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In Indonesia, ovarian cancer ranks third among cancer-related deaths,
with a poor prognosis largely due to late-stage diagnosis and limited
treatment efficacy. Boron Neutron Capture Therapy (BNCT) has emerged
as a promising alternative, offering selective tumor cell destruction
through boron-10-mediated nuclear reactions. This study employed
PHITS v3.35 to simulate BNCT in a case of oligometastatic ovarian
cancer with para-aortic lymph node involvement (FIGO I1IIC). The
neutron source was a 30 MeV cyclotron. Simulations were conducted
with two irradiation directions, posterior—anterior (PA) and left lateral
(LLAT), and three boron concentrations of 100, 120, and 145 ug/g. The
PA direction provided a more focused dose distribution to the tumor target
and a shorter irradiation time compared to LLAT. The results indicated
that the posterior—anterior (PA) beam configuration provided a more
favorable balance between tumor dose coverage, irradiation time, and
organ-at-risk (OAR) sparing compared to the lateral approach. These
findings suggest that PA irradiation with 120 pg/g boron concentration
may represent a promising option in BNCT planning for ovarian cancer.
However, as this work is based on simulation in an idealized phantom,
further experimental and clinical validation is required before clinical
application can be considered.

© 2025 Tri Dasa Mega. All rights reserved.

1. INTRODUCTION

Cancer is the second leading cause of death

difficulty of early-stage detection, as most cases are
diagnosed at an advanced stage, which often requires

worldwide, with an estimated 9.6 million deaths
annually [1]. According to GLOBOCAN 2020, there
were 19.3 million new cancer cases globally, with
ovarian cancer accounting for about 324,603 new
cases and 206,956 deaths [2]. In Indonesia, ovarian
cancer ranks third among cancer-related deaths
[2][3]. The high mortality rate is mainly due to the

* Corresponding author. Tel./Fax.
E-mail: alfiazuhro@gmail.com
DO1:10.55981.tdm.2025.13334

intensive treatment and leads to a poor prognosis
[41[5].

In recent years, immunotherapy has been
considered a potential treatment for ovarian cancer
[6], particularly through the use of immune
checkpoint inhibitors such as anti-PD-1, anti-PD-L1,
and anti-CTLA-4. However, clinical outcomes are
modest, especially in platinum-resistant cases, with
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response rates often below 10% [7]. This limited
efficacy is largely due to the immunosuppressive
tumor microenvironment of ovarian cancer,
characterized by low infiltration of cytotoxic CD8+
T cells and a high presence of regulatory T cells and
myeloid-derived suppressor cells. Furthermore,
immunotherapy often causes immune-related side
effects and requires tumor-specific biomarkers,
making its application inconsistent across patient
populations. Given these limitations, alternative
treatment modalities that do not rely on immune
system activation are urgently needed [7]. Among
radiation-based  strategies,  stereotactic  body
radiation therapy (SBRT) has been explored as a
precise modality targeting specific anatomical sites.
However, its efficacy is limited by toxicity in
surrounding healthy tissue [8]. A more promising
approach is Boron Neutron Capture Therapy
(BNCT), a binary radiation technique that
selectively targets boron-10-enriched tumor cells,
inducing lethal damage through nuclear reactions
while sparing nearby healthy tissue [9]. Although
BNCT has shown promise in several malignancies,
its application in ovarian cancer remains largely
unexplored.

BNCT has been widely investigated in
recurrent head and neck cancers, with several studies
reporting favorable outcomes, including tumor
regression, response rates of up to 76%, and median
survival extending to nearly 24 months [10].
However, these studies were constrained by small
patient numbers, prolonged irradiation times,
radiation-induced toxicities such as oral mucositis
and dermatitis, and inter-patient variability in boron
uptake, which limit their broader clinical
applicability [11]. Moreover, the application of
BNCT in ovarian cancer has not yet been
systematically studied. To address these limitations,
the present study simulates a case of ovarian cancer
with solitary metastatic oligorecurrence in a para-
aortic lymph node, classified as FIGO stage IIIC
[12]. The objective is to determine the
therapeutically effective dose of BNCT and to
identify the optimal irradiation direction and
exposure time using PHITS v3.35.

