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Esophageal cancer is a type of cancer that has a globally high incidence
and mortality rate. Boron Neutron Capture Therapy (BNCT) is a
promising radiation therapy method in esophageal cancer treatment due
to its ability to deliver high doses selectively to tumor tissue with minimal
impact on surrounding healthy tissue. This study aims to optimize BNCT
dose distribution, evaluate the irradiation time, and determine the most
effective irradiation direction in esophageal cancer. Simulations in this
study were carried out using PHITS version 3.35 to model the geometry
of esophageal cancer, surrounding organs, and radiation sources used.
The phantom represented an ORNL adult male with a 24,69 cm? tumor.
The neutron source came from an accelerator with a 30 MeV proton
beam. The boron concentrations analyzed in the cancer tissue were 110,
125, and 140 pg/g. lrradiation from the posterior (PA) direction with a
boron concentration of 140 ug/g showed the most optimal BNCT therapy
results, with an irradiation time of 15.78 minutes. This technique is
capable of delivering an effective dose to the cancerous tissue without
exceeding the tolerance limits of the surrounding healthy organs, making
it safe for use.

© 2025 Tri Dasa Mega. All rights reserved.

1. INTRODUCTION

2022 [2]. Two of the main factors causing
esophageal cancer are alcohol and smoking [3]. The

Cancer is a major health concern, with 20
million new cases worldwide also causing 9.7
million deaths in 2020 [1]. A common type of cancer
is esophageal cancer, ranking 11" worldwide in
frequency and being the 7™ leading cause of cancer
death. Globally, there are an estimated 511.054 new
cases of esophageal cancer and 445.391 deaths in
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prevalence of daily smoking among men in
Indonesia is 54.4%, contributing to high cases of
lung cancer and esophageal cancer [1].

Esophageal cancer is most commonly found in
the mid-thoracic esophagus, and squamous cell
carcinoma is the predominant histologic type [4].
The early stages of esophageal cancer appear as
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polypoid growths or plaques [5]. Imaging methods
are an important diagnostic step in identifying and
staging esophageal cancer [6]. Some of the imaging
techniques wused in diagnosing and staging
esophageal cancer include endoscopic
ultrasonography, CT-scan, PET-CT, and MRI [7].
These imaging results form the basis for esophageal
cancer treatment, such as radiation therapy [8].
BNCT is a next-generation radiotherapy that can kill
cancer cells better than other radiation therapies,
such as X-ray radiation and Proton Beam
Therapy[9]. An illustration of the BNCT reaction
and mechanism of action can be seen in Figure 1.
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Figure 1. Reaction between thermal neutrons and B-10
in BNCT, producing alpha particles and lithium.

BNCT achieves selective therapy of cancer
cells, and its effectiveness largely depends on the
selective accumulation of 1°B in cancer cells with
concurrent boron preparation[10]. BNCT utilizes the
nuclear reaction of °B(n,a)’Li when stable °B
interacts with thermal neutrons [11] to yield linear
energy transfer of alpha particles (*He) and recoiling
lithium-7 ("Li) [12]. Particles with high LET will
preferentially damage only tumor cells and preserve
surrounding normal cells [13]. The success of BNCT
is highly dependent on the selective accumulation of
9B in cancer cells by the administered boron
preparation and the neutron source [10]. The current
neutron sources used in BNCT are Compact
Accelerator-Based Neutron Sources, which are more
effective than reactors [14].

To support and validate the application of
BNCT in clinical and simulation settings, several
previous studies have been conducted and serve as
essential references for this research. Valeria Conte
performed microdosimetry on boron for cancer with
concentrations of 10-100 pg/g, with the most
effective dose being 100 pg/g [11]. Xin Wang, MD,
et.al. performed therapy on esophageal cancer using
Proton Beam Therapy and Intensity Modulated
Radiation Therapy [15]. Ryo Kakino proved that
PHITS is validated for BNCT simulation and is able
to model neutron and gamma distributions well
[16].

