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This paper aims to describe the photon beam characteristics in terms of energy and angular
distribution during breast megavoltage photon radiotherapy of pregnant patients. Photon
beam characteristics are investigated at treatment volume (breast) and the position of the fe-
tus in the Tena phantom using Monte Carlo simulation. Photon beam energy spectra are com-
pared across various materials used as substitutes for constructing physical and computa-
tional phantoms. Mean energies calculated in substitute materials developed by our group
and used to build the Tena phantom, differ up to 10 % from the calculated ones in ICRU ref-
erence tissue materials. It was found acceptable since this is less than the differences between
ICRP and ICRU materials. Then, the photon beam characteristics are investigated in the an-
thropomorphic phantom, Tena. Photon beam mean energy in the fetal region of the phantom
(out-of-field) is significantly lower (more than 1 MeV) than at the breast position (in-field).
The angular distribution of the photon beam at the breast position predominantly shows a
forward direction, whereas, at the fetus position, the distribution is more scattered. When se-
lecting a detector, it is crucial to consider the differences in photon energy and angular distri-

butions between in-field and out-of-field measurement points to reduce measurement uncer-

tainties and ensure reliable data.
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INTRODUCTION

According to the FIGO 2018 report [ 1], the inci-
dence of carcinoma during pregnancy is reported to be
1:1000-1:1500 pregnancies. The incidence has in-
creased over the past 30 years [2]. With an incidence of
1:10000 up to 1:3000, breast carcinoma is the most
common malignant tumor during pregnancy [3]. Ra-
diotherapy (RT) of pregnant patients has drawn spe-
cial attention from scientific and clinical communities
in the past few years [3-5].

Techniques and data that can aid the medical
physicist who needs to plan the radiation therapy of a
pregnant patient using photon beams are given in sev-
eral reports [6, 7]. It has been shown that treatment
planning systems (TPS) ar not accurate in assessing
out-of-field doses [8-10]. There are empirical methods
for fetal dose estimation in photon radiotherapy based
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on measurements in simple geometry [7]. Measure-
ments in phantoms or Monte Carlo (MC) simulations
could give more accurate results, especially if patient
anatomy is used close to the actual [3, 5]. Luminescent
detectors, such as radio photoluminescent (RPL),
thermoluminescent (TL), and optically stimulated lu-
minescent (OSL) detectors, are widely used to mea-
sure photon out-of-filed doses in different phantoms
during various RT procedures [11-15]. Detectors are
commonly calibrated in the standard photon fields
(such as ¥7Cs and °°Co gamma fields). However,
out-of-field radiation is made of secondary/scattered
radiation and there is a different energy and angular
spectrum at various positions in phantoms. Therefore,
correction for energy and angular dependence of TL,
OSL, and RPL detectors should be applied if needed
[11, 14]. In addition to luminescent detectors, other
detectors such as films, diodes, ion chambers, and
MOSFET are also used for out-of-field photon dosim-
etry [6]. To find out if corrections are needed for a de-



D. Faj, et al., Monte Carlo Simulation of Photon Breast Radiotherapy of ...

Nuclear Technology & Radiation Protection: Year 2024, Vol. 39, No. 2, pp. 154-159 155

tector used for photon dosimetry, photon beam charac-
teristics in terms of energy and angular distribution in
measurement (fetal) positions for RT of interest should
be known.

The MC simulations are a valuable research
method since they can provide data beyond the experi-
mental approach [16, 17]. However, their setup and
computational time require significant effort. Addi-
tionally, MC simulations involve uncertainties, such
as underestimating the absorbed dose outside the pri-
mary radiation field [18, 19].

This paper aims to describe the photon beam
characteristics, specifically energy and angular distri-
bution, during breast photon radiotherapy for a preg-
nant patient. The photon beam characteristics are pre-
sented in the treatment volume (breast) and the fetus
position (outside the treatment field) using MC simu-
lation of RT beams in an anthropomorphic phantom.
These characteristics are compared across different
materials used as substitutes for constructing physical
or computational phantoms.

