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Abstract 
Prostate cancer is the second most common cancer in male worldwide. Boron Neutron Capture Therapy 
(BNCT) offers cancer treatment with minimum side effects. BNCT is radiation therapy that uses the 10B 
isotope and neutron beams which can selectively destroy tumor cells. The resulting radiation dose cannot be 
measured directly, so a computational method is needed to calculate the dose. The aim of this research is to 
determine the effective boron concentration, determine the optimal direction of irradiation, and determine 
the duration of irradiation time at an effective boron concentration for BNCT of prostate cancer. The 
computational method used is the Monte Carlo method with PHITS Version 3.32 software. The phantom 
used is an adult male ORNL phantom. The type of prostate cancer modeled is adenocarcinoma with an 
intermediate risk group. The neutron source is a 30 MeV cyclotron. Variations in 10B concentrations used 
were 100, 110, 120, 130, 140, and 150 µg/g boron/cancer tissue. The variations in direction used are: anterior-
posterior, lateral-anterior oblique, and left-lateral. This study yield that the effective boron concentration 
used for BNCT in prostate cancer is 150 µg/g boron/cancer tissue. The most optimal radiation direction for 
BNCT of prostate cancer is the anterior-posterior direction. The duration of irradiation time required for a 
boron concentration of 150 µg/g boron/cancer tissue is 1 hour 16 minutes 10 seconds. 
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INTRODUCTION 

 

Prostate cancer is the second most common cancer in male worldwide (Sung et al., 2021). In 2020, the 
incidence of prostate cancer in the world was 7.3% with a death rate of 3.8%. The incidence of prostate cancer 
reached 14.1% with mortality reaching 6.8% in male cases. In Indonesia there are 13,130 new cases of prostate 
cancer in 2022 with deaths reaching 4,860 people (Global Cancer Observatory, 2022). There are several 
common cancer treatment options, such as: chemotherapy, radiotherapy and surgery (Riis, 2020). These 
methods have drawback such as radiation in radiotherapy which can affect surrounding healthy tissue. 

Surgery generally only removes parts infected with malignant cells with a diameter of >0.5 cm, but smaller 
cancers are difficult to detect and remove (Marotta et al., 2020). Chemotherapy causes side effects such as 
fatigue, nausea, vomiting, and hair loss (Altun & Sonkaya, 2018). Based on these disadvantages, a method 
with fewer side effects was developed, namely the Boron Neutron Capture Therapy (BNCT) (Skwierawska et 
al., 2022). 
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Figure 1. BNCT mechanism 

 

BNCT is radiation therapy that uses 10B isotopes and neutron beams (Sajad et al., 2022). BNCT can 
selectively destroy tumor cells because the neutron beam can specifically react in cells containing 10B 
(Skwierawska et al., 2022). BNCT is based on a thermal neutron capture reaction with the isotope 10B, which 
produces alpha particles and lithium-7 (Malouff et al., 2021). The Linear Energy Transfer (LET) of alpha 
particles (196 keV/µm) and 7Li nuclei (162 keV/µm) is quite high and has a limited penetration distance. The 
penetration distance of these particles is as long as the diameter of a single cell. The use of short-range 
radiation ensures that adjacent normal tissue is protected from radiation damage (Hsu et al., 2023). BNCT 
treatment is illustrated in Figure 1. 

The targeting ability of BNCT is influenced by the dose of 10B used for therapy (Cheng et al., 2022). The 
absorbed radiation dose cannot be measured directly, so the Monte Carlo computational method is used 
(Liang et al., 2020). The PHITS program is an application of the Monte Carlo method which allows creating 
artificial tissue models, cancer, and calculating absorbed dose (Sato et al., 2018). In this study, an analysis of 
the dose of prostate cancer therapy with BNCT was carried out using the PHITS version 3.32 program. 

 
METHOD 
 

This research was conducted from June 2023 to May 2024 at the Research Center for Nuclear Safety, 
Metrology, and Quality Technology, Nuclear Energy Research Organization, National Research and 
Innovation Agency (PRTKMMN ORTN BRIN). The hardware used is a laptop with specifications: Intel(R) 

Celeron(R) N4500 processor, 4 GB RAM, and Windows 11, 64-bit operating system. The software used are: 
PHITS version 3.32, Notepad++ v7.8.4, Ghostscript, Microsoft Word 2021, Microsoft Excel 2021. 