There has been no previous study examining the
dose and direction of radiation for BNCT in
esophageal cancer, while the dose and direction of
radiation are important in the BNCT
implementation procedure. Therefore, this study

was conducted. The radiation direction used was AP
(Anterior-Posterior) to determine the most effective
radiation direction in delivering the dose to cancer
tissue and minimizing radiation exposure to healthy
organs. The boron concentrations used were 110
Kg/g, 125 ug/g, and 140 pg/g. These concentration
levels were selected based on Valeria Conte’s
previous research. Her findings indicated that
concentrations below 10 pg/g could result in
minimal dose contribution and be less effective in
targeting cancer cells. Meanwhile, a concentration
of 100 pg/g is considered the most effective because
it provides an optimal lethal dose to tumor tissue
with a shorter exposure time and minimal risk to
healthy tissue. The dose distribution and exposure
time in BNCT were calculated using PHITS version
3.35 because of its advantages in speed and
calculation accuracy.

2. THEORY

BNCT uses an accelerator-based neutron
source to generate protons [17]. Protons are fired at
targets such as beryllium or lithium and produce fast
neutrons (>10 keV) [18]. Fast neutrons are
moderated in the BSA into epithermal neutrons (0.5
eV-10 keV) and thermal neutrons (<0.5 eV) [14].
Thermal neutrons are suitable for treating low-depth
cancers, and epithermal neutrons are suitable for
treating deep cancers [19]. Neutrons only interact
with cells that contain boron. Therefore, boron
accumulation in cancer cells is very important to
optimize BNCT [20].

Boron accumulation in BNCT depends on
boron-carrying agents such as 4-Borono-L-
Phenylalanine (BPA) and Sodium Mercapto
undecahydro-closo-dodecaborate (BSH)[21]. BSH
enters tumor cells through passive diffusion across
the plasma membrane, which makes it evenly
distributed. However, BSH does not cross the intact
blood-brain barrier (BBB) [22]. BPA can be
absorbed by various types of cancer cells due to the
amino acid transport activity in the cells. BPA tends
to stay longer in melanoma cells compared to other
types of cancer cells [23]. Boron accumulated in
cancer cells will react with neutrons from the
accelerator source [24]. To calculate the accuracy of
the reaction dose from the boron and neutrons in
BNCT, simulations were carried out using the
PHITS (Particle and Heavy lon Transport code
System) program [25].

PHITS is a general-purpose Monte Carlo
method-based code for simulating radiation
transport [26]. It is capable of modeling the
movement of various types of particles, including
ions with energies up to 1 TeV per nucleon [27].
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PHITS can be used to calculate the average dose and
3D dose distribution, as well as provide more
accurate dose estimation and a more precise
projection of the dose absorbed by the patient [28].
PHITS is the most accurate component because it
relies on the simulation of proton and ion transport
via ATIMA (Atomic Interaction with Matter), and
electron and positron transport using EGS5
(Electron Gamma Shower Version 5), which plays
an important role [29].

BNCT has four dose components that are
considered: gamma dose, boron dose, neutron dose,
and proton dose. The dose rate values for these four
components are obtained from the PHITS output
and then processed using Microsoft Excel to
calculate the equivalent dose rate, irradiation time,
and equivalent dose. The total dose rate or
equivalent dose rate is obtained from the sum of the
dose rates from each source multiplied by the
irradiation quality factor from the radiation source,
as shown in Table 2. The total dose rate can be
calculated using the formula in Eq. 1.

E (%) = (CBEp X D) + (RBEy x Dy) + (RBEy X
Du) + (W, x Dy) 1)
The Dg is alpha dose, Dy is neutron dose, Dy is

proton dose, and D, is gamma dose [30]. The CBE
and RBE values used are in Table 2 [31].

Table 1. CBE and RBE values

Tissue CBE RBEny RBEn  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 2.9 2.4 1
Tissue

To kill cancer cells, BNCT requires an
estimated therapy time. The irradiation time (t)
needed to achieve the minimum dose value for the
GTV can be determined. Irradiation time can be
calculated using Eq. 2 [32].

minimum dose(Gy) (2)

Irradiation time(s) = ptotal (Gy 5)

After the exposure time, the equivalent dose can be
calculated from healthy and cancer tissue. The
equivalent dose is used to determine the damage
that occurs to healthy tissue around the tumor. The
absorbed dose for each organ can be calculated
using Eq. 3 [33].

Deq OAR (Gy) = (ED OAR () x iradiation time (s) (3)

3. METHODOLOGY

The instrumentation used to run a series of
simulations in this research includes:

1. A portable computer with the following
specifications: Snapdragon (TM) 860 @2.96
GHz (8 CPUs), 6 GB RAM, and a Windows
11 Pro 64-bit Operating System.

