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Cervical cancer, with approximately 569.000 new cases annually, ranks
as the fourth most prevalent malignancy among women worldwide. This
high incidence rate significantly contributes to its position as one of the
leading causes of cancer-related mortality worldwide. Boron Neutron
Capture Therapy (BNCT), a form of radiotherapy based on the neutron
capture principle, utilizes boron-10 as a targeted agent for destroying
cancer cells. In this study, the geometry of cervical cancer tissue and
surrounding healthy organs was simulated under neutron irradiation,
using boron concentrations of 100, 120, and 140 pg/g from the left-lateral
and posterior-anterior directions. This study aimed to determine the
optimal boron concentration and irradiation time for effective eradication
of stage I11A cervical cancer while minimizing side effects. The Particle
and Heavy lon Transport Code System (PHITS) was employed to model
particle transport and dose distribution. Simulation results indicate that
the total dose rate required for tumor eradiction in the 8.68 x 10?2 Gy/s
Gross Tumor Volume (GTV) is achieved at a boron concentration of 140
ug/g, with minimal impact on surrounding tissues, and an optimal
irradiation time of 18 minutes 22 seconds from the left-lateral direction.

© 2025 Tri Dasa Mega. All rights reserved.

1. INTRODUCTION*
Cancer is

caused by the uncontrolled

specifically affecting its outer epithelial layer [2].
Globally, cervical cancer poses a significant threat to
women's health [1]. The etiology of cervical cancer is

development of abnormal cells within the body’s
tissue [1]. According to GLOBOCAN 2022, cervical
cancer is among the leading causes of cancer-related
deaths worldwide. Cervical cancer ranks eighth
globally, with 662.301 reported cases and 348.874
deaths, placing it ninth in cancer mortality worldwide
[1]. Cervical cancer develops in the cervix,

“Corresponding author
Email:lailir777@gmail.com
DOI:10.55981/tdm.2025.7150

multifactorial, with human papillomavirus (HPV)
infection being the most common cause [1, 3]. HPV
infection, alongside risk factors such as smoking and
multiple sexual partners, is strongly associated with
cervical cancer [1]. Cervical cancer can be treated
using various therapeutic approaches [4].
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The selection of an appropriate cancer therapy is
crucial for patient survival, with minimal side effects
being a key consideration [4]. Boron Neutron
Capture Therapy (BNCT) is an innovative treatment
approach that minimizes side effects by specifically
targeting cancer cells for destruction [4, 5]. The
principle of BNCT, as described in Eg.1, involves the
interaction between boron-10 and thermal neutrons,
producing boron-11. Boron-11 subsequently decays
via two pathways: 6.1% produce alpha particles with
energy 2.79 MeV, and 93.9% produce lithium nuclei
releasing 2.31 MeV [6].

['2B] +

(1,78 MeV) + (1,01 MeV)

[5n] - [*sB]*

[%B]* - [;‘He] + [;Li] + 2,79 MeV (6.1%)
(1,78 MeV) + (0,84 MeV)

[11B]* - [4He] + [ILi]* + 2,31 MeV (93.9%)
)
[7Li] + y 0,48 MeV (1)

The foundation of BNCT lies in nuclear
processes, specifically the interaction between
thermal neutrons and the isotope boron-10, resulting
in the formation of boron-11, which then decays into
a-particles and lithium nuclei, as shown in Figure 1
[7]. In BNCT, boron is used to calculate the radiation
dose absorbed by cancerous and surrounding healthy
tissue [4].
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Figure 1. BNCT reaction scheme in cells [8]

Boron-10 is used because it has a high thermal
neutron absorption cross section, as shown in Table 1
[9]. This neutron capture reaction produces a high
Linear Energy Transfer (LET) KeV =150 KeV/um for
a — particles and talmost equal to~175 KeV/um for
lithium nuclei [10]. A precise LET measurement is
critical for administering the appropriate dose to the
patient, ensuring both efficacy and safety in treatment
protocols [11]. This reaction produces a high LET
capable of damaging cancer tissue at the cellular

level, with alpha particles and lithium nuclei having a
short range of 5-8 um, approximately equivalent to
the diameter of a single cell [10, 11]. This localized
energy deposition minimizes radiation damage to
surrounding healthy cells [12].