2. THEORY

Boron Neutron Capture Therapy (BNCT) is a
therapeutic modality that utilizes the isotope 10B,
which is absorbed by cancerous cells. Subsequently,
the cells are exposed to thermal neutrons, resulting
in the emission of high-energy particles (a-particles
and lithium-7), thereby eradicating the cancerous

cells without compromising the surrounding healthy
tissue [13]. As stated in reference 6, the lowest LET
(linear energy transfer) of an alpha particle is 164
keV/um, with a range of 9 um, and the LET of 7Li
is 151 keV/um, with a range of 5 um [14]. In the
event that reaction 10B(n, a)Li manifests exclusively
within a neoplastic cell, it is imperative to devise a
selective boron-bearing agent. Figure 1 is a
presentation of the BNCT therapeutic protocol [15].
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Figure 1. (A) The 10B(n,0))7 Li capture reaction results
in the production of high linear energy transfer (LET)
alpha particles (stripped of 4 He nuclei) and retreating
lithium-7 (7 Li) atoms. (B) A sufficient amount of 10B
must be selectively delivered to the tumor, ranging from
~20to 50 pg/g

Two agents are utilized in this therapeutic modality:
sodium borocaptate (BSH) and boronophenylalanine
(BPA) [16]. The two agents responsible for
transporting boron have distinct functions. BSH
accumulates in the space between tumor cells, while
BPA can enter tumor cells directly via amino acid
transport [13]. Subsequent to the accumulation of
boron-10 within the cancerous cell, neutron
bombardment is initiated, with the neutrons
emanating from the accelerator.

The generation of neutrons in BNCT does not
exclusively rely on accelerators; reprocessing
facilities are also utilized. Nevertheless, the selection
of this accelerator was made on the basis that it is
more feasible to install it in a hospital setting [17]. It
is evident that the output of this accelerator is
equivalent to that of a reactor. The accelerator
utilized in the BNCT therapeutic modality is based
on a cyclotron manufactured by Sumitomo Heavy
Industries (SHI), operating at an energy level of 30
MeV [18]. Protons produced from the accelerator are
fired at the target metal 9Be, which reacts to release
9Be(n,p)10B [19]. This reactor, however, emits
neutrons with significant energy, which is ~28.1
MeV. This neutron energy is included in the fast
neutron category [20]. It is imperative to utilize the
Beam Shaping Assembly (BSA) [21], which
comprises a moderator, reflector, filter, gamma
shielding, and aperture. Each component fulfills a
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distinct function, namely the moderation of neutron
output to produce thermal (>0.5 eV) and epithermal
(0.5 eV-10 keV) neutrons [22]. The calculation of
the output, encompassing the dosage and the neutron
flux, as well as the dosage of boron-10 within the
body, is performed utilizing the PHITS simulation.

In order to execute a simulation, the PHITS
(Particle on Heavy lon Transport Code System)
software is employed. This software is utilized in the
BNCT (Boron Neutron Capture Therapy) therapy,
and it is the most recent version that has been
released by JAEA (Japan Atomic Energy Agency)
[23]. The purpose of employing this software is to
enhance the validity and precision of the simulation
[24]. PHITS is a code based on the Monte Carlo
method that is generally available for the purpose of
simulating radiation transport. This code has the
capacity to model the movement of a variety of
particles, including ions, with energies up to 1 TeV
per nucleon. PHITS has been demonstrated to be a
reliable tool for calculating the mean dose and
determining the 3D dose distribution [25]. It has
been shown to provide highly precise estimates of
the dose absorbed by the patient, with a
corresponding accuracy in dose projection. PHITS is
the most accurate component because it relies on
simulations of proton and ion transport via ATIMA
(Atomic Interaction with Matter) and electron and
positron transport using EGS5 (Electron Gamma
Shower Ver.5), both of which play a crucial role
[26].