MATERIALS AND METHODS

The MC simulation, of Siemens Oncor medical
linear accelerator, was applied for the MV breast RT of
the pregnant patient. The RT was simulated using the
3-D conformal RT technique with five beams (2 me-
dial, 2 lateral, and one posterior). To obtain informa-
tion that is beyond the experiment and TPS data, MC
simulations were performed using Monte Carlo
N-Particle transport code (MCNP) version 6.2 [20].
Previous publications of this research group exten-
sively tested the model of the accelerator used [21-24].
The materials used for the MC of the accelerator and
the materials for the phantom were taken from the
Compendium of material composition data for radia-
tion transport modeling [25] and our previous publica-
tion respectively [4]. The voxelized form of the preg-
nant female phantom Tena was taken from Kopacin et
al. [3]. The ENDF/ B-VII (Evaluated Nuclear data file
B-VII) [26] cross- section data libraries were used to
perform the simulations. The accelerator model in-
cludes the target, primary collimator, flattening filter,
multi-leaf collimator (with each of the 80 leaves mod-
eled separately, as shown in fig. 1), and head cover.
Each gantry position and field shape were modeled in-
dividually. The electrons impinging on the target had
an energy of 6 MeV with a Gaussian spread of 3 %.

To test the photon beam characteristics, several
sets of MC simulations were performed. Since physi-
cal and radiological characteristics (physical density,
effective atomic number, and CT number) of Tena sub-
stitute materials are already proven as reliable [4], we
additionally compared scattering properties with those
commonly used in RT procedures (ICRP) and refer-
ence tissue materials (ICRU). Scattering properties are

Figure 1. The parts of the accelerator depicted using
MCNP plotter accelerator head (a); position of the leaves
forming the field F1 (b)

tested using simplified MC simulations. Namely, the
source was defined as isotropic with photon spectra
obtained from previous simulations [3]. A box with di-
mensions of 30 cm x 30 cm x 30 cm was placed 90 cm
from the isotropic source. The box for scoring spectra
(5 cm x 5 cm x 0.2 cm, where the depth was 0.2 cm)
was set at the depths of 5 cm and 10 cm. These depths
are chosen as representative of the RT plan used in this
work. Both larger box and detector boxes were filled
with soft, lung and bone tissues that are defined by
ICRP [27], ICRU [28], and Tena compositions [4]. In
each simulation, 3-10° particles were simulated and an
F4 tally was used to calculate the spectra in the detec-
tor boxes. The results were accepted if all 10 statistical
checks for each tally were satisfied [29].

In the second set of simulations, the voxelized
pregnant female phantom Tena was filled with Tena,
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ICRU, and ICRP substitute materials. A full radiation
therapy plan was applied to the phantom as defined in
our earlier publications [3, 4]. The treatment plan con-
sisted of only five fields, which were sufficient to cover
the treatment volume. Such a small number of fields en-
abled us to easily incorporate field geometry into the
MCNP input since each leaf needs to be positioned
manually. Tallies for recording the spectra and angular
distribution of the incident particles were positioned in
cubes with a 1 cm base and overlapped with voxelized
phantom geometry. The spectra were collected in the fe-
tus's head (outside the treatment field) position and
isocenter point, fig. 2. The distance between these two
positions is 40 cm. Since the detector at the out-of-field
position has a lower probability of sampling incident
particles, to reduce the variance DXTRAN sphere with
a 10 cmradius was set in the fetus' head. In this way, the
number of particles that arrive at the detector increases.
All the details regarding the simulations are described
in the previous publication [4].

RESULTS

In the first set of simulations MC simulations for
the cube filled with each material, defined in three dif-
ferent ways (using ICRP material, ICRU material, and
the Tena materials), were performed to estimate the
mean energies at two different depths (5 cmand 10 cm,
tab. 1). For soft tissue, mean energies correlate closely
even for the depth of 10 cm, though for bone and lung
tissue, the differences are larger. Relative errors of all
simulations are below 0.1 %.

To choose appropriate dosimeters for measure-
ments in the treatment volume and in the position of
the fetus (second set of MC simulations) photon spec-
tra were determined at both positions. All materials
(Tena, ICRU, and ICRP) used in MC simulations show
that spectra in treatment volume and outside the treat-
ment field differ significantly figs. 3(a)-3(c). Error
bars represent relative errors but since the error for
most of the bins is below 1 % they are barely visible,
especially in the breast position.