Table 1. Comparison of neutron capture elements [9]
No Element Cross Section (a)

1 Nitrogen 13.481
2 Hydrogen 32.945
3 Boron-10 3835

Very low-energy neutron capture cross sections
are important for research and practical uses in
nuclear science [13]. A cross-section quantifies the
probability of a reaction occurring with an atomic
nucleus. It can be conceptualized as an effective
target area representing this probability. If a particle
hits a circular area of this size, placed in the right
direction towards the target particle, then a reaction
can happen. The larger this area, the greater the
chance that a reaction will occur [14].

Dose calculations for large amounts of radiation
energy deposited in biological tissues cannot be
measured directly. This comprehensive dose
calculation may employ software such as the Particle
and Heavy lon Transport Code System (PHITS).
PHITS simulations are essential because the software
can model a wide range of particles, including
neutrons, protons, heavy ions, photons, and electrons.
This versatility makes PHITS a critical tool for
analyzing complex interactions in  various
applications [15, 16]. Dosage must be carefully
assessed when analyzing neutrons-  boron
interactions. Higher boron concentrations shorten the
required irradiation time, selectively destroying
cancer cells while sparing healthy tissue [3, 4].
Irradiation duration is determined by dividing the
minimum required therapeutic dose by the total dose
rate [6]. The concentration of boron needs to be
optimized to avoid toxicity; therefore, this study
evaluated concentrations of 100, 120, and 140 pg/g,
with irradiation applied from both left-lateral and
posterior-anterior directions [5]. The dosage range
was selected based on the minimum concentration
required to effectively target and eliminate cancer
cells, set at 15 ug/g. In contrast, the maximum
permissible concentration of boron is established at
150 pg/g [17]. This investigation examined the
impact of different boron concentrations on the
kinetics of radiation-induced  carcinogenesis.
According to Agestha M. 2023, at a concentration of
80 ng/g, the associated cancer dose rate measured
0.0167 Gyl/s. In contrast, an increased concentration
resulted in a dose rate of 0.0283 Gy/s. The findings
suggest that an increase in boron concentration
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corresponds with a rise in the radiation dose rate,
indicating that prolonged exposure may lead to more
significant effects. For subsequent analyses, the
researchers selected concentrations of boron that
were just below 150 pg/g and just above 100 pg/g [18,
19].

: PHITS is a Monte Carlo-based simulation
software capable of modeling particle interactions
with energies up to 1TeV. Figure 2 shows the types
of calculation models available in PHITS, including
Intranuclear cascade (INCL 4.6), JEND, ATIMA,
and EGS5 for various interactions [20].
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Figure 2. Model physics PHITS [20]

This research focuses on the utilization of the
BNCT method for cervical cancer therapy, as well as
how boron concentration affects individuals
receiving therapy for cervical cancer in terms of dose
rate and irradiation duration. Therefore, the dose
calculation uses the PHITS version 3.33 program to
accumulate the dose calculation so that it will know
the irradiation time needed for cancer therapy.

2. METHODOLOGY

This simulation focuses on analyzing boron
dosing in cancer treatment, specifically through
Boron Neutron Capture Therapy (BNCT), using the
PHITS program. PHITS facilitates dose evaluation
and visualization of particle trajectories, along with
other capabilities, as shown in Figure 2 [15].
Following an extensive review of relevant literature,
a detailed case study was undertaken, emphasizing
the categorization of the research materials:

2.1 Cervical cancer geometry

This study uses a cancer geometry model based
on the Oak Ridge National Laboratory (ORNL)
phantom, specifically designed for adult Asian
females. The model incorporates organ constituent
materials derived from the guidelines established by

the International Commission on Radiation Units
(ICRU). A phantom, a computational or physical
model of human anatomy, is widely employed in
radiology for dose simulation [21]. The mass fraction
of body tissue components is critical, as different
tissue types respond differently to neutron
interactions, resulting in varying radiation dose
absorption. Each part of an organ reacts differently
when it comes into contact with neutrons, which
means the amount of radiation dose the tissue
receives can be different. Materials should closely
match actual human tissues because their
composition affects radiation interactions;
consequently, the dose rate [22, 23].

