
International Journal of Radiation Research, October 2024 Volume 22, No 4 

Dosimetry calculations of gastric cancer treatment during 
pencil beam scanning proton therapy 

INTRODUCTION 

More than 50% of patients with local malignant 
tumors are treated with radiotherapy. This shows the 
need to find methods with minimal side effects (1). 
Proton therapy, based on an intelligent manipulation 
of the specific dose-depth characteristic of this beam, 
the "Bragg Peak", is highly regarded in today's clinical 
world (2).  

In ideal radiotherapy, the aim is to protect as 
much healthy tissue as possible from the radiation, 
while the tumor receives the maximum dose. Protons 
are superior to photons in the treatment of local              
tumors due to their low lateral scattering, limited 
range in tissue and constant relative biological effect. 
In general, proton therapy is suitable for the                   
treatment of local tumors, and its benefits have been 
confirmed in the treatment of various cancers,                
including ocular melanoma, chordoma,                             
chondrosarcoma, and liver cancer (3-7). Proton                
technologies have made significant advances in               
medical programs since their introduction. Until           
recently, only passive dispersion methods were used, 
but active scanning has also been utilized (8). Since the 
beams extracted from the accelerator have a single 
energy, the passive dispersion method uses a              
scattering foil, absorber, and filters to broaden the 
Bragg peak and achieve better tumor coverage (9). 

The spot scanning method is a new method of 
proton irradiation in which a small volume is selected 
within the patient and the spots are irradiated one 
after the other by adjusting the energy of the beam. 
This method can reduce the unwanted dose to the 
healthy tissue around the tumor. It should be noted 
that the choice of treatment method depends on the 
location and size of the target (10). Some researchers 
have confirmed the use of proton therapy in the 
treatment of gastric cancer (10-15). 

Only a few clinical studies have been conducted 
on the use of proton therapy in the treatment of             
gastric tumors. Case reports from the College of            
Tsukuba from the last 30 years are the only published 
evidence. Koyama et al. reported the case of a 72-year
-old man with advanced gastric cancer who was        
inoperable due to severe emphysema. Since surgery 
was not an option, chemotherapy with proton             
therapy up to a dose of 61 Gy was used as treatment. 
As a result of this treatment method, the tumor            
regressed and became necrotic, while the normal 
tissue structure around the tumor was healthy (14). 

In 1991, Shiba et al. reported the treatment of two 
men aged 85 and 70 years with early inoperable            
gastric cancer with proton therapy. The patients        
received doses of 83-86 Gy, and subsequent                
endoscopy showed that the gastric ulcer was stable 
and tumor-free. Since then, no further clinical data 
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have been reported and no trials are currently                
ongoing (16). 

As radiotherapy requires planning before                    
treatment and patients cannot be used as test                 
subjects, a computer simulation is used. Monte Carlo 
simulation allows the test conditions to be precisely 
defined. The Monte Carlo code MCNPX can track          
protons under clinical conditions and in volume-
based phantoms and is used for radiotherapy              
simulation. 

Studies have shown that proton therapy using the 
pencil beam scanning method reduces the secondary 
neutron dose by a factor of about ten compared to the 
passive scattering method (17-21). The scanned proton 
beams can reduce the radiation received by vital            
organs through precise dose distribution. However, 
the radiation received by healthy body tissue can 
cause side effects. 

As already mentioned, there are only a few clinical 
reports on the use of proton therapy in the treatment 
of gastric cancer. However, no theoretical studies 
have been conducted to estimate the dose of                 
secondary particles to both involved and non-
involved organs. This lack of research leaves out a 
crucial aspect when it comes to understanding the 
full extent and potential benefits of proton therapy 
for patients with gastric cancer. 

The aim of this study was to simulate proton              
therapy for gastric tumors in order to estimate the 
dose received by the involved and non-involved             
organs. In this study, Monte Carlo simulations were 
performed for the dosimetry of involved and non-
involved organs in gastric cancer during pencil beam 
proton scan treatment. Computer modeling of gastric 
irradiation was performed using a MIRD-UF phantom 
and the MCNPX code. Scanned proton beams can  
reduce the radiation absorbed by vital organs 
through accurate dose distribution. However,              
radiation absorbed by healthy body tissue can cause 
side effects. 