The independent variables in this study are the direction of radiation and boron concentration in 
cancer. The irradiation directions used are anterior-posterior (AP), left-anterior oblique (LAO), and left-
lateral (LLAT) (Figure 2). The boron concentrations used in this study were 100, 110, 120, 130, 140, and 150 
μg/g boron/cancer tissue. The dependent variables in this study were total dose rate and irradiation time. 
The control variables in this study were BSA parameters, geometric size of prostate cancer, and tissue 
materials. 

 
Figure 2. Irradiation direction for: AP, LAO, and LLAT 

 

Geometry modeling is based on the Oak Ridge National Laboratory (ORNL) phantom model of adult 
male. The Organs at Risk (OAR) created in this study were the skin, bladder, testicles, large intestine, small 
intestine, femur head, pelvic bone, and genitals (Jang et al., 2021). The prostate cancer modeled is stage IIB 
prostate cancer which is classified in the intermediate category based on the Guidelines for radiotherapy of 
prostate cancer (2020 edition) (Li, Li, et al., 2021). The type of cancer modeled is adenocarcinoma. Prostate 
cancer usually presents with multifocal foci, so the target volume should include the entire prostate. In this 
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study, gross tumor volume (GTV) was chosen for the entire prostate, clinical target volume (CTV) of 1.0 cm 
covering the GTV, and planning target volume (PTV) of 0.7 cm covering the PTV. The ellipsoid equation is 
used in modeling the prostate (Stabin, 1994). 
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Figure 3. 18F choline PET-CT in prostate cancer 

 

From Equation 1 it can be seen that the prostate has a spherical geometry with a radius of 1.54 cm and 
is located at coordinates (0, -4.50, 2.93). As a reference, prostate cancer PET image data was taken from 
research conducted by Alshemeili (2020) in Figure 3. 

Phantom materials data was taken from the Pacific Northwest National Laboratory (PNNL) (Detwiler 
et al., 2021) and the International Commission on Radiological Protection (ICRP) (Menzel et al., 2009). The 
composition of the genitals, bladder and prostate gland is the same as the composition of the soft tissues. The 
materials of the cancer were taken from the research result of Maughan et al. (1997). 

The total dose rate is expressed as the total components of each dose rate multiplied by the appropriate 
weighting factor for each dose rate component (Li, Jiang, et al., 2021). The weighting factor for the dose of: 
nitrogen, photons and fast neutrons, is called Relative Biological Effectiveness (RBE). The weighting factor 
for boron dose is called Compound Biological Effectiveness (CBE). The weighting factors used in this study 
were 3.2 for nitrogen dose and fast neutron dose, and 1.0 for photon dose. For boron dose, a weighting factor 
of 3.8 is used for cancer tissue (Koivunoro et al., 2019) and 1.3 for healthy tissue (Schwint et al., 2020). The 
total dose can be calculated using equation 2. 

 

(2) 𝐷̇𝑇 = (𝑤𝐵𝐷̇𝐵) + (𝑤𝑝𝐷̇𝑝) + (𝑤𝑛𝐷̇𝑛) + (𝑤𝛾𝐷̇𝛾) 

 

where 𝐷𝑇̇  is the total dose rate (Gy/s), 𝑤𝐵 is the boron weight factor, 𝑤𝛾 is the photon weight factor, 

𝑤𝑝 is the nitrogen weight factor, and 𝑤𝑛 is the fast neutron weight factor. 

Irradiation time can be calculated using equation 3. 

 

(3) 𝑡 =
𝐷𝑚𝑖𝑛𝑖𝑚𝑎𝑙

𝐷𝑇 𝐺𝑇𝑉̇  
   

 

Where, 𝑡 is the irradiation time (s), 𝐷𝑚𝑖𝑛𝑖𝑚𝑎𝑙 is the minimum dose of cancer damage, and  DT GTV ̇  is the 

total tissue dose rate at GTV (Gy/s). Prostate cancer is modeled based on the Guidelines for radiotherapy of 
prostate cancer (Li, Li, et al., 2021), which is included in the intermediate risk group category. The dose used 
to treat intermediate risk group prostate cancer is 76-80 Gy. In this study, the minimum cancer damage dose 
used was 76 Gy. 

The absorbed dose is obtained from the product of the dose rate with the irradiation time (Cember & 
Johnson, 2009). 