PHITS simulation program version 3.35.
Microsoft Word 2021.

Microsoft Excel 2021.

Notepad++.

Python

Google Collaboratory

No gk owN

3.1 Patient Model

The patient model uses geometric modeling
based on the Oak Ridge National Laboratory
(ORNL) adult male phantom model and body
composition data from Report 145 of the
International Commission on Radiological
Protection (ICRP). The modeled cancer is a case
of middle esophageal cancer depicted using CT-
Scan in Figure 2 from Shanghai Cancer Center,
Fudan University, Shanghai, China. The cancer
was diagnosed as T3N1MO, indicating a cancer
with Gross Tumor Volume (GTV) of 36.79 cm?,
Clinical Target Volume (CTV) of 139.53, and
Primary Tumor Volume (PTV) with a margin of
0.5 cm from the CTV [34]. At risk of esophageal
cancer are the heart, lungs, and stomach [35]. The
results of the 2-dimensional geometric shape
modeling of esophageal cancer can be seen in
Figure 3.

Figure 2. Transverse CT-Scan images in patients with
esophageal cancer.
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3.2 Neutron Source

This research used the HM-30 1 mA
cyclotron accelerator from Sumitomo Heavy
Industries, which produces a 30 MeV proton
beam [36]. In this study, results from replicating
the optimization carried out by | Made Ardhana
[37] are presented. A BSA collimator generates
a suitable neutron flux for the BNCT.

Figure 4. Beam Shaping Assembly Design for BNCT
Table 2. IAEA recommendations for BSA output.

Parameter IAEA Result
Recommen
dations
Epithermal Neutron >1.0 x 10° 1.3 x10°
Flux (n/cm?s)
Fast Neutron Dose <2.0x 1073 6.3 x 10
Rate/Epithermal
Neutron Flux (Gy
cm?/n)
Gamma Dose <2.0x 1073 8.3 x 10
Rate/Epithermal

Neutron Flux (Gy
cm?/s)

The ratio of Thermal <0.05 0.025
and Epithermal
Neutron Flux

(¢th/depi)

The Ratio of >0.7 0.78
Neutron Current and
Neutron Flux

(J/epi)

3.3 Monte Carlo Simulation Setup

The simulations in this study were
performed using the Particle and Heavy lon
Transport Code System (PHITS) version 3.35. A
total of 1.0 x 108 particle histories were simulated
to ensure adequate statistical reliability of the
calculated dose distributions. The associated
statistical uncertainty of the tally results ranged
from 4% to 50%, depending on the organ region and
irradiation geometry. This uncertainty may arise
because the measured organ is located quite far
from the neutron source, so that only a few particles
reach that organ. Meanwhile, in critical target areas,
the uncertainty level is usually kept below 5% to
ensure the reliability of the reported results.

3.4 Boron Distribution and Carrier Agents
Simulations for esophageal cancer using
concentrations of 110 pg/g, 125 ug/g, and 140 ug/g
exceeded the minimum threshold recommended
for delivering an effective therapeutic dose while
protecting healthy tissue. In this study, a boron
concentration ratio of 10:5:1 for GTV:CTV:
healthy tissue was assumed to reflect the
pharmacokinetics of BPA, with CTV receiving
50% and PTV/healthy tissue 10% of the GTV
concentration [33]. This is consistent with the
pharmacokinetic behavior of BPA, which generally
accumulates more in tumor tissue than in normal
tissue, thanks to amino acid transport mechanisms
[38]. This distribution ensures the selectivity of
BNCT, as the neutron-B° reaction occurs
preferentially in tumor tissue. In contrast, BSH is
distributed more evenly but with lower tumor
selectivity. Therefore, the results presented are
more representative of BPA-based BNCT, and
dose distribution may differ when using BSH.

4. RESULTS AND DISCUSSION
4.1 Radiation Geometry

There are two comparisons between neutron
radiation in the AP (Anterior-Posterior) and PA
(Posterior-Anterior) directions to determine the
most effective radiation direction for esophageal
cancer treatment. The AP radiation direction
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originates from the front to the back, while the PA
direction originates from the back to the front of
the patient's body. Both directions target the
cancer-affected area directly from the front and
back of the patient's body. Figure 5 shows the
direction of the BSA collimator design with the
ORNL phantom from the AP and PA radiation
directions, demonstrating the differences in
radiation position and how different directions
can affect the distribution of the irradiation beam.
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Figure 5. Visualization of Anterior-Posterior (AP)
radiation in the axial section.
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Figure 6. Visualization of Posterior- Anterior (PA)
radiation in the axial section.