To our knowledge, this is among the first
simulation studies of BNCT for ovarian cancer,
employing the PHITS version 3.35 software.
Previous studies on BNCT employed simulation
equipment that yielded protracted exposure times.
Prolonged procedures have the potential to induce
physical and psychological discomfort in patients,
including fatigue. Furthermore, extended periods of
ultraviolet (UV) exposure can elevate the probability
of dermal damage, including skin cancer. An
extended duration of the treatment can result in a
reduction in its effectiveness. Consequently, this
issue will serve as a reference for future researchers
who wish to analyze the effectiveness of BNCT in
treating ovarian cancer. This analysis will employ
two different types of radiation therapy: PA and
LLAT. The objective is to determine the most
effective direction for delivering the radiation dose
to the cancerous tissue while minimizing radiation
exposure to healthy organs. The program simulation
utilized is PHITS version 3.35, a selection that was
made on the basis of its proven superiority in terms
of the swiftness with which it initiates operations and
the precision of its computations.

3. METHODOLOGY

The following methodology was employed to
support the research study's simulation:

1. The portable computer with the following
specifications: an AMD A9 7th GEN
processor, 8 GB of RAM, and a Windows 10
Home 64-bit operating system.

The software in question is PHITS version
3.35

Microsoft Word 2021

Microsoft Excel 2021

Google Colaboratory With Python 3.0
Notepad ++

N

ISR

3.1 Patient Model

Prior to undergoing therapy, the patient's
position is simulated using the PHITS software with
a geometrical model based on the Oak Ridge
National Laboratory (ORNL) adult female phantom
model and body composition data from Report 145
of the International Commission on Radiological
Protection (ICRP). The program MCNP-4B was
utilized for its formulation, and subsequently, it was
incorporated as the input parameter within the
PHITS simulation [27]. The utilization of codes is
meticulously tailored to align with the specific
requirements of the research model. The organs
utilized in the present study encompass the lymph,
kidney, small intestine, large intestine, liver, spine,
and skin [28].

The ovarium cancer model employed in this
study is based on a case of ovarian cancer affecting
a 74-year-old female patient with a history of stage
11B serous papillary ovarian cancer [29]. At the time
of diagnosis, a computed tomography (CT) scan
revealed a limited number of metastases in the
pelvis, with no evidence of nodal involvement.
Approximately four years following the initial
biopsy, subsequent imaging revealed a solitary,
enlarged lymph node in the para-aortic region,
raising suspicion for malignancy. Within the
framework of the BNCT planning system, three
distinct target volumes are identified. The Gross
Tumor Volume (GTV), Clinical Tumor Volume
(CTV), and Planning Tumor Volume (PTV) were
measured at 2.52 cc, 6.95 cc, and 28.94 cc,
respectively [30]. As shown in Figure 3, the visual
depiction of the two-dimensional geometry of the
ovary can be observed.
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Figure 2. Transverse CT scan image in patient with
ovarian cancer

| Information Tmage :

4 Red GTV

Pink :CTV

Camel PV

Y Green Trunk

i Whte Spune

i Light Brown Senall Intestine
4 Dack Broun Large Intestne
Yellow Skn

Figure 3. Geometric image of ovarian cancer and
organs at risk

3.2 Neutron Source

The present study utilizes a neutron source,
namely a cyclotron accelerator manufactured by
Sumitomo Heavy Industries. This accelerator
generates a beam of protons with an energy level of
30 MeV, as documented in the BNCT reference
compendium [31]. As depicted in Figure 4 of this
study, the BSA collometer was derived from the
optimized replication performed by | Made Ardhana
[32].
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Figure 4. Beam shaping assembly design

As shown in Table 1, the parameters of neutron flux
and dose rate are in accordance with the
recommendations provided by the International
Atomic Energy Agency (IAEA).

