeV energy variations. At 3 MeV photon energy,
the fetus received a dose ranging from 10% to 100%. In Figure 4b, for 5 MeV photon energy,
the fetus also received a dose within the same range. Both dose distributions indicated the
same minimum and maximum doses at both energies.
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Figure 4. Isodose curve with energies of (a) 3 MeV and (b) 5 MeV

The DVH curve in Figure 5 also showed that the volume exposed to radiation had nearly the
same percentage. The DVH curve in Figure 5 with energy variations showed that lung
irradiated with 3 MeV energy received a lower dose than with 5 MeV energy. Radiotherapy
treatment on the lung also affected the fetus. The radiotherapy simulation with 3 MeV energy
gave a dose ranging from 1% to 100% to 0.03% of the fetus. Meanwhile, the fetus received a
dose ranging from 1% to 100% to 0.07% of its volume. The data obtained showed that at both
3 MeV and 5 MeV energy levels, the fetus received doses up to 100%. However, at 5 MeV
energy, the area of the fetus receiving up to 100% dose is larger. 5 MeV photon radiation causes
the fetus to receive the maximum dose over a larger area. Additionally, the lung's dose is
higher than 3 MeV photons. 5 MeV photons undergo more interactions, leading to ionization.
More interactions result in more photon energy being deposited, thus increasing the absorbed
dose.
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Figure 5. DVH curve of lung with energy variation
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Field Size

The field size in radiotherapy indicates the area that will receive the radiotherapy treatment.
The field size had to be precisely adjusted to match the size of the cancer, ensuring that only
the target area was exposed to radiation while protecting the surrounding healthy tissue. This
study was conducted using field sizes of 5x5 cm? and 8x8 cm?. The fetus was set in the third
trimester and irradiated with 5 MeV photon energy at irradiation beam 2. The following are
the isodose and DVH curves obtained (Figures 6 and 7). A field size of 5%5 cm? caused the
fetus to receive a dose of 10%. In contrast, with a field size of 8x8 cm?, the fetus received a
larger dose ranging from 10% to 100%. The resulting isodose curve illustrated that the fetus
received a higher dose with the 8x8 cm? field size.
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Figure 6. Isodose curves with field size (a) 5%5 cm? and (b) 8x8 cm?

The results from the DVH curve in Figure 7 showed that the dose received by the lung with
an 8x8 cm? field size was higher than a 5x5 cm? field size. This study focuses on the dose
received by the fetus. With a 5x5 cm? field size, the fetus received a dose ranging from 1% to
37% over 0.009% of its volume. In contrast, an 8x8 cm? field size resulted in a dose ranging
from 1% to 100% over 0.07% of the fetus's volume. Lung radiotherapy with an 8x8 cm? field
size resulted in the fetus receiving a higher dose compared to a 5x5 cm? field size. A larger
field size produced a broader dose distribution. With a larger field size, the radiation spread
became less localized to the lung, allowing the radiation beam to impact the fetus.
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Figure 7. DVH curve of lung with field size variation

This study was conducted with the lung as the irradiation site, as shown in Figure 1.
Irradiation location 1 was set at the center of the lung, 5 cm away from the fetus, while
irradiation beam 2 was set at the lower part of the lung, 3 cm from the fetus. The fetus was set
at the third trimester because, at this stage, the fetus was closer to the lung. The results

included the isodose curves and DVH curves obtained.
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Figure 8. Isodose curves of irradiation sites in (a) beam 1 and (b) beam 2

Figure 8 show the isodose curves from the dose distribution simulation for irradiation
locations 1 and 2. In Figure 8a, the irradiation location was set to beam 1, showing that the
fetus did not receive any radiation at all. In contrast, Figure 8b, where the irradiation location
was set to location 2, demonstrates that the fetus received doses ranging from 10% to 100%.
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Figure 9. DVH curve of lung with variation of irradiation location

The DVH curve in Figure 9 shows that a 100% dose was achieved in a larger area of the lung
at irradiation beam 1. Conversely, the fetus received a higher dose when irradiation was
conducted at beam 2. This was due to the fetus being closer to the irradiation site, which
resulted in the fetus being exposed to scatter from the photon beam. Irradiation at beam 1
resulted in the fetus receiving a dose ranging from 1% to 12% over 0.07% of its volume. In
contrast, irradiation at beam 2 led to the fetus receiving a dose ranging from 1% to 100% over
0.075% of its volume. This demonstrate that a closer irradiation location to the fetus results in
a higher dose received by the fetus.

Conclusion
This study was conducted using a 40x40%40 cm?® phantom with variations in fetal age, photon

beam energy, field size, and irradiation location. Simulations revealed that the fetus in the
third trimester received the highest dose. This is because the fetus is larger in the third
trimester, making it closer to the lung, which serve as the irradiation site. In terms of photon
energy variations, it was found that higher energy levels led to higher doses received by the
fetus. Greater energy causes more interactions and more energy deposition. Irradiation in
beam 2, positioned at the lower part of the lung, resulted in a higher absorbed dose for the
fetus due to its closer proximity to the lung as the irradiation site. The large field size also
increases the dose to the fetus
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