 

(4) 𝐷 = 𝐷𝑇 × 𝑡̇     (3) 

 

Where 𝐷 is the absorbed dose (Gy),  𝐷𝑇̇ is the total tissue dose rate (Gy/s), and t is the irradiation time 
(s). 

The effective dose is the tissue-weighted sum of the equivalent doses in all specified tissues and organs 
of the body (Petoussi-Henss et al., 2010). 
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(5) 𝐸 =  ∑ 𝑤𝑖𝐷𝑖𝑖     (4) 
 

Where 𝐸 is the effective dose (Sv), 𝐷𝑖 is the equivalent dose to the tissue (Gy), 𝑤𝑖  is the tissue weight 
factor. Tissue weight factors are taken from ICRP publication 103 (ICRP, 2007). 

  
RESULTS AND DISCUSSION 

 

The geometry of the phantom can be seen in Figure 4. The resulting phantom image can differ 
according to the selected coordinates. Figure 4 is a phantom image for a height of 82.93 cm from the base of 
the leg. The selection of these values is based on the center point of the GTV geometry. 

 

 
Figure 4. Phantom geometry 

 

The BSA output obtained can be seen in Table 1. The filter and shielding materials used are: fast 
neutron filter (CaF2) 12 cm, thermal neutron filter (B4C) 0.3 cm, gamma shielding (Pb) 5 cm, and neutron 
shielding (borated paraffin) 3 cm. From the simulation results that have been obtained, all parameters 
recommended by the IAEA have been fulfilled. 

 
Tabel 1. BSA output 

Parameter 
IAEA 

recommendation 
Output result 

𝜙𝑒𝑝𝑖  (𝑛/𝑐𝑚2𝑠) > 1.0 × 109 1.48 × 109 

𝐷̇𝑓/𝜙𝑒𝑝𝑖  (𝐺𝑦

− 𝑐𝑚2/𝑛) 
< 2.0 × 10−12 1.12 × 10-12 

𝐷̇𝛾/𝜙𝑒𝑝𝑖(𝐺𝑦

− 𝑐𝑚2/𝑛) 
< 2.0 × 10−12 1.48 × 10-12 

𝜙𝑡h/𝜙𝑒𝑝𝑖 < 0.05 0.03 

𝐽/𝜙𝑒𝑝𝑖 > 0.7 1.61 

 

 
Figure 5. Particle Trajectory 

 

The particle trajectories in the BSA and phantom can be seen in Figure 5. The distance between the 
BSA collimator and the skin surface is 0 cm. The considered particle trajectories are set for all particle types. 
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Figure 6. Neutron flux in phantom  

 

In Figure 6, the highest thermal neutron flux was measured at a depth of 2.5 cm from the skin surface 

with a value of 1.02 × 109 neutrons.cm-2s-1. The highest epithermal neutron flux was measured at a depth of 
0 cm from the skin surface with a value of 5.90 × 109 neutrons.cm-2s-1. The highest fast neutron flux was 
measured at a depth of 0 cm from the skin surface with a value of 1.29 × 108 neutrons.cm-2s-1. 

The thermal neutron flux is 5.27 × 108 neutron.cm-2s-1 at a depth of 0 cm from the skin surface and 
increases to 1.02 × 109 neutron.cm-2s-1 at a depth of 2.5 cm. The increase in thermal neutron flux is due to the 
moderation of epithermal neutrons. Epithermal neutrons interacting with tissue will reduce the kinetic 
energy of the epithermal neutrons. This causes neutrons that were previously included in the epithermal 
neutron category to enter the thermal neutron category, which causes the thermal neutron flux to increase. 

The total dose rate can be seen in Figure 7, Figure 8, and Figure 9. 

 

 
Figure 7. Total dose rate AP 

 

 
Figure 8. Total dose rate LAO 
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Figure 9. Total dose rate LLAT 

 

In the AP irradiation direction, the highest total dose rate is received by GTV followed by CTV. This is 

because the highest concentration of 10B is in the GTV region, while the concentration of 10B in the CTV is 
half that of the GTV. The genital organs receive a relatively high dose rate due to their location relatively close 
to the BSA collimator. Other OARs that are deeper, such as: the large intestine, small intestine, femur head, 
and pelvis, receive a smaller dose rate. 