Table 1. Parameters of neutron flux and dose rate

IAEA

Recommendations Result

Parameter

Epithermal
Neutron Flux
(nfcm? s)

Fast Neutron Dose
Rate/Epithermal
Neutron Flux (Gy
cm? /n)

Gamma Dose
Rate/Ephitermal
Neutron Flux (Gy
cm? /s)

The ratio of
Thermal and
Epithermal
Neutron Flux
(pth/depi)

The Ratio of
Neutron Current
and Neutron Flux

(I epi)

>1.0 x 10° 1.1316 x 10°

<20x 101 6.35 x 1014

<20x 101 8.35x 1014

<0.05 0.0252

>0.7 0.785

3.3 Dosimetry

The dosimetry of BNCT is comprised of the
following components: gamma dose, boron dose,
neutron dose, and proton dose [33]. The values of the
dose rates for the four components were obtained
from the PHITS output and subsequently processed
using Microsoft Excel to calculate the duration of
exposure and the equivalent dose rate [34].

a) The calculation of the total dose rate is derived
from the multiplication of the individual dose rate
for each source by the efficacy factor of the radiation
source, as illustrated in Table 2. The total dosage can
be calculated using the formula given in equation 1.

/G . . . .
ED (?y) = (CBEy x Dg) + (RBE, x Dy) + (RBEy x Dyy) + (W, xD,)

The subscripts D, B, N, and H represent,
respectively, the dose of alpha particles, the dose of
neutron particles, the dose of proton particles, and
the dose of gamma-rays [35]. The values of CBE and
RBE used can be found in Table 2 [36].

Table 2. CBE and RBE values of each component

Tissue CBE RBEn RBEh RBEy
Type

Tumour 3.8 2.9 2.4 1
Skin 2.5 2.9 2.4 1
Bone 1 2.9 2.4 1

Soft 1.34 29 2.4 1

Tissue
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b) Irradiation Time

The duration of the irradiation process is a critical
factor in the BNCT therapeutic protocol, as it
determines the efficacy of the treatment in
eradicating cancerous cells. The time required for
the achievement of minimum effective dose for the
gross target volume (GTV) can be calculated. The
calculation of the time of irradiation is performed
using the following equation [37].

dosis minimum (Gy)

@Gy)
total s

irradiation time (s) =

The total dose is defined as the total dosage
administered to a cancer patient.

c) Equivalent Dose

Subsequent to the exposure period, the equivalent
dose can be calculated using the actual tissue and
cancerous tissue samples. The equivalent dose is
employed to ascertain the extent of the damage to the
healthy tissue in the vicinity of the tumor. The
calculation of the dose absorbed by each organ can
be performed using the following equation:

. G
D.q0AR (Gy) = (ED OAR %)x irradiation time(s)

The distribution of the dosage and the timing of the
exposure to BNCT were conducted using PHITS and
calculated with concentrations of 100 pg/g, 120
Mo/g, and 145 pg/g, respectively.

3.4 Monte Carlo Simulation Parameters
BNCT dose simulations in this study were
performed using the Monte Carlo engine of PHITS
v3.35. For each irradiation geometry, PA and LLAT,
2 x 108 particle histories were simulated to balance
statistical ~ reliability ~ with  the  available
computational resources [38]. The computation time
for each individual case was approximately 22 hours
and 20 minutes on a laptop computer (CPU: AMD
A9 7th Gen processor, 8 GB RAM, Windows 10).
The statistical uncertainty of the simulations
was quantified using the 1o relative error reported by
PHITS. In most tallies, the relative error ranged
between 3% and 10%, with occasional higher values
up to ~60% in low-flux regions or tallies with very
small statistical weight, similar to the ranges
reported in previous Monte Carlo dose evaluations
[39]. For dose rate components, the relative error
was consistently lower, ranging from 3% to 20%.
Importantly, in the tumor target volumes (GTV and

CTV), the relative error remained within acceptable
limits (<5%), which is considered clinically
acceptable in BNCT simulation studies [36].

