
International Journal of Radiation Research, January 2021 Volume 19, No 1 

Assessment of secondary particles in breast proton 
therapy by Monte Carlo simulation code using 

MCNPX 

INTRODUCTION 

Cancer is a term in which abnormal cells              
divide without control and can attack other          
tissues. According to the World Health                 
Organization, cancer is the worldwide leading 
death cause for people younger than 85 years (1). 
According to the estimates of the worldwide  
incidence and mortality for 27 cancers in 2008, 
breast cancer is the second most common cancer 
(10.9% of all) and the leading cause of cancer 
death in women worldwide, with more than one 
million diagnoses in 2008 (2).  

On average, breast cancer is responsible for 
25% of cancers that Iranian women suffer from 

(3). Treatment techniques for breast cancer vary 
depending on its kind and stage.  The types of 
treatment are most often based on surgery,          
radiation therapy, and chemotherapy. These 
therapies may be used alone or in combination, 
depending on the stage of the disease. Surgery 
and radiotherapy are commonly used to treat 
patients with early-stage breast cancer.  

The physical properties of heavy particles, 
like protons, can, in some cases, allow for an  
improved dose distribution, compared with  
conventional X‐ray radiotherapy (4). In breast 
radiotherapy, the heart receives doses of 1 to 5 
Gy (5). Previous studies have suggested that         
exposure to this level can cause ischemic heart 
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ABSTRACT 

Background: The present study aimed to investigate the equivalent dose in 
vital organs, including heart and lung, due to secondary particles produced 
during breast proton therapy. Materials and Methods: The numerical ORNL 
female-phantom was improved and simulated using the Monte Carlo MCNPX 
code. The depth-dose profile of proton beams with different energies was 
simulated. The proper energy range of incident proton beams has been 
estimated in order to have the Bragg peaks inside the breast tissue. The 
equivalent dose of secondary particles, including neutron and photon in vital 
organs, were evaluated. The TALYS code was used to investigate the neutron 
and photon particles’ production cross-sections. Results: The results showed 
that for the proton energy range of 60-70 MeV, the Bragg peaks positioned 
inside the breast. The maximum dose of 0.65 mSv/nA-p was in Heart-Left 
Ventricle due to neutrons production by incident 70 MeV protons. However, 
the maximum absorbed dose, due to the secondary particles, was less than 
0.0004% of proton equivalent dose at the Bragg peak. The maximum photons 
dose and the protons dose into the Heart-Left Ventricle were 8.42 µSv/nA-p 
and 68.08 µSv/nA-p, respectively, which were negligible compared to the 
proton equivalent dose at the Bragg peak. Conclusion: The results confirmed 
a noticeable lower dose in the heart and lungs for breast proton therapy, 
compared with the previously reported dose for breast radiotherapy using 
photon. Most of the dose absorbed by the organs is due to the secondary 
neutrons, but those are low enough to be neglected.   
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disease (6, 7). The proton Bragg peak,                     
characterized by a sharp distal penumbra, 
makes it possible to limit the dose to critical             
organs in ways that are not possible with X‐ray 
radiotherapy (8). This distinct advantage, coupled 
with falling costs, has led to a significant            
increase in the interest in, and availability of 
proton beam therapy. The interest in proton 
therapy for breast cancer has substantially               
increased over the past decades, as evidenced by 
the recently opened, 1700 patient, randomized 
trial of proton vs photon therapy for breast                
cancer patients (9) and the many publications on 
this subject (10).  

In proton therapy, the beam of the proton is 
projected accurately towards the cancerous 
cells. Hence, for breast cancer patients, proton 
therapy has the potential to spare more normal 
tissue than other conventional radiation                   
therapy. So, it leads to a fewer risk of side               
effects, especially to the heart and lung.                    
However, due to the high energy protons used in 
proton therapy, the effect of the produced                  
secondary particle should be investigated. When 
protons travel through matter, secondary               
particles like neutrons and photons, are                   
produced by the interactions of protons within 
the patient’s body. The production of neutrons 
and photons by the primary proton beam,               
however, could be a significant contribution to 
the integral dose, and thus diminish this                  
potential advantage. Also, neutrons have a large 
quality factor, and thus, even a small physical 
dose can result in essential biological effects (11).  