Based on the geometric data obtained from
the PHITS simulation output, there is a significant
difference in the length of the irradiation path
between the AP and PA directions. In the AP
configuration, the distance from the neutron source
to the gross tumor volume (GTV) is approximately
11 cm, whereas in the PA direction, this distance is
reduced to 6.5 cm. Therefore, irradiation from the
PA direction is more effective due to the shorter
distance, allowing a higher neutron flux to reach the
target tissue. Additionally, the PA beam directly
penetrates the tumor, minimizing exposure to
surrounding healthy organs (OARSs) and resulting in
significantly lower doses to these critical structures
compared to AP irradiation.

4.2 Neutron Flux

Neutrons are typically categorized into three
energy ranges: thermal, epithermal, and fast
neutrons. Thermal neutrons possess energies below
0.05 eV, epithermal neutrons range from 0.05 eV to
10 keV, and fast neutrons have energies exceeding
10 keV [14]. During the moderation process,

neutrons are redistributed across these energy levels.
As epithermal neutrons enter the body, their flux
diminishes due to their conversion into thermal
neutrons through collisions with atomic nuclei in the
tissue, a process known as thermalization. The
deeper the epithermal neutrons penetrate the
phantom, the more rapidly this thermalization
occurs, leading to a progressive reduction in neutron
flux [39].

4.3 Total Dose Rate

The results of this study indicate that the
boron dose rate is the dominant contributor
compared to other components. In both AP and PA
irradiation directions, the boron dose rate deposited
in the tumor region (GTV) is significantly higher.
This contributes substantially to the overall dose rate
within the cancerous tissue. As shown in Figure 6,
the dose rate at a concentration of 140 ug/g at the
anterior direction in the surrounding organs at risk
(OARs) remains low, indicating that most BNCT
interactions are concentrated within the GTV.

Figure 7. Dose rate neutron, gamma, nitrogen, and
boron at 140 pg/g concentration.

The total dose rate is obtained by adding the
boron, neutron, gamma, and nitrogen dose rates.
The total dose rate is used to evaluate the
effectiveness of therapy and the level of exposure to
healthy tissue surrounding the tumor. Figures 7 and
8 show the total dose rate absorbed by each organ, in
Gyls.

109



110 Putri Nur Cahyani et al. /Tri Dasa Mega Vol. 27 No. 2 (2005) 105-115

Figure 8. Total dose rate for AP direction

Figure 9. Total dose rate for PA direction
4.4 Irradiation Time

The total dose rate determines the irradiation
time required to effectively destroy cancer cells.
Figure 6 illustrates the relationship between B-10
concentration and irradiation time. As the amount of

boron administered increases, the required
irradiation time decreases accordingly.
Irradiation Time
120
100
8 80
D
S 40
20
0
110 pg/g 125 uglg 140 uglg
anterior posterior

Figure 10. Irradiation time for two directions at three
different boron concentrations

Figure 9 shows a decrease in irradiation
time with increasing boron concentration from 110

to 140 pg/g, both in the anterior and posterior
directions. The irradiation time in the posterior
direction was 34 minutes 9 seconds, 25 minutes 45
seconds, and 15 minutes 47 seconds, while in the
anterior direction it was 1 hour 49 minutes, 1 hour
44 minutes, and 1 hour 40 minutes 12 seconds. This
indicates that irradiation from the posterior direction
is more efficient in delivering the therapeutic dose.

4.5 Equivalent Dose

The equivalent dose in BNCT represents the
biologically weighted radiation dose, combining
contributions from boron reactions, gamma rays,
neutrons, and proton recoils. Each component is
adjusted using its respective relative biological
effectiveness (RBE). In this study, equivalent dose
values were obtained from PHITS simulations using
the t-track tally and applied multipliers. This allows
for evaluating dose distributions to the tumor and
surrounding organs at risk, supporting treatment
effectiveness and safety analysis. The graph below
illustrates the distribution of equivalent dose for
both AP and PA irradiation directions at dose levels
of 110 ug/g, 125 ug/g, and 140 ug/g.