 
 

MATERIALS AND METHODS 
 

Most gastric tumors are adenocarcinomas (90-
95%) (21). A tumor of this type was formed in the 
stomach wall of an adult male MIRD-UF phantom. 
Primary gastric cancer tumors < 3 cm are classified as 
small tumors (22). Therefore, small tumors in the 
shape of an elliptical cylinder (thickness: 0.4 cm, 
large diameter (3 cm), small diameter (1.5 cm), and 
about 3.6 cm below the skin surface) were 
considered. The composition of materials and the 
percentage of elements in the adenocarcinoma tumor 
tissue is as follows: Potassium (K) - 0.36%, Sulfur (S) 
- 0.54%, Phosphorus (P) - 0.36%, Chlorine (Cl) - 
0.36%, Sodium (Na) - 0.18%, Oxygen (O) - 56.9%, 
Nitrogen (N) - 4.5%, Carbon (C) - 26.9%, and 
Hydrogen (H) - 9.9%. The density of the 
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adenocarcinoma tumor tissue is 1.04 g/cm3 (24). 
According to figure 1, the depth of this tumor along 
the y-axis ranges from -4.75 to -3.25. In this study, a 
simple pencil beam, which is the result of the pencil 
scanner system, was considered. The proton beam 
emits monoenergetic proton beams along the y-axis. 

 

Monte Carlo simulation 
The simulation studies were performed with the 

MCNPX code version 2.6, Los Alamos, NM, USA. Using 
the MCNPX code (24), the geometry of the phantom 
limb, as shown in figure 1, together with its                  
components, was exposed to proton irradiation at a 
specified energy.  

The absorbed doses of protons, electrons, and 
positrons were calculated using tally F6. The                 
absorbed dose obtained was expressed in terms of 
absorption energy per mass (MeV/g), which was  
multiplied by 1.602 × 10-10 to convert it into a unit 
(Gy/s). The energy deposition for the positron and 
electron produced by the interaction of a proton with 
an atom and a nucleus was calculated using the FT 
card ELC and the electron physics card. The FMn card 
was used to multiply the output by a fixed number to 
convert the unit of absorbed dose from (MeV/g) to 
(Gy/s).  

Dose equivalent is generally used for neutrons 
with different relative biological effects (RBE) over a 
range of energies (25). The doses of transported             
neutrons and photons were calculated using the F4 
tally card, and the dose equivalent was calculated 
using a dose function (DF) card. The flux to dose           
conversion factors were based on the ANSI/ANS -
6.1.1-1977 report (26). The dose equivalent obtained is 
expressed in Sv/h. To convert this unit to mSv/s,  
multiply by 2.778 ×10-1. The FM card gives the unit of 
output in mSv⁄s. Another conventional measure         
typically used to calculate the secondary dose is the 
ratio of the neutron dose equivalent to the absorbed 
therapeutic dose (H/D). Where H is the neutron 
equivalent dose and D is the therapeutic absorbed or 
proton dose delivered to the tumor volume (28). 

Using mesh tally card, we calculated various 
values such as flux, energy deposition, etc. in a 
meshed manner in each part of the geometry of the 
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Figure 1. MIRD-UF phantom, irradiated with a pencil beam a) 
in the YZ plane, b) from the cross-sectional area inside the 

phantom in the XY plane, c) the gastric organ and the tumor in 
its wall separately and three-dimensionally. 
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problem. In this study, energy deposition in MeV/cm3 
will be calculated in different organs of the body. In 
the input file of the MCNP code, the number of parti-
cle shifts (NPS card) is set to 10×107. The maximum                     
simulation error was about 1%. The data obtained 
from the simulation results were plotted using Origin 
software version 2024 (Learning Edition) (29). 

 

The construction of the Spread-Out Bragg Peak 
(SOBP) 

To determine the appropriate energy, range to 
completely cover the tumor volume, the energy of the 
beam was gradually increased. Since the Bragg peaks 
alone are narrow and not suitable to cover every        
target, they should be wide and form a SOBP. For this 
purpose, the number of peaks required and the 
weight of each Bragg peak involved in the                   
construction of the SOBP were calculated. In this way, 
a uniform and maximum dose is delivered to the           
tumor. The three processes of stopping, scattering 
and nuclear interaction determine the shape of the 
Bragg peak (2). In this work, according to the average 
standard deviation of these peaks, which is about 1 
mm, a distance between neighboring peaks of 1 mm 
was assumed to avoid overlapping of the peaks and 
to obtain a SOBP without waves. Therefore, to cover 
the tumor as much as possible, 16 peaks were                
included to generate a Spread-Out Bragg Peak. 