Radiotherapy planning ensures that the target
area receives the maximum therapeutic dose while
minimizing exposure to healthy tissues. This can be
achieved wusing a computer-based Treatment
Planning System (TPS) [24]. The TPS outlines key
volumetric parameters for radiation therapy. The
Gross Tumor Volume (GTV) delineates the extent of
the tumor that is discernible through imaging
modalities and clinical assessments. The Clinical
Target Volume (CTV) comprises the GTV along with
an added margin to account for potential subclinical
disease spread. The Planning Target Volume (PTV)
expands the CTV with an additional margin for
patient positioning uncertainties, improving radiation
delivery precision [20]. The cancer structure consists
of a layered sphere measuring 3.2 cm in diameter,
categorized as stage Il1A. The geometry modeling is
based on the FDG PET/CT scan results shown in Fig.
3. FDG PET/CT is a diagnostic imaging modality that
combines anatomical and metabolic information,
making it highly effective for detecting and staging
various cancers and other diseases. It is a very good
tool for diagnosing many types of cancer and other
diseases. It combines anatomical imaging with
functional information about tissue metabolism. This
provides more comprehensive diagnostic information
than either CT or MRI alone [25].
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Figure 3. FDG PET/CT scan results of axial section [26]

Utilizing the PHITS program for modeling is
essential to enhance the visualization of the phantom,
allowing for more accurate analyses and
interpretations in research. The results of geometry
modeling were carried out using the PHITS program
as shown in the following Figure 4.
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Figure 4. Modeling of ORNL phantom axial cross-
section geometry

2.2 Neutron source
Neutron sources are traditionally derived from

nuclear reactors; however, inherent limitations make
them less suitable for certain applications. In
response, accelerator-based BNCT facilities have
been developed. In these systems, fast neutrons are
generated by proton bombardment of lithium or
beryllium targets. To achieve the required
thermalization, fast neutrons are moderated using a
Beam Shaping Assembly (BSA), which shapes and
directs the neutron flux for therapeutic purposes [27].
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The BSA system is capable of generating a neutron
flux appropriate for therapeutic applications due to its
incorporation of various components. Central to this
process are moderators that facilitate the reduction of
fast neutron energies, transitioning them into the
thermal or epithermal energy spectrum. Careful
selection of materials, such as Aluminum, is essential
to ensure the system meets specifications for effective

neutron therapy [22, 28, 29]. Shown in Table 5.

Table 2. BSA building blocks [28]

No Components of BSA Material
1 Aperture Ni 95%
. Lithiated
2 Delimiter Polyethylene
3 Gamma Shield Pb
4 Gamma Filter Bi
. Boroted Paraffin
5 Neutron Shield Wax 45%
6 Thermal Neutron Filter B,C
7 Fast Neutron Filter LiF
8 Reflector PbF?
9 Moderator Al
10 Target Be
100 F ] Air
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Figure 5. Model beam shaping assembly

The visualization of BSA, generated by the
PHITS program, is based on the BSA materials
outlined in Table 5 and is illustrated in Figure 5.

Table 3. Parameter IAEA [6]

