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Abstract— Monte Carlo simulation is used to accurately 
model a complex radiation transport and dose distributions in 
Boron Neutron Capture Therapy. BNCT is a type of radiation 
therapy that uses the interaction of boron and slow neutrons to 
destroy cancer cells without harming the healthy tissues. This 
study aims to track millions of particle interactions such as 
photon, boron, nitrogen and hydrogen via random sampling 
using Particle Heavy Ion Transport code System (PHITS). The 
boron concentration was varied from 10-100 μg/g tissue. The 
cancer geometry was divided into three volumes (Gross Target 
Volume, Clinical Target Volume, and Planning Target 
Volume). To ensure an accurate radiation transport and dose 
distribution, the material compositions were selected from 
NIST and ICRP 110. The alpha particle and lithium-7 particle 
flux from the interaction of thermal neutron and boron are 
restricted to the cancer geometries. This result validates that 
concept that BNCT can selectively destroy the cancer cells 
while sparing the healthy tissues. The results showed that 
increasing boron concentration increases the boron dose, while 
decreasing the nitrogen dose and photon dose. Lastly, the 
hydrogen dose stays the same because the hydrogen content in 
the material composition is almost identical.  
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I. INTRODUCTION  

The discovery of the interaction between boron-10 and 
slow neutron, which results in energetic particles that can 
destroy cells, gave rise to Boron Neutron Capture Therapy 
in the 1930s [1]. BNCT is a radiation method that delivers a 
high radiation dose to tumour cells while minimizing 
damage to surrounding healthy tissue and it is a benign 
method for treating malignant tumours [2]. BNCT depends 
on two phenomena.  First, the tumour tissue is injected with 
a non-radioactive boron medication. After then, the patient 
is exposed to epithermal neutrons until the normal tissue 
dose limit is reached. When the nonradioactive boron atom 
captures the thermalized neutron, a decaying process occurs 
in which the thermalized neutron decays via short-range 
particles and recoils the Li-7 nucleus [3]. This energy has 
the power to locally destroy the cancerous cell containing 
the boron drugs while causing no harm to the surrounding 
healthy tissue. To achieve a decent result, two parameters 
need to be considered: boron concentration and neutron 
beam [2]. Thermal neutrons are the most important for 
BNCT because they initiate the Li capture reaction. 
However, because they have a limited depth of penetration, 

epithermal neutrons, which lose energy and fall into the 
thermal range as they penetrate tissues, are now preferred 
for clinical therapy. Several reactors with very good neutron 
beam quality have been developed and currently are being 
used clinically [4]. 

Dosimetry in BNCT is complex since the total absorbed 
dose is a mixture of different radiation components with 
different weighting factors [5,6]. These dose components 
are generally: boron dose, photon dose, nitrogen dose, and 
hydrogen dose.  

Monte Carlo simulation has been used extensively in 
medical physics for research in radiotherapy, dose analysis, 
dosimetry, and advanced clinical applications [7]. Several 
Monte Carlo codes have been extensively utilized in 
evaluating BNCT such Particle Heavy Ion Transport code 
System (PHITS), and Monte Carlo N-Particle Transport 
code (MNCP) to model the complex interactions of 
neutrons, gamma rays, and other particles within the human 
tissue to calculate the dose delivered to the cancerous 
tissues compared to the normal tissues [8]. 

The BNCT dose calculations in PHITS includes 
implementing Gross Target Volume, Clinical Target 
Volume, and Planning Target Volume regions in your 
simulations, calculating the four dose components in 
namely boron dose, proton dose, gamma dose and neutron 
dose.  

This study utilizes PHITS to model the dose distribution 
in brain cancer and to investigate how variation of boron 
concentration influences the four doses in BNCT 
simulation. 

II. METHODOLOGY 

It is necessary to build the geometry model before doing 
a simulation for BNCT. This study was conducted using the 
Monte Carlo simulation software PHITS version 3.341 in 
HP Laptop 15-fd0xxx [9]. The process of the research 
simulation is shown in Fig. 1. 