Table 1. Mean energies at 5 cm and 10 cm depth in 30 cm x
x 30 cm % 30 cm box filled with different tissue supplements
as defined for ICRP, ICRU, and Tena materials

Mean energy [MeV]

Material Bone Lung Soft tissue
Scm |10cm| Scm |10cm| Scm | 10cm
TENA | 0.948 | 0.893 | 1.227 | 1.217 | 0.937 | 0.865
ICRP | 0.864 | 0.789 | 0.921 | 0.848 | 0.935 | 0.863
ICRU | 0.889 | 0.832 | 1.325 | 1.304 | 0.935 | 0.862

Photons at the fetus's position (outside the treat-
ment field) showed a mean value of 0.3 MeV for Tena
and ICRP materials, while ICRU has a mean energy of
0.45 MeV. In the treatment field, the mean values for
ICRP, Tena, and ICRU are 1.53 MeV, 1.54 MeV, and
1.52 MeV, respectively. Figure 4 presents the angular
distribution of photons in the breast and the position of
the fetus during breast photon MV RT.

Angular distribution at the position of special in-
terest (breast and position of the fetus) was also calcu-
lated in both positions. The probability of photon an-
gle at the position of the fetus is marked in white while
at the breast position is hatched. Error bars represent
relative error. At 0° in each position (breast/fetus) the
vector is directed from the accelerator target toward
the treatment table at a gantry angle of 0°.

DISCUSSIONS

Photon energies at two different depths in mate-
rials defined by ICRP, ICRU, and Tena physical phan-
tom materials [3, 4] were investigated to additionally
validate Tena substitute materials. Mean energies for
these materials (ICRP, ICRU, and Tena), at two repre-
sentative depths (5 cm and 10 cm) were examined. For
bone material, Tena material composition overesti-
mates the mean energies by approximately 7 % on both
depths, while for lung tissue the dose is underesti-
mated by 7 % when compared to ICRU materials. For
soft tissue, the difference in mean energies is in the or-
der of 0.3 %, even at greater depths, for all three mate-
rials. This is significant since most of the Tena phan-

Figure 2. Tena phantom with approximate positions of the detectors marked with black dots
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Figure 3. Photon spectra at the breast and the position of
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tom is cast from the soft tissue substitute material. MC
simulations showed better agreement of mean ener-
gies at 5 cm and 10 cm depth for Tena than for ICRP
substitute materials when compared to ICRU refer-
ence material. This confirms the suitability of Tena
substitute materials for RT beam dosimetry in the
treatment volume.

The second part of the work was to determine
photon beam characteristics in MV photon breast RT
in treatment volume and the position of the fetus in the
Tena phantom. Figure 3 shows photon energies at the
treatment position and the position of the fetus in the
Tena phantom for Tena, ICRP, and ICRU materials. A
comparison of spectra and mean energies shows
agreement in the treatment position as already shown
with the previous set of MC simulations. Differences
in photon spectra between Tena substitute material and
ICRU reference material at the position of the fetus in-
crease. Nevertheless, in the same position, photon
spectra, as well as, photon mean energy in Tena substi-
tute material are comparable to the ICRP substitute
materials that are typically used for mathematical and
physical phantom creation. Results shown in fig. 3 in-
dicate significant differences in photon spectra be-
tween the treatment volume and position of the fetus in
the Tena phantom. Similarly, fig. 4 shows large differ-
ences in the angular distribution of photons at these
positions. Detectors that are widely used for measure-
ments of photon out-of-field doses in RT, such as RPL,
TL, and OSL, might need a correction factor due to
changes in energy and angular spectrum at different
positions in phantoms [11, 14, 15, 30]. This change co-
mes because out-of-field radiation is made of scattered
(secondary) radiation. Information on spectral or an-
gular distribution and energy ranges, figs. 3(a)-3(c), or
even the dose to the whole organ, is valuable informa-
tion when choosing the appropriate detector for [10,
31]. The difference in mean energies at fetal (in-field)
and breast (out-of-field) position, according to this
study results, is more than 1 MeV, fig. 3, so the detec-
tors of choice must be sensitive in both energy regions