The dose rate in OAR for the LAO radiation direction is quite high for the genital, testicles and urinary 
bladder. The direction of LLAT irradiation produces high dose rates in all organs except the testicles. This is 
because the irradiation geometry made the cancer distance further away from the BSA. 

 

 
Figure 10. Dose rate per component AP 

 

 
Figure 11. Dose rate per component LAO 

 

 
Figure 12. Dose rate per component LLAT 

 

Figure 10 is a graph of the dose rate in the OAR for a 10B concentration of 150 µg/g in the AP irradiation 
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direction. The dose rate component that is significant in the total dose rate of GTV is the boron component. 
The fast neutron dose rate component is more dominant in the genital organs because the genital is located 
at a depth of 0.2-10 cm where the fast neutron flux is still quite high. In the LAO and LLAT irradiation 

directions (Figure 11 and Figure 12), the fast neutron dose is a significant component of the total dose rate. 
This high dose is caused by the distance between the cancer and the neutron source being too far, causing 
the neutrons to interact with more tissue before reaching the cancer. 

 

 
Figure 13. Dose rate in GTV 

 

As can be seen in Figure 13, the result show a linear relation between 10B concentration and dose rate 
at GTV. The greater the concentration of 10B used, the greater the dose rate value. In the AP radiation 

direction, a 10B concentration of 100 µg/g produces the smallest dose rate with the value 1.16 × 10-2 Gy/s. A 
10B concentration of 150 µg/g produced the largest dose rate with the value 1.66 × 10-2 Gy/s. In the LAO 
irradiation direction, a 10B concentration of 100 µg/g produced the smallest dose rate with the value   4.17 × 
10-4 Gy/s. A 10B concentration of 150 µg/g produced the largest dose rate with the value 5.07 × 10-4 Gy/s. In 
the LLAT irradiation direction, a 10B concentration of 100 µg/g produced the smallest dose rate with the value 
8.44 × 10-4 Gy/s. A 10B concentration of 150 µg/g produced the largest dose rate value, namely 9.68 × 10-4 
Gy/s. The AP irradiation direction has the largest dose rate of the three irradiation directions. 

The irradiation time for each 10B concentration and each irradiation direction can be observed in Figure 

14. 

 
Figure 14. Irradiation time 

 

In the AP irradiation direction, a 10B concentration of 100 µg/g required the longest irradiation time, 
namely 1 hour 48 minutes 58 seconds. A 10B concentration of 150 µg/g requires the shortest irradiation time, 
namely 1 hour 16 minutes 10 seconds. In the LAO irradiation direction, a 10B concentration of 100 µg/g 
required the longest irradiation time with the value of 5 hours 4 minutes 6 seconds. A 10B concentration of 

150 µg/g required the shortest irradiation time with the value of 4 hours 9 minutes 53 seconds. In the 
direction of LLAT irradiation, a 10B concentration of 100 µg/g requires the longest irradiation time with the 
value of 25 hours. A 10B concentration of 150 µg/g required the shortest irradiation time with the value of 21 
hours 48 minutes. The AP irradiation direction has the shortest irradiation time of the three irradiation 
directions. The ideal irradiation time is less than 1 hour (IAEA, 2023). The irradiation time will be faster if 
the concentration of 10B is increased. 

The location of the prostate organ, classified as deep in BNCT, means that the neutron flux is 
insufficient on the way to the target. Low neutron flux makes the dose rate also low. Another thing that can 

be used to increase the irradiation time is to increase the thermal neutron flux in the GTV at a depth of 3.96-
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7.04 cm from the skin surface. This can be done by increasing the average flux of epithermal neutrons, so 
that the dose received by the cancer becomes higher. Regarding depth, irradiation can be performed 
transperitoneally (Figure 15). Using this approach, a sufficient neutron beam can be achieved (Takahara et 

al., 2022). 

 

 
Figure 15. Transperitoneal irradiation 

 

Histogram showing the equivalent dose received by OAR can be seen in Figure 16, Figure 17, and Figure 
18. The graph also shows the relation between the 10B concentration and the equivalent dose of each OAR in 

general. The greater the 10B concentration, the smaller the equivalent dose received by the OAR. 

 

 
Figure 16. Equivalent dose OAR AP 

 

 
Figure 17. Equivalent dose OAR LAO 

 

 
Figure 18. Equivalent dose OAR LLAT 
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The equivalent dose values that have been obtained are then compared with the equivalent dose 
tolerance limits for each OAR in Table 2. The 10B concentration that is effective for BNCT therapy for prostate 

cancer is the 10B concentration that provides the minimum equivalent dose to the OAR, but has the shortest 
irradiation time. 