The matrix method is a numerical method for  
calculating the weighting coefficients of Bragg peaks 
(29). For this purpose, the desired geometry must first 
be deeply meshed by dividing the geometry of the 
problem in the XY plane into voxels with a size of 1 
mm using a rectangular mesh. The energy deposition 
in each voxel was calculated using a tally mesh. In the 
next step, the data corresponding to each peak was 
listed in columns. In this case, an m×n matrix was 
created, where n is the number of desired peaks and 
m is the number of voxels generated. The maximum 
dose was determined in each column. The rows             
corresponding to these maxima should be placed one 
below the other so that they are on the major             
diameter of an n×n matrix. For example, the final  
matrix is 16 ×16. 

The inverse of this n×n matrix is multiplied by an 
n×1 matrix, all corresponding to the maximum dose 
value to which the flat part of the SOBP should be 
normalized. Finally, the resulting n×1 matrix and its 
arrays correspond to the weights of the assumed 
peak values. Table 1 lists the weights of each energy 
in the formation of the SOBP. The weight of each peak 
indicates its contribution to the formation of the 
spread Bragg peak. In other words, these weights 
indicate the radiation time of each beam at a given 
energy. To obtain the optimal peak, the                       
corresponding Bragg peaks must be multiplied by the 
obtained coefficients. Then the data for all peaks in 
each volume were summed to obtain the overall 
shape of the SOBP. The specifications of the adjusted 

SOBP based on the beam parameters can be found in 
ICRU Report No. 78 (30). 

Statistical analysis 
Statistical analyses were performed using Origin 

software version OriginPro 2024 (Learning Edition) 
(Origin Lab Corporation, Northampton, MA, USA). 
The Origin software is used to draw and analyze          
numerical the output of mesh tally, F6 and F4 cards of 
MCNPX code. Based on the data from the output of 
the MCNP code cards, the changes in the distribution 
of energy deposition and dose, proton, neutron,         
electron and photon particles in the involved and non
-involved organs were qualitatively plotted in 3D and 
2D using Origin software. Due to the Origin               
software's powerful ability to analyze numerical and 
statistical data, a quantitative comparison was made 
between the deposited energy and dose for proton 
particles and secondary particles generated in the 
tumor and other organs. 

 
 

RESULTS 
 

The simulation results show that the appropriate 
range of proton energy to cover the tumor is ~ 67–
81.5 MeV. The Bragg peaks associated with the 
calculation are shown in figure 2. In this figure, the 
energy deposition per unit volume is plotted against 
the penetration depth from the body surface for the 
incident proton beam in the above-mentioned energy 
range. The penetration depth of the beam into the 
tissue depends directly on the energy of the incident 
beam. The higher the energy of the proton beam, the 
deeper it penetrates. The appropriate energy range 
for the treatment of each tumor depends on the 
thickness of the tumor exposed to the beam. 
Therefore, tumor dimensions must be accurately 
measured using imaging techniques prior to 
treatment. Based on the data in figure 2, the changes 
in the penetration force of the particles as a function 
of proton energy are shown in figure 3. Fitting a 
curve to the data in figure 3 shows that the 
relationship between the initial energy of the proton 
and the range in the material medium is given by 
equation 1: 

 
R = α + βEP     (1) 

Sadrzadeh and Tajik / Dosimetry of gastric cancer pencil beam proton therapy 825 

Weighting 
factor 

Energy (MeV) 
Weighting 

factor 
Energy (MeV) 

1 81.5 0.06818 74 
0.26636 80.5 0.05991 73 
0.26406 79.5 0.04713 72 
0.10988 78.5 0.04507 71 
0.14921 77.8 0.03107 70 
0.09106 76.8 0.03413 69 
0.08983 76 0.01966 68 
0.08187 75 0.03489 67 

Table 1. The optimized weighting factors for the creation of 
SOBP. 
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The values of the factors α, β, and P are 
approximately -8.44 cm, 2.23 × 10-3 cmMeV-1, and 
1.75, respectively. E is measured in MeV and R is 
measured in cm. 

 

SOBP construction  
Figure 4 shows a spread Bragg peak obtained by 

applying the weighting coefficients calculated with 
the matrix method to the assumed Bragg peaks. The 
weighting of each peak indicates its contribution to 
the formation of the spread Bragg peaks. These 
weights indicate the radiation time of each beam 
with a certain energy and are used in the                        
construction of the range modulator. The distance 
from the distal point of 90% of the maximum dose 
along the axis of the beam profile as a value for the 
penetration depth (d'90) is 5.14 cm. The value of the 
dose reduction from 80% to 20% of the maximum 
dose as distal dose drop (DDF) is 0.13 cm. The value 
of the modulation width (90'Mod) as the distance 
between 90% of the maximum proximal and distal 
dose is 2.31 cm. The treatment (or target) length is 
determined by the distance between the single DDF 
length distal to the proximal 90% dose value of the 

SOBP and the double DDF length proximal to the         
distal 50% dose value of the SOBP. 