The variation of boron concentrations was varied from 
10-100 μg/g, and increment of 10. The neutron source used 
in the simulation is an epithermal neutron with a 10 keV 
energy. The neutron source was ensured to be directed 
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towards the target regions that contains the boron 
concentrations. 

 
 

Fig. 1 Flow chart of the simulation approach 
 

For accuracy purposes, the material compositions used in 
the simulation are brain, bone, skin and cerebral spinal fluid 
(CSF) which were derived from the elemental composition 
provided by National Institute of Standard and Technology 
and ICRP 110 [10,11]. 

The cancer was divided into three regions, namely, Gross 
Target Volume (GTV), Clinical Target Volume (CTV) and 
Planning Target Volume (PTV) and the radii for each part 
were 2.5, 3.0 and 3.5 cm, respectively. The ratio of the 
boron concentration in the target regions was 10:5:1.  

Table 1 Mass fraction of the normal tissues provided by NIST and 
ICRP110 

Material 
Composition 

Mass Fraction 
Brain Bone Skin CSF 

Hydrogen 0.110667 0.110667 0.100588 0.11000 

Carbon 0.125420 0.125420 0.228250  

Nitrogen 0.013280 0.013280 0.046420  

Oxygen 0.737723 0.737723 0.619002 0.89000 

Sodium 0.001840 0.001840 0.000070  

Magnesium 0.000150 0.000150 0.000060  

Phosphorous 0.003540 0.003540 0.000330  

Sulfur 0.001770 0.001770 0.001590  

Chlorine 0.002360 0.002360 0.002670  

Potassium 0.003100 0.003100 0.000850  

Calcium 0.000090 0.000090 0.000150  

Iron 0.000050 0.000050 0.000010  

Zinc 0.000010 0.000010 0.000010  

The tallying functions used in the simulation for different 
types of dose calculation of the four doses (boron, photon, 
nitrogen and hydrogen) are t-track. The number of batches 
(maxbch) and particles per batch (maxcas) depends on the 
required accuracy and computational power. More batches 
help improve statistical averaging of the simulation and 
more particles per batch reduce the variance in scoring [12]. 
For high precision and accuracy, it is recommended to use 
10 million neutron histories for BNCT simulation. 

III. RESULTS AND DISCUSSION 

In Fig. 2, region one to three are the target volumes. 
Region 1 is the Gross Target Volume where most of the 
cancer is located, region 2 is the Clinical Target Volume 
which comprises of 50% of the cancer cells, and region 3 is 
the Planning Target Volume which is just a marginal part of 
the cancer. The rest of the layering regions are the normal 
regions (brain, bone, Cerebral Spinal Fluid and skin). As 
seen Fig. 2, the combined flux map distribution of alpha 
particle and Lithium-7 is severely restricted to the target 
volumes where the boron is located. This is due to their 
short range of these particles which validates the selective 
generation of high-LET particles at the boron-loaded region.  

 

Fig. 2 Alpha + lithium-7 particle flux map distribution in r-z mesh 

The simulated boron dose per source which selectively 
hits the tumour came from the high-LET alpha particle and 
lithium-7 recoil produced from boron capture. The photon 
dose came from the prompt captures of gamma (mainly 
boron and hydrogen) and other reactions contributing to a 
low-LET, whole body background dose). The hydrogen is 
mainly from the recoil of protons created by fast neutron 
scattering on hydrogen. Nitrogen is from the energetic 
protons emitted from carbon 14. The simulated boron, 
nitrogen, photon and hydrogen dose are shown in Figures 3, 
4, 5, and 6 respectively.  

In BNCT, the simulated doses are the calculation of the 
absorbed energy transmitted to a tissue. As seen in Fig. 3, 
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the simulated boron dose in Gross Target Volume, Clinical 
Target Volume and Planning Target Volume increases as 
the boron concentration is increased as the dose is directly 
proportional to the boron content within the cancerous cells. 
Increasing the boron concentration will lead to a larger 
fraction of neutron that creates an alpha particle and a 
lithium nucleus, and these particles produce a charge 
particle, hence the dose shifts toward a less gamma dose.  