The higher uncertainties observed in some
neutron components reflect a limitation of the
computational ~ hardware,  which  prevented
increasing the number of simulated particle histories
beyond 2 x 108. This constraint should be regarded
as a limitation of the current work, and future studies
with higher-performance computing resources may
further reduce statistical uncertainties [40].

4. RESULTS AND DISCUSSION

4.1 Irradiation Geometry

In this study, the direction of irradiation was
carried out in two different directions, namely
posterior-anterior (PA) and left lateral (LLAT), to
obtain the optimal irradiation direction in ovarian
cancer treatment using BNCT. Irradiation from the
PA direction means that the irradiation is given from
the back of the patient's body to the front, directly
targeting the cancer area from the posterior side.
While the LLAT direction is radiation given from the
left side of the patient's body, aiming at the cancer
area from the left lateral side. Figures 5 and 6 show
the design of the BSA collimator direction using the
ORNL phantom for the PA and LLAT irradiation
directions, which show the differences in irradiation
approaches and how each direction can affect the
distribution of radiation doses in ovarian cancer
tissue.
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Figure 5. Visualization of PA radiation in (a) axial
(b) sagital section

g

Figure 6. Visualization of LLAT radiation in axial
section
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In the PA configuration (Figure 5), the BSA system
is positioned parallel to the longitudinal axis of the
body from the posterior direction, so that the thermal
and epithermal neutron beams are directed from the
back of the body towards the anterior. This
orientation aims to reach the ovarian tumor target
located in the posterior pelvic cavity, with a more
direct neutron path and potentially reducing dose
exposure to anterior organs such as the kidney and
small intestine.

In contrast, the LLAT configuration (Figure 6)
places the BSA on the left side of the phantom, so
that irradiation is delivered from the left lateral side
toward the right side of the body. This approach
takes advantage of the lateral geometry to penetrate
soft tissue horizontally toward the tumor target. The
LLAT direction has the potential to produce a more
homogeneous dose distribution to lateral or more
diffused lesions, but requires further evaluation of
exposure to critical organs on the side of the
trajectory, such as the descending colon or left
kidney.

To find the ideal irradiation direction for the
effectiveness of therapy and protection of healthy
tissue, changes in the irradiation direction will affect
the distribution of neutron flux, dose contribution
from the 10B(n,a)7Li reaction, and the total dose
received by both targets and organs at risk (OAR).
The simulation results show that the most effective
irradiation direction is from the PA angle because
the distance from the aperture to the cancer in the PA
irradiation direction is only 7.3 cm compared to
LLAT, whose aperture depth to the cancer is 18.8
cm.JBecause the depth of the cancer from the PA
irradiation direction is closer to the BSA, the thermal
and epithermal neutron fluxes that reach the cancer
are greater because the body tissue experiences little
attenuation. As a result, the °B(n,a)7Li reaction
becomes more effective in increasing the dose in the
GTV.

4.2 Dose Rate

To prove the effectiveness and safety of
BNCT therapy, an analysis of the dose rate received
by the target tumor and surrounding healthy organs
was performed. Dose rate is an important parameter in
radiotherapy because it determines the rate of dose
accumulation in the target tissue and allows for more
accurate estimation of the irradiation time. In this
simulation, the total dose rate is calculated based on
four main components, namely: boron dose, neutron
dose, proton dose, and photon dose.

The analysis was performed for two
irradiation directions, posterior-anterior (PA) and
left lateral (LLAT), with three variations of boron
concentration: 100, 120, and 145 pg/g. The ratio of
boron concentration between cancer and healthy

organs is 10:1 [37]. This assumption follows
common practice in BNCT treatment planning
studies, where T/N ratios greater than 3:1 are
generally considered sufficient for therapeutic
effect, and ratios approaching 10:1 have been
reported in preclinical and clinical settings using
BPA or BSH [41]. Since specific pharmacokinetic
data for ovarian cancer are limited, the 10:1 ratio was
selected here as a simplified assumption to enable
dose comparison between irradiation geometries.
The distribution of dose rates to various organs is
shown in the following graph, which will be the
basis for determining the optimal direction and
concentration in BNCT therapy for oligometastatic
ovarian cancer.