Figure 11. Equivalent dose for AP direction

Figure 12. Equivalent dose for PA direction
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The equivalent dose is used to describe the
biological effects of radiation received by tissue.
Equivalent dose is the amount of energy per unit
mass absorbed from radiation, corrected by the
relative biological effectiveness (RBE) factor. Each
organ has a different tolerance limit to avoid damage
to that organ. In the esophagus, the acceptable
tolerance dose is 15.4 Gy [40]. In the lungs, the
acceptable tolerance dose is less than 7.5 Gy; if this
dose is exceeded, the lungs may develop pneumonia
[40]. For the heart, the tolerance dose limit is 2 Gy;
if it exceeds this, it may cause coronary artery
disease, pericardial disease, ischemic heart disease,
valve disease, and arrhythmia [41]. For the skin, the
maximum acceptable dose is 2 Gy. If this dose is
exceeded, it can cause acute radiation injury,
including erythema, erosion, temporary hair loss,
vesicles, pain, and itching, which can last up to 9
weeks [42]. For the ribs and spine, the acceptable
dose limit is 14 Gy. Exceeding this dose can cause
bone toxicity [40].

The dose absorbed by an organ can be calculated
by multiplying the total dose rate by the irradiation
time. Of the two irradiation directions tested, a boron
concentration of 140 pg/g resulted in the fastest
irradiation time, namely 15 minutes for the AP
direction and 1 hour and 40 minutes for the PA
direction. Table 5 presents the dose received by
cancerous and healthy tissues and compares it with
the dose tolerance limits for each organ.

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

OAR Irradiation PA AP
Direction
Irradiation 100.2 15.78
Time (Min)
Tolerance Equivalent Dose
Dose (Gy) (Gy)
Esopha 154 3.35 16.5
gus
Left 7.5 1.57 7.52
Lung
Right 5 2.26 12.6
Lung
Heart 2 1.53 10
Skin 2 0.35 3.76
Spine 14 3.89 5.88
Ribs 14 6.61 13.6

This table compares the radiation doses
absorbed by several OARs during AP and PA

irradiation techniques, with irradiation times of
48.27 minutes for AP and 9.54 minutes for PA. The
data presented includes the tolerance dose and the
actual dose absorbed by each organ during
irradiation. Overall, the PA technigue provides a
shorter irradiation time and results in lower doses to
critical organs compared to the AP technique. In the
right and left lungs, the AP technique produces
doses of 12.6 Gy and 7.52 Gy, exceeding the 5 Gy
tolerance limit, while the PA technique only
produces 2.26 Gy and 1.57 Gy, which are still
within safe limits. The dose to the skin also exceeds
the 2 Gy tolerance limit when using the AP
technique, at 3.76 Gy, while the PA technigue only
produces 0.35 Gy. For the heart, the AP technique
delivers a dose of 10 Gy, exceeding the 2 Gy
tolerance limit, while the PA technique remains safe
with a dose of 1.53 Gy. For the ribs, both techniques
remain within safe limits, at 13.6 Gy (AP) and 6.61
Gy (PA) of the 14 Gy limit. Similarly, the dose to
the spine remains below the 14 Gy tolerance limit
for both techniques, at 5.88 Gy for AP and 3.89 Gy
for PA. Based on this data, the PA technique is safer
and recommended as it maintains the absorbed dose
to critical organs within the recommended tolerance
limits.

A limitation of this study is that dose—volume
histograms (DVHs) were not produced because the
PHITS simulation used region-based tally instead of
voxel-based tally. As a result, only mean organ
doses were analyzed, and intra-organ dose
heterogeneity could not be evaluated.

5. CONCLUSION

The results of PHITS-based simulations
indicate that the posterior—anterior (PA) beam
orientation with a boron concentration of 140
pa/g provides more efficient dose delivery to
tumor tissue compared to the anterior—posterior
(AP) orientation. The PA technique achieved
shorter and more consistent irradiation times
while maintaining doses to surrounding organs
at risk (OARs) within tolerance limits. These
findings suggest that the PA configuration may
enhance therapeutic efficiency and improve the
balance between tumor control and normal
tissue protection in BNCT for esophageal
cancer.

While these outcomes are promising, it is
important to emphasize that they are based
solely on computational modeling. The actual
clinical feasibility of PA irradiation with
elevated boron concentration requires further
validation through experimental studies and
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clinical trials. Additional investigations are
therefore necessary before this approach can be
recommended for clinical adoption.
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