/] [] Fetus

Breast

Figure 4. Probability of photon angle at the
breast and the position of the fetus during
breast photon MV RT

Angle []



D. Faj, et al., Monte Carlo Simulation of Photon Breast Radiotherapy of ...

158 Nuclear Technology & Radiation Protection: Year 2024, Vol. 39, No. 2, pp. 154-159

or appropriate correction factor must be applied. The
data from our simulations showed that for the position
of the fetus, only 3 % of all the particles impinging the
detector have angles that are perpendicular to the ini-
tial beam, fig. 4, which is significantly different when
compared to the particles inside the radiation field.
These results are valuable for experiment setup since
some of the detectors might show discrepancies if irra-
diated under these conditions [11, 30-32].

The TPS does not provide sufficient accuracy for
dose calculations in regions far from the beam edge, as
is the case with pregnant patients [33, 34]. However, for
pregnant patients undergoing radiation therapy, the fe-
tal dose is the crucial information needed for an optimal
treatment process. Selecting the appropriate detector
for estimating the dose at the position of the fetus, re-
quires careful consideration of beam characteristics.
This is essential for reducing measurement uncertainty
and obtaining reliable data.

CONCLUSION

The mean energies of Tena substitute materials dif-
fer up to 10 % from ICRU reference tissue materials.
Photon mean energy in the fetal region (out-of-field) is
significantly lower (more than 1 MeV) than at the breast
position (in-field). At the position of the fetus, only 3 %
of the particles impinging the detector have angles per-
pendicular to the initial beam. Differences in photon en-
ergy and angular distributions between in-field and
out-of-field points of measurement need to be considered
to decrease measurement uncertainties and obtain reli-
able measurement data.
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Hapno ®AJ, Xpsoje bPKNh, Bjekocias KOITAYUH, Mapuja MAJEP,
Kemka KHEXKEBHWH, Csjeriana MAPUH, Minagen KACABAIINH

MOHTE KAPJIO CUMYJAIINJE ®OTOHCKE PATUOTEPAIINJE
HOJKE TPYJHE IMAIIMJEHTKUIbE
KapakTtepucruke cHona

Capxa oBoOra paja je fia ce ONHIIy KapaKTepHCTUKe €HepreTcKe U yraoHe pacnofene (phoToHa
TOKOM MeraBoJITHE (DOTOHCKE paAgMoTepamnmje TpyRHE MNanujeHTKumbe. Kapakrepucrtuke (oToHa
IIpHUKa3aHe Cy y [MJbaHOM BOJyMeHY (JiojKa) ¥ (peTaTHOM ToI0Kajy, Kopucrehn MonTe Kapio cumynanuje
Ha aHTPONOMOpP(MHOM aHTOMY. YHopebeHe cy KapaKTepUCTHKE 3a pas3inuyuTe MaTepujane Koju ce
KOpHCTe Kao 3aMeHa TKUBa 3a M3pafy (pU3MYKUX WM padyHapckux danToma. Cpenme eHepruje TeHa
CYIICTUTYIMjCKUX MaTtepujana pa3nukyjy ce mo 10 % om ICRU pedepentaux marepujana. Poroncka
cpenmwa eHepruja y eTasHOM HOJpYYjy 3HauajHO je HuKa (Bume of 1 MeV) of oHe y moapyyjy flojKe.
doroHcKa yraoHa gucTpulyiiyja Ha MOI0XKajy ojKe UMa npedepupanu cMep, 10K je Taj cMep Ha (peTaTHOM
I0JI0Kajy pacnpiueH. Pasnike y enepruju hOTOHA U YTaOHO] pacrofenn n3Mehy MEpHUX Tayaka y IoJby
3padyerha W W3BaH Hera MOpajy ce y3eTH y 003Wp 3a CMameme HECHTYPHOCTH Mepema W fobujama
NIOY3/laHUX MEPHUX MOlaTaKa.

Kmwyune peuu: mezasoaitino ¢oitioricko 3pauerbe, Monitie Kapao cumyaauuja,
Kapaxiiepuctiiuka cHoiia, wpyOoHUuya