Parameter Notes IAEA Recommendations  Collimator Results
Flux neutron epithermal ®epi(n.cm™2.571) > 1.0x10° 2.58 x 10°
Ratio of thermal flux to epitaxial D,/ Pepi < 0.05 1.73x 1072
neutron flux
Ratio of neutron current to J/@epi > 0.7 7.23x 107t
epithermal neutron flux
Ratio of fast neutron dose rate o D¢/®p,; (Gy.cm?.n™%) <20x107" 5.37x 10723
epithermal neutron flux
Ratio of gamma dose rate to D,/®., (Gy.cm:n™?) <2.0x107%3 1.24 x 10722

epithermal neutron flux
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BSA effectively attenuates both fast and thermal
neutrons emitted from the radiation source. The
filtering methodology is designed to effectively
target thermal neutrons, facilitating the production of
an epithermal neutron beam that complies with
IAEA standards [22]. Table 6 shows the calculation
results of the BSA output recommended by the
IAEA [30]. The parameters associated with neutron
flux values are critical in optimizing therapeutic
outcomes for BNCT. The epithermal neutron flux is
specifically designed to penetrate biological tissue
and target cancerous cells that have taken up boron.
It is essential to evaluate the ratio of thermal to
epithermal flux, as this metric ensures that the
neutrons interacting with the tumor remain within an
effective energy spectrum. Furthermore, the neutron
current density relative to the epithermal flux should
remain high to minimize dispersal: this ratio is
crucial for assessing both the distribution and
efficacy of neutron delivery to the tumor site. If this

value falls below recommended thresholds,
achieving adequate neutron interaction with
cancerous tissue may become significantly

compromised [31, 32].

2.3 Dosage calculation

The radiation field in BNCT comprises four
components of radiation, each defined by specific
biological weight factors. These four components
are [33].

a. Dose of Boron

Eq. 1 shows the dose resulting from thermal
neutron reaction with boron-10.
b. Dose of Proton

When thermal neutrons interact with nitrogen-14,
they produce carbon-14 and protons, releasing 0.66
MeV of energy. This reaction is a significant source
of proton dosage [15].

1IN + §n (0,0025eV) - '¢C + ip (0,66 MeV) (2)

c. Dose of Gamma

The gamma dose encompasses both the
gamma radiation emitted alongside the neutron
beam and the gamma rays generated within the
biological tissue as a result of neutron interactions
[33].

1H + §n (0,0025 eV) - 2D + 3y (2,33 MeV) (3)

d. Neutron Scattering Dose

This component is generated by fast neutrons
emitted from the neutron source [4]. The dose can be
calculated as follows:
2.3.1 Determination of The Tissues’ Atomic
Count

Nj(atom)

Ni_tissue = Meissue (k) @

The value of Nj, can be calculated using Eq. 5
[34].

N; = njNy (5)

N; represents the number of moles of element i,
determined using Avogadro’s number, as shown in
Eq. 6.

_ mj(gram)

" an (B ©)

2.3.2 BNCT Dose Rate Calculation
The dose rate is calculated using Equations (7)
through (9), and the total dose rate to body organs is
calculated in Equation (10).
1) The determination of the dosage rate is
conducted utilizing the following equation [6].

®Np_tissue05Q(1.6 x 10713)]/MeV
kg
Gy ()
2) Proton energy is produced when thermal
neutrons are captured by nitrogen-14,
generating carbon-14 and 0.66 MeV protons.
The proton dose rate is quantified using
Equation 8[6].

Dporon =

_ ONN_tissueOnQ(1.6 X 10_13)]/M6V

proton — 1 ]/kg
Gy

(8)
3) Gamma dose rate, calculated by Eq. 8 [6].

Dy = q)NH—tissueO-HAq) 9
The overall dose rate represents the dose
equivalent, which quantifies the biological effect of
absorbing a given amount of radiation energy,
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accounting for all contributing components [6]. The
total dose in each tissue, weighted by the radiation
quality factor, is calculated as [11]

Diotal = Wp xDp + W, x D, + W, xD, + W, xD, (10)

The notation Wy, represents  the
corresponding dose quality factor [19].

2.3.3 Calculation of Irradiation Time

Irradiation time is calculated as the ratio of the
minimum therapeutic dose to the total BNCT dose
rate [6]. Irradiation time is obtained using the
following equation [19].