 

  

Fig. 3 (a) Boron dose at GTV (assumed to have 100% concentration) 

 
 

Fig. 3 (b) Boron dose at CTV (assumed to have 50% concentration) 
 

 
 

Fig. 3 (c) Boron dose at PTV (assumed to have 10% concentration) 
 
Thus, as seen in Figure 4, the photon dose decreases with 

increasing boron concentration. Gamma rays are likely to be 

absorbed as tissues with high boron concentration have a 
slightly higher density and slightly higher gamma 
attenuation coefficient. Additionally, increasing the boron 
concentration produces more epithermal neutrons to thermal 
neutrons.  

 

  

Fig. 4 (a) Photon dose at GTV (assumed to have 100% concentration) 

 
 

 
 

Fig. 4 (b) Photon dose at CTV (assumed to have 50% concentration) 
 

 
 

Fig. 4 (c) Photon dose at PTV (assumed to have 10% concentration) 
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This interaction causes an increase of nitrogen dose when 
the boron concentration is increased as seen in Fig. 6. 
Meanwhile, the hydrogen dose (see Fig. 5) does not change, 
or the changes is barely seen in the figure.  

The hydrogen dose comes from the elastic scattering of 
neutron which produces proton recoil. This is because the 
hydrogen contents within the materials and the density of 
the materials are almost the same. Hydrogen dose depends 
on the density of the material, neutron flux specifically for 
fast neutron. So, when boron concentration is increased, the 
hydrogen dose stays almost identical. 

 

 
Fig. 5 (a) Hydrogen dose at GTV (assumed to have 100% 

concentration) 
 

 
Fig. 5 (b) Hydrogen dose at CTV (assumed to have 50% concentration) 
 

 
 

Fig. 5 (C) Hydrogen dose at PTV (assumed to have 10% concentration) 

Nitrogen is naturally present in a human body; they could 
be protein or even in DNA. Similarly, the nitrogen dose 
decreases with increasing boron concentration due to the 
fact that boron is ten times more attractive than nitrogen, 
which tends for neutron to interact with boron before they 
can interact with nitrogen atom. These results and 
observation are similar to photon wherein increasing boron 
concentration decreases the photon dose. 

 

 
 

Fig. 6 (a) Nitrogen dose at GTV (assumed to have 100% concentration) 

 

 
 

Fig. 6 (b) Nitrogen dose at CTV (assumed to have 50% concentration) 

 

 
 
Fig. 6 (c) Nitrogen dose at PTV (assumed to have 10% concentration) 
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These following observations are all the same in the 
defined target volumes in the cancer geometry. However, in 
the normal tissues defined in the simulation (brain, CSF, 
bone and skin), changes are not seen in the boron dose, 
nitrogen dose, photon dose and hydrogen dose. This is 
because those tissues are assumed to be normal tissues and 
ensured that they will not be affected by the irradiation. 

IV. CONCLUSIONS  

The simulation result demonstrates a clear correlation 
between the boron-loaded regions and the generation of the 
therapeutic particles. The analysis from the r-z mesh flux 
maps validates the microscopic selectivity of BNCT as the 
high-LET alpha and lithium-7 particles are restricted to the 
target volumes while sparing the normal tissues. This is due 
to the short range of these particles (approx. 5-9 µm); thus, 
the nuclear reaction is within the area where the cancer is 
located [13]. The correlation of boron concentration to the 
four doses in BNCT were investigated thoroughly. The 
boron dose and boron concentration has a linear correlation 
which demonstrates that higher boron uptake significantly 
increases the destruction of the cancer cells. In contrast, 
increasing the boron concentration decreases the photon and 
nitrogen dose. Lastly, the stability of the hydrogen dose is 
from the fast neutron recoils which remains unchanged as 
the concertation is increased. These results demonstrates 
that increasing boron concentration provides secondary 
benefit sparing the healthy tissues from destructive doses 
from the nuclear reaction of boron and slow neutron. These 
results suggest that a higher boron-to-tissue ratio 
significantly improves the therapeutic gain without 
increasing the fast neutron background. 
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