 
Tabel 2. OAR dose limits 

No OAR Limit dose Gy) 

1 Skin 14,4b 

2 
Genital 14b 

3 
Testicles 10b 

4 
Bone 30a 

5 
Femur head 14a 

6 
Urinary bladder 30c 

7 
Large intestine 11a 

8 
Small intestine 9,8a 

a.)Cèfaro et al. (2013), b.)Emami (2013), c.) Arians et al. (2020) 

 

Based on Table 2, in the direction of LAO irradiation there are several organs that exceed the tolerance 
limit, namely: testicles, genital, large intestine and small intestine. In the direction of LLAT irradiation, there 
are several organs that exceed the tolerance limit, namely: skin, genital, urinary bladder, large intestine, small 
intestine and femur head. The main goal of radiotherapy is to deliver a dose of radiation to the tumor to kill 
cancer cells without damaging the surrounding healthy organs and tissues (Zarepisheh et al., 2022). In this 
study, LAO and LLAT for all boron concentrations were not effective for use as BNCT for prostate cancer 
because many OARs received doses exceeding the threshold. 

In the AP irradiation direction, it can be seen that the testicular organ receives an equivalent absorbed 
dose of 9.64 Gy, 9.65 Gy, and 10.32 Gy for 10B concentrations of 150 μg/g, 140 μg/g, and 130 μg/g, 
respectively. consecutive. Referring to Table 2, only irradiation with 10B concentrations of 150 μg/g and 140 
μg/g is still below the testicles dose limit. Concentrations lower than 140 μg/g result in the testicles receiving 
a dose of more than 10 Gy. If the testicles receive a dose of ≥ 10 Gy, the patient will experience oligospermia 
or azoospermia. Recovery from these effects depends on the total dose received  (Cèfaro et al., 2013). The 
skin receives 3.34 Gy of radiation. Referring to the Regulation of the Head of the Nuclear Energy Supervisory 
Agency (BAPETEN) Number 6 of 2010 concerning Health Monitoring for Radiation Workers (BAPETEN, 

2010), erythema appears if the skin receives a dose of 3 Gy. Erythema is redness of the skin as an 
inflammatory response to wounds caused by ionizing radiation (Abdlaty et al., 2021). The genital will 
experience erectile dysfunction if the genitals receive a dose of more than 14 Gy in one fraction. If the genital 
receive a dose of 13.85 Gy, this dose is still below 14 Gy (Cèfaro et al., 2013). The equivalent dose received by 
other OARs is still below the OAR dose limit. 

 

 
Figure 19. Effective dose AP, LAO, and LLAT 

 

Effective dose can be seen in Figure 19. The three irradiation directions show the same trend, the higher 
the boron concentration used, the lower the effective dose. In the AP radiation direction, the largest effective 
dose was 3.41 Sv at a boron concentration of 100 μg/g, and the lowest effective dose was 2.54 Sv at a boron 
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concentration of 150 μg/g. In the LAO irradiation direction, the highest effective dose was 7.98 Sv at a boron 
concentration of 100 μg/g, and the lowest effective dose was 6.26 Sv at a boron concentration of 150 μg/g. In 
the LLAT irradiation direction, the highest effective dose was 14.28 Sv at a boron concentration of 100 μg/g, 

and the lowest effective dose was 12.30 Sv at a boron concentration of 150 μg/g. 

The effective dose provides information regarding the possible health risks of a particular radiation 
procedure. The higher the effective dose value, the higher the possibility of health problems arising from 
radiation (Martin et al., 2020). The variation with the lowest effective dose is the AP irradiation direction 
with a boron concentration of 150 μg/g. This variation allows the destruction of cancer with the lowest 
absorbed dose at the OAR and the lowest possibility of health problems resulting from radiation.  

 

CONCLUSION  

 
Based on the analysis of boron dose in prostate cancer using the BNCT method, it has been concluded 

that the effective concentration of boron for this treatment is 150 µg/g of cancer tissue. The optimal radiation 
direction for BNCT in prostate cancer is the anterior-posterior direction. The required irradiation time for 
this boron concentration is 1 hour, 16 minutes, and 10 seconds. 
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