T = Dmin (11)

Dtotal

2.3.4 Absorption Dose Calculation

The absorbed dose, expressed in Gray (Gy)
which is described as the amount of radiation energy
(Joule) deposited in tissue per unit mass (Kg) [35].
The absorbed dose is calculated using the following
equation:

Dabsorbed = D- tirradiation (12)

3. RESULTS AND DISCUSSION

This study employed two irradiation directions
left-lateral and posterior-anterior. The simulation
angles in PHITS using 270° and 360° as seen in
Figure 6 for the direction posterior-anterior and
Figure 7 for the direction left-lateral. The distance
between the BSA and the ORNL phantom was set to
0.2 cm, representing the closest distance from the
BSA output. Two irradiation directions were
selected to minimize the dose received by the Organ
at Risk (OAR) and reduce side effects.
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Figure 6. Posterior-anterior irradiation direction
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Figure 7. Left-lateral irradiation direction
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Figure. 8. Components of dose rate at a concentration
of 140 pg/g from the left-lateral direction

The components of the dose received in each
organ for a boron concentration of 140 pg/g in the
left-lateral direction are shown in Figure 8. Among
the four dose components, the boron dose in the
GTV is the highest on average. This graph is
important for treatment planning and understanding
radiation exposure in patients. In BNCT, the
enhanced dose rate of boron observed in the GTV
can be attributed to the significantly higher
concentration of Boron-10 within the cancerous
tissue compared to that in OAR. This is expected, as
alpha particles are the primary radiation modality for
tumor ionization in BNCT.
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Figure 9. Irradiation time of 2 irradiation directions
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Figure 9 shows the relationship between irradiation
time and boron concentration for the two irradiation
directions. Irradiation duration is determined by
dividing  the  required  therapeutic  dose
for effective cancer cell ablation by the cumulative
BNCT dose rate, as shown in Eq. 11. Since the GTV
represents the primary tumor volume, the total dose
rate was based on the GTV section. The threshold
dose required to effectively eradicate cervical cancer
cells is 95 Gy [26]. Irradiation time was calculated
by dividing the minimum required dose by the
overall dose rate at the GTV. Based on simulation
results, posterior-anterior irradiation produced
treatment times of 101, 72, and 48 minutes for boron
concentrations of 100, 120, and 140 png/g,
respectively. Left-lateral irradiation resulted in times
were 69, 22, and 18 minutes for the same
concentration.

Figure 9 shows that when the concentration of
boron-10 increases, the resulting irradiation duration
decreases. The longest treatment time, 101 minutes
42 seconds, occurred at a ureboron concentration of
100 ug/g in the posterior-anterior direction, while
the shortest time, 18 minutes 22 seconds, was
achieved at 140 pg/g in the left-lateral direction,
corresponding to a total dose rate of 8.69x1072
Gyls.

Table 4. Dose rate and irradiation time at 2 irradiation

directions
- Left-lateral Posterior- Anterior
o
T - -
= 2 Total Irradiation  Total Irradiation
8 g Dose Rate  Time  Dose Rate Time
é (Gy/s)  (minutes)  (Gyls) (minutes)

1.56x1072 101
2.19x107? 72
3.25x107? 48

100 2.27x107% 69
120  7.14x107%2 22
140 8.69x107% 18

The results of the total dose calculation are
thoroughly presented in Table 7, which includes a
comparative analysis of dose rates and irradiation
times across various boron concentrations. The data
clearly indicate that the left-lateral irradiation
direction consistently requires less time for
irradiation than the posterior-anterior direction
across all tested boron concentrations. This
difference can be ascribed to the comparatively
higher dose rate observed in the left-lateral

orientation, recorded at 8.69x10~2 Gy/s, in contrast
to the lower dose rate measured in the posterior-
anterior direction, which stands at 3.25x1072 Gy/s.
This aligns with the findings of Pramusinta et al.
(2019), which indicate that the total dose delivered
to cancerous tissues correlates positively with the
concentration of boron. In summary, an increase in
systemically  delivered boron  concentration
correlates with greater absorption by tumor tissues,
thereby enhancing the therapeutic efficacy against
malignant cells [36].