Figure 7. Dose rate distribution from PA-100 pg/g

Figure 8. Dose rate distribution from PA-120 pg/g

Figure 9. Dose rate distribution from PA-145 ug/g
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The PHITS simulation results show that the
posterior-anterior (PA) irradiation direction provides
a more focused dose rate distribution on the target
volume (GTV and CTV) compared to the left lateral
(LLAT) direction. Increasing the  boron
concentration from 100 pg/g to 145 po/g
consistently increases the dose rate on the GTV, both
inthe PA and LLAT irradiation directions. However,
the dose increase also occurs in healthy organs
(organs at risk), especially at a concentration of 145
Hg/g.

After analyzing the dose rate in the posterior-
anterior (PA) irradiation direction, simulation and
evaluation were carried out for the left lateral
(LLAT) irradiation direction. The LLAT direction
simulates neutron exposure from the left side of the
patient's body, which allows lateral radiation
distribution to the target. Similar to the PA
configuration, the analysis was carried out with three
variations of boron concentration (100, 120, and 145
Kg/g) with a tumor boron ratio to healthy tissue of
10:1. The graph below shows the distribution of dose
rates received by the tumor target and healthy organs
in the LLAT irradiation direction.

Figure 11. Dose rate distribution from LLAT-100 pg/g

Figure 12. Dose rate distribution from LLAT-120 ng/g

Figure 10. Dose rate distribution from LLAT-145 pg/g

In the PA direction, a concentration of 120 pg/g
provides a high dose rate to the GTV (3.7 x 102
Gy/s) with a dose distribution that is still relatively
safe to the surrounding organs. The dominant
contribution comes from the boron component,
followed by neutrons and nitrogen. Meanwhile, in
the LLAT direction, the dose distribution tends to be
more diffused and less selective, with OARs such as
the trunk, spleen, and kidney receiving relatively
high doses, even approaching or exceeding the GTV
dose, especially at a concentration of 145 pg/g.

4.3 Total Dose

After analyzing the dose rate for each direction and
the variation of boron concentration, the next step is
to calculate the total dose received by the target
organ and healthy organs. The total dose is the
accumulation of the contribution of each radiation
component (boron, neutrons, protons, and photons)
during the irradiation time. The formula for
calculating the total dose is in point 3.3(a). The
following graph shows the distribution of the total
dose received by healthy organs and tumor targets.

Figure 13. Total dose distribution from PA irradiation
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Figure 14. Total dose distribution from LLAT irradiation

Both total dose graphs show the results of the
accumulated dose received by the target organs
(GTV, CTV, PTV) and the surrounding healthy
organs (OAR) in two different irradiation directions,
namely posterior-anterior (PA) and left lateral
(LLAT), each with three variations of boron
concentration: 100, 120, and 145 pg/g. This analysis
was conducted to assess the effectiveness of the
irradiation direction in delivering doses selectively
to the tumor area, while evaluating the risk of
exposure to surrounding organs.

In the PA direction, the dose received by the
GTV was much higher than in the LLAT direction
for all concentration variations. Meanwhile, the dose
distribution to healthy organs such as the kidney,
spleen, intestines, and trunk was relatively lower in
the PA direction compared to LLAT. In the LLAT
direction, the dose increase not only occurred in the
GTV, but also spread to several OARs, such as the
trunk and spleen, which received doses approaching
or even exceeding the CTV dose. Figures 13 and 14
show that LLAT has limitations in focusing energy
only on the target, and has the potential to increase
unnecessary exposure to healthy tissue.

4.4 Equivalent Dose

In addition to evaluating the rate and total dose, it
is also important to know the biological impact of
radiation on healthy organs (organs at risk) located
around the tumor target. Therefore, the equivalent
dose was calculated for each OAR based on the total
dose received from the PHITS simulation.