In figure 5, the proton absorbed dose is plotted by 
applying weighting coefficients according to the            
energy of the incident proton beam in the tumor. In 
this figure, the absorbed dose in the tumor shows an 
increasing tendency in the mentioned energy range 
with increasing energy of the incident beam. 

 

Distribution of energy deposition in tumor and  
vital organs 

Protons with an energy range of 68-81.5 MeV             
deposit the most energy to the tumor. The flux and 
energy of the neutrons and photons produced in the 
tumor were calculated. Protons with an energy of 75 
MeV (the average energy of the proton beams in table 
1) produce neutrons with an average energy of 15.7 
MeV in the tumor. Of all the neutrons produced, 
59.5% have an energy of 1-20 MeV, 34.1% have an 
energy of 20-68 MeV, and about 6% have less than 1 
MeV. The average energy of the photons produced by 
the interaction of primary protons or secondary             
particles with the tumor tissue was 4.59 MeV. Most of 
the photons produced had an energy of 4.44 MeV. 
They accounted for 7% of all photons produced and 
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Figure 2. Energy deposition profiles in the stomach of the 
MIRD-UF phantom for protons with an energy range of          

67-81.5 MeV. 

Figure 3. The relationship between the incident proton energy 
and the position of the Bragg peaks in the gastric tumor. 

Figure 4. Spread-out Bragg peak resulting from the optimal 
Bragg peaks and the determining parameters for the                

characterization of the proton dose distribution of the          
constructed SOBP. 

Figure 5. Absorbed dose as a function of proton energy in the 
gastric tumor. 
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resulted from the reactions of 12C (p, pα) 16O and 12C 
(p, pʹ) 12C. Figure 6 shows the distribution lines of 
proton, neutron, photon, and electron energy               
depositions (sum of electrons and positrons) in depth 
and laterally due to the SOBP effect. Electrons and 
positrons are scattered more strongly than other        
particles due to their charge and low mass. Figure 6b 
shows the sudden increase in the neutron dose in the 
tumor area, which leads to the destruction of the  
tumor. No complications were observed. Figure 6 
shows that neutrons, photons, electrons, and                
positrons account for about 27%, 28%, and 24% of 
their total energy in the tumor, respectively. In other 
words, the secondary particles release a significant 
amount of their energy before they reach and leave 
the tumor. 

Evaluation of proton and secondary particles dose 
The doses of secondary particles, such as                   

neutrons, photons, electrons and positrons, were 
evaluated. The results of the dose evaluation are 
shown in figure 7. The dose received by organs such 
as the stomach tissue, body skin, spleen, pancreas, 
and left kidney was much lower than the dose              
received by the tumor, but higher than that received 
by the other body organs. The highest ratio was 10-3 
for the stomach and 10-5 for the skin, and the lowest 
was 10-9 for the brain and thyroid organs. In addition, 
the neutron dose was higher than that of the other 
secondary particles. The neutron equivalent dose in 
the vital organs studied is about 109 times the                
photon equivalent dose, and the electron absorbed 
dose is about 34 times the positron absorbed dose. 

Sadrzadeh and Tajik / Dosimetry of gastric cancer pencil beam proton therapy 827 

Figure 6. Energy distribution with respect to depth and lateral distance in the tumor and adjacent organs for particles of (a)          
protons, (b) neutrons, (c) photons and (d) electrons. 

Figure 7. Monte Carlo-simulated doses in vital organs of the body for the particles (a) proton, (b) neutron and photon and (c)             
electron and positron. 

The total absorption dose of electrons and positrons 
in healthy tissue around the tumor is about 10-6 times 
the proton dose. 

Another parameter that clearly shows the                   
efficiency of this treatment method is the calculation 
of the ratio between the total tumor dose and the 
dose to other unaffected organs. Figure 8 shows that 
almost 99.5% of the dose from the whole body   
phantom was delivered to the tumor, 0.46% to the 
stomach and less than 0.04% to 11 non-involved  
organs. This large difference in the dose received by 
the tumor and other body tissues shows that the 
healthy tissue was successfully protected from the 

radiation. 
 