Absorbed Dose (Gy)
2

Organ

m100-PA 120-PA 140-PA 100-LL 120-LL 140-LL

Figure 10. Absorbed dose in each tissue

As shown in Figure 10, the absorbed dose values
for each tissue across different irradiation directions
and boron concentrations are presented in a bar
chart. The absorbed dose value in GTV tissue
reaches 95 Gy, which represents the minimum
threshold considered sufficient for the eradiction of
cancerous cells. The absorbed dose to healthy tissue
diminishes as the boron concentration increases,
owing to the higher dose rate that shortens the
irradiation time. This reduction in exposure duration
limits the OAR from receiving prolonged high
radiation levels. These results are consistent with
findings from Bilalodin et al. (2023), who reported
that higher boron concentrations increase dose rates,
thereby influencing both irradiation time and the
dose absorption by OAR [6].

The absorbed dose to healthy skin tissue remains
below the permissible threshold for normal cells
(14.4 Gy) [37]. At this threshold, the most likely side
effect is desquamation-characterized by the
shedding of epithelial layers as scales or fine sheets
[38]. For the rectum and bladder, the highest
absorbed doses were 4.4 Gy and 7.2 Gy,
respectively, both recorded at a boron concentration
of 100 ug/g from the posterior-anterior direction.
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4. CONCLUSION

The PHITS code was employed to calculate dose
components in cervical cancer treatment using
BNCT, with a Beam Shaping Assembly (BSA)
serving as the neutron source. The simulation's
findings demonstrate that increasing boron
concentration shortens irradiation time by increasing
the dose rate to the tumor.

For GTV tissue, the dose rate values at 100, 120,
and 140 pg/g from the posterior-anterior direction
for GTV tissue were 0.015611 Gy/s, 0.021911 Gy/s,
and 0.032513 Gy/s, and for the left-lateral direction,
the corresponding values were 0.022635 Gy/s,
0.071434 Gyl/s, and 0.086885 Gy/s. These data
confirm that higher boron concentrations result in
higher tumor dose rates. A higher dose rate
correlates with reduced irradiation time, thereby
shortening the overall therapeutic duration.

The highst dose rate- 8.68x1072 Gy/s was
achieved at a boron concentration of 140 pg/g with
irradiation from the left-lateral direction. Under
these conditions, the estimated treatment time was
approximately 18 minutes 22 seconds. This
underscores the efficiency of the left-lateral
approach in delivering the prescribed dose, offering
potential advantages for treatment planning and
clinical applications.

Overall, these findings emphasize the
importance of optimizing both boron concentration
and irradiation duration in cervical cancer BNCT.
By enabling a more targeted approach, the proposed
parameters have the potential to reduce adverse side
effects while improving therapeutic efficacy.
Moreover, this study contributes to a deeper
understanding of the underlying biological
mechanisms, which may guide the development of
more effective and patient-friendly treatment
strategies in the future.
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NOMENCLATURE
Dpi = Flux epithermal
Dy, = Flux thermal
Ni_tissue = Number of atoms of element i

(atom/ kg tissues)

N; = Number of atoms
Miissue = Mass of the tissue (kg)
Ny = Avogadro  number  (6.023 x
1023at0m/m01)
n; = Mole of element i (mol)
m; = Massa of element i (g)
Ar; = Number mass of element i (g/mol)
Dioron = Dose rate of boron (Gyl/s)
D proton = Dose rate of proton (Gy/s)
D, = Dose rate of gamma (Gy/s)
) = Fluent neutron thermal
(n.cm?.s7)
Np_tissue = Amount of boron (atom/kg)
NN-tissue = Amount of nitrogen (atom/kg)
Ni-tissue = Amount of hydrogen (atom/kg)
c = Cross section (cm?)
Q = Particle energy (MeV)
Ay = Coefficient of dose rate
Diotal = Dose rate total (Gy/s)
Wy, = Quality factor boron
W = Quality factor proton
Wy, = Quality factor neutron
Wy = Quality factor gamma
Digtal = Dose total
Dpin = Dose minimum (Gy)
Duvsorbed = Absorbed dose value (Gy)
D = Dose rate value (Gy/s)
Thiradiation = lrradiation time (s)
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