The equivalent dose reflects the biological effects
of various types of radiation, such as neutrons, protons
(nitrogen reactions), and boron reaction particles, on
living tissue. This value is obtained by multiplying
each dose component by the appropriate RBE or CBE
factor, thus providing an overview of the risk of tissue
damage.

In this study, the equivalent dose was only
calculated for healthy organs, with the aim of ensuring

that the simulated BNCT therapy did not exceed the
biological tolerance limit of the OAR.

Figure 15. Equivalent dose distribution for organs at risk
from PA irradiation

Figure 16. Equivalent dose distribution for organs at risk from
LLAT irradiation

The two graphs above show equivalent dose
(Gy) graphs that show how much biological effect of
radiation is received by healthy organs (OAR) in two
directions of radiation: posterior-anterior (PA) and
left lateral (LLAT), each for three variations of
boron concentration: 100, 120, and 145 ug/g.

The PA irradiation direction shows lower
equivalent doses for all OARs compared to LLAT.
The kidney, small intestine, and spine are the organs
that receive the highest doses, but the values are still
below the maximum dose found in LLAT. This
graph reinforces that the alignment from the
posterior direction tends to be smoother towards the
tumor target.

In the LLAT direction, it can be seen that the
OARs receive relatively high equivalent doses. The
spleen receives the highest dose, with values
reaching >20 Gy-Eq for a boron concentration of
100 pg/g, and slightly decreasing at a concentration
of 145 pg/g. Figures 15 and 16 show that increasing
boron concentrations is not always accompanied by
increasing equivalent doses, which may be due to the
proportion of boron remaining low in healthy tissue
or the distribution of neutron particles spreading
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laterally. Doses to organs such as the liver, skin, and
ovaries tend to be lower than those to the stomach
and spleen. Below is the dose tolerance that has been
compared with the simulation results in order to find
out which OAR has a dose that exceeds the threshold
dose.

Table 3. OARs dose, direction of irradiation, and
irradiation time

Irradiation

OAR . PA LLAT
Technique
irradiation 297.82 4098.65
Time second second
Dose
Tolerance Equivalent Dose (Gy)
(Gy)
Skin 2 0.65 8.26
Kidney 23 6.28 12.7
Liver 30 0.78 4.33
Stomach 50 0.79 16.1
Large 40 1.94 145
Intestine
Small
Intestine 45 3.60 20.9
Spine 30 6.62 10.8
Spleen 30 1.25 19.7
Ovary 2 1.59 7.94

Comparison of equivalent doses to biological
tolerance limits in healthy organs (OARs) was
performed for two radiation directions, namely
posterior-anterior (PA) and left lateral (LLAT). The
aim is to determine the safety level of radiation
exposure to normal tissue during BNCT therapy.

In the PA direction with an irradiation time of
297.82 seconds, all OARs showed equivalent doses
that were below their respective tolerance limits,
indicating that this direction is relatively safe. For
example, the kidney received 6.28 Gy from a
tolerance of 23 Gy, the spine 6.62 Gy from 30 Gy,
and the ovary 1.59 Gy from 2 Gy. Although the value
in the ovary is close to the tolerance threshold, the
dose is still within acceptable limits. Other organs
such as the liver, stomach, and large and small
intestines received even lower doses, so the risk of
biological complications in the PA direction is
minimal.

In contrast, the LLAT direction requires a much
longer irradiation time, namely 4098.65 seconds and
causes a significant increase in equivalent doses in
almost all OARs. Some organs experienced
exposure that even exceeded the safe limit, such as
the skin (8.26 Gy of the 2 Gy limit) and the ovaries
(7.94 Gy of the 2 Gy limit), indicating a potential risk
of toxicity that requires careful consideration. In
addition, the kidneys and spleen also received quite

high doses, although still within the absolute
tolerance limit. This condition indicates that LLAT
is at higher risk in terms of exposure to non-target
organs.