Evaluation of neutron equivalent dose 
The H/D values were calculated for the different 

body tissues. The calculation results are shown in 
figure 9. According to these values, the highest          
neutron equivalent dose to the therapeutic absorbed 
dose (H/D) is found in the stomach, spleen, pancreas 
and left kidney. The lowest amounts were found in 
the brain and thyroid gland. Some researchers have 
confirmed the use of proton therapy for the                   
treatment of gastric cancer (10-15). 
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DISCUSSION 
 

The results in figure 2 show that the height of the 
Bragg peak decreases by about 5.6% when the               
neutron energy is increased from 68 to 70 MeV. In a 
study by Maruf Khani and colleagues, the dose-depth 
profile in the breast of an ORNL material phantom 
was calculated for proton energies in the range of 60-
70 MeV using the MCNPX code (5). They show that the 
height of the Bragg peak decreased by about 6% 
when the neutron energy was increased from 68 to 
70 MeV. The results of this study are comparable to 
the results of the famous Khani study. This difference 
is due to the interaction of the different protons with 
the stomach and breast tissue in these two studies. 
The results of the secondary particle dose                      
calculations in figure 7b show that the photon              
equivalent dose is much smaller than the neutron 
equivalent dose. Marouf Khani et al. have also shown 
that the photon equivalent dose is about 10-2 times 
the neutron equivalent dose. The comparison of the 
values of the two studies shows good agreement. 
This difference in the values may be due to the            
different proton energies in the two studies. The              
results of this study are comparable to those of             
Augusteo et al. (18). They showed that the neutron and 
photon doses in proton therapy of ocular tumors in a 
passively scattered proton system, the estimated 
maximum dose from the generated secondary               
particles ranged from 10-4 to 10-2 Gy per treatment 
Gy. As expected, the secondary particle dose values in 
figure 7 were lower in the uninvolved organs than 
the results reported by Augusto. 

In a study by Schneider et al., the neutron dose in 
a water phantom was calculated using the FLUKA 
Monte Carlo code (19). They showed that the neutron 
equivalent dose for a tumor of average size is about 
1% of the treatment dose and the dose in the                  
treatment area is negligible for spot scanning proton 
therapy. In this study, the results in figure 9 show 
that the neutron dose in the stomach is 0.1% of the 
treatment dose. This small amount shows the great 

potential of this treatment method. 
 
 
 
 
 
 
 
 
 
 
 
 
 

In a simulation study, Ahmadi et al. performed 
proton dosimetry calculations for the liver tumor of 
an RNAL- RNAL-MIRD phantom (4). They showed that 
the ratio of neutron to proton equivalent dose in 
organs near the tumor is 10-3 for proton therapy with 
energies of 88-120 MeV, while the overall neutron to 
proton dose ratio is 10-5. They found that this value is 
about 10-3 for liver tissue and about 10-7 for organs 
far away from the irradiation site, such as the brain. 
In figure 8, this ratio was reported as 10-5 for organs 
close to the tumor and 10-9  for organs far from the 
irradiation site, such as the brain and thyroid gland. 
Farah et al. also reported that the secondary neutron 
dose decreases with increasing distance from                    
the treatment field in proton therapy of 
craniopharyngiomas and ocular melanoma (30).  The 
results of this study in figures 7b and 9 show that the 
vital structures such as the untreated gastric tissue 
and spleen had high levels of secondary neutron dose, 
which should be taken into account in clinical 
practice. Additional shielding may be required to 
protect these structures from external neutrons. In 
addition, the study showed that the secondary 
neutron dose decreases with increasing distance from 
the treatment field. In cases where advanced gastric 
cancer is not inoperable, clinical studies show that 
chemotherapy with protons is successful (14). Studies 
show that treatment of gastrointestinal cancer with          
X-rays can cause complications and potentially affect 
long-term tumor control, even at low doses that spare 
radiosensitive structures such as the heart, lungs, and 
intestines. In contrast, studies show that proton beam 
therapy can improve clinical outcomes (15). The 
results obtained in this study confirm the results of 
previous studies. 

 

 

CONCLUSION  
 

This study involved irradiating a small gastric  
tumor in an adult male MIRD-UF phantom with         
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Figure 8. Comparison of the ratio of the total dose delivered 
to the tumor to the dose received by the healthy organ for 

proton particles and total particles (primary and secondary). 
Figure 9. Neutron dose equivalent to the absorbed                      

therapeutic dose (H/D) in different organs of the MIRD-UF 
phantom. 
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high-energy protons in proton therapy The SOBP has 
been determined to deliver a uniform optimal dose to 
the tumor. Depending on the size of the tumor, the 
appropriate range for proton energy is between 67 
MeV and 81.5 MeV. The results show that the dose of 
proton particles and other secondary particles in 
healthy organs during proton therapy in the stomach 
is less than one percent of the total dose received by 
the tumor.  
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