Thus, it can be concluded that the PA direction
is superior to protection against OARs, because it
provides a lower dose with a much shorter
irradiation time. Therefore, the PA direction is
recommended in BNCT therapy for ovarian cancer,
because it provides a balance between therapeutic
efficacy and biological safety.

4.5 Irradiation Time

After the dose value on the target organ and
healthy organs is known, the next step is to calculate
the irradiation time needed to achieve the therapeutic
dose on the main target, namely the Gross Tumor
Volume (GTV). The irradiation time is calculated
based on the amount of equivalent dose to be
achieved and the total dose rate obtained from the
simulation. This calculation is important because in
BNCT practice, the irradiation time must be
sufficient to produce a therapeutic effect, but it is
still maintained so that exposure to healthy organs
(OAR) does not exceed the tolerance limit.
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Figure 17. Irradiation time from PA and Left Lateral directions

Figure 17 above shows the irradiation time (in
seconds) required to achieve an equivalent dose of
50 Gy on the GTV, for two main irradiation
directions, namely posterior-anterior (PA) and left
lateral (LLAT), with three variations of boron
concentration: 100, 120, and 145 pg/g.

The calculation results show that the PA
direction requires a much shorter irradiation time
than LLAT at all boron concentrations. At a
concentration of 100 pg/g, the PA irradiation time is
only 308.48 seconds, while LLAT requires 4726.13
seconds. This difference is due to the configuration
of the PA direction which provides a more direct
neutron path to the tumor target, resulting in a much
higher dose rate on the GTV. Meanwhile, the LLAT
direction experiences greater neutron scattering
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because it has to pass through more lateral tissue, so
the dose rate is lower and the time required is longer.

In addition, it can be seen that the higher the
boron concentration, the more the irradiation time
tends to decrease. From the PA direction, increasing
the concentration from 100 pg/g to 145 ug/g
decreased the irradiation time from 308.48 seconds
to 259.43 seconds. A similar effect occurred for the
LLAT direction, decreasing the time from 4726.13
seconds to 2955.57 seconds. This is in accordance
with the theory that increasing the boron
concentration will increase the chance of a reaction
1°B(n,a)’Li, thereby accelerating the accumulation
of therapeutic doses in the target.

In this study, dose distributions are presented
primarily as organ-averaged equivalent doses and
irradiation times. Although bar charts effectively
summarize the relative contributions of different
irradiation geometries, a more comprehensive
visualization such as dose-volume histograms
(DVHSs) or isodose contour maps would provide
additional insight into spatial dose gradients and
target coverage. These advanced visualizations were
not included due to limitations of the available
PHITS output and computational resources, but are
recommended for future BNCT planning studies.

Another limitation is the absence of clinical
BNCT data for ovarian cancer, which restricts direct
validation of the present simulation results.
Nevertheless, preclinical evidence indicates the
feasibility of BNCT in this context. Recent
preclinical work by Laird et al. showed that BSH-
BPMO nanoparticles achieved approximately 50-
fold higher boron uptake in OVCARS8 ovarian cancer
cells compared to free BSH after 24 hours,
highlighting the potential of nanoparticle carriers to
enhance boron accumulation in ovarian tumor cells
[42]. These findings support the rationale for future
translational studies, including in vivo validation and
pharmacokinetic characterization in ovarian cancer
models.

5. CONCLUSION

This study demonstrated the feasibility of
BNCT dose simulation for ovarian cancer
oligometastases using PHITS v3.35. Among the
tested  irradiation  geometries and  boron
concentrations, the posterior—anterior (PA) beam
with 120 pg/g boron concentration provided the
most favorable balance between tumor coverage and
organ-at-risk sparing. While these findings are
promising, they represent an idealized simulation
scenario and should not be directly extrapolated to
clinical practice. Further validation with voxel-based
dose evaluation, experimental studies, and patient-
specific pharmacokinetic data will be required

before BNCT can be considered as a viable
treatment option for ovarian cancer.
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