It is believed that the secondary dose has no 
known beneficial effect and can lead to                    
secondary cancer (12). For women with left-sided 
breast cancer, it’s very important to deliver the 
lowest dose to vital organs, like heart and lung. 
The side effects of proton therapy for breast  
cancer has not been supported by adequate             
patient data. Furthermore, data on the relative 
biological effect on different tumor cells and  
normal tissue cells under proton irradiation            
remain scarce.  

The current study aimed to investigate the 
equivalent dose in vital organs, including heart 
and lungs, due to secondary particles produced 
during the breast proton therapy. To this end, an 

24 

optimum proton energy range was determined 
and the equivalent dose of secondary particles 
was investigated as a function of incident proton 
energy.  
 
 

MATERIALS AND METHODS 
 
The ORNL phantom material improvement  

The Monte Carlo simulations were done using 
MCNPX (Monte Carlo N-particles eXtension)  
version 2.6, which can handle the interaction 
and transport of protons, neutrons, electrons, 
and other particles over a vast range of energies 
(13). In the current study, to investigate the             
analytical phantom of the human body, based on 
ORNL publications (14), ORNL-female phantom 
was used to create the input file for the MCNPX 
transport code. Figure 1 illustrates the scheme 
of this phantom.  

In the original ORNL phantom, the breast  
tissue was considered as soft tissue, and for all 
soft tissues, a unique material had been used. 
However, it is well known that the material  
composition of breast tissue is different from 
other soft tissues. Hence, the breast material was 
improved. The breast material composition used 
in the current study for ORNL phantom is               
presented in table 1 (15, 16).  The mass densities of 
all tissues were also improved based on the data 
presented in table 2 (15). 
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organ 
Density 
(g/cm3) 

H C N O Na S P Cl 

Breast 1.02 0.106 0.332 0.030 0.527 0.001 0.002 0.001 0.001 

Table 1. The elemental composition of the breast tissue (15, 

16), the normalized weight fraction is demonstrated. 
Table 1. The elemental composition of the breast tissue (15, 

16), the normalized weight fraction is demonstrated. 

Table 2. The mass density of the tissues used to improve the 
ORNL- female phantom (15). 

Materials Density (g/cm3) 

Air 0.00129 

Soft tissue 1.04 

Lung 0.296 

Bone 1.4 

Breast 1.02 
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The applicable proton energy range 
In the current study, the energy range of the 

proton beam used for breast proton therapy was 
calculated. To this aim, the depth-dose profiles 
of proton beams with different energies were 
simulated. At each energy, a proton beam with a 
circular field of 4 cm diameter was simulated. 
Six energies of 60, 62, 64, 68, and 70 MeV for 
incident protons were investigated. Afterward, 
at each energy, the depth-dose curves were             
investigated and the positions of the related 
Bragg peaks were evaluated.  

The range of incident proton was determined 
so that the maximum proton dose was not             
absorbed beyond the breast. Twenty-four    
spherical cells of 1 mm radius were simulated on 
the beam penetration axis, centered at the 
depths of 2.5 mm to 48.5 mm, to simulate the 
dose of the proton as a function of depth. The 
adjacent tally cells were tangent to each other. 
Hence, the distance between the centers of two 
adjacent spherical tally cells was 2 mm. The dose 
of proton in each cell was calculated using F6 
tally. It should be noted that the F6 tally                     
calculated the energy deposition, which can be 
converted to the absorbed dose. The quality           
factor for high energy protons was reported 10 
(17). Hence, to convert the absorbed dose of the 
proton to the equivalent dose, the results were 
multiplied by a factor of 10. The MCNPX tallies 
are normalized per source particle.                          
Furthermore, the unit of F6 tally card in MCNPX 
code is MeV/g. In this study, the equivalent dose 
(in Sv unit) per nano-ampere (1nA) of incident 
protons was calculated. The normalization factor 

was calculated according to the equation 1. 
 

     (1) 
               

The first fraction in eq.1 converts the rest of 
the F6 tally to the SI unit of Gy. The second               
fraction calculates the required number of 
source particles for 1nA of the proton. QF is the 
quality factor.  

 

Track of secondary particles 
As protons moving inside the matter undergo 

inelastic nuclear interactions, secondary                  
particles, such as neutrons, photons, secondary 
protons, deuterons, are produced (18). In the              
energy range used for proton therapy, neutrons 
and photons are the most important secondary 
particles, because they can travel far distances 
from the target tissue and store their energies in 
other organs, thereby increasing the risk of side 
effects (19, 20). In the MCNPX, the energy of the 
residual nuclei and the non-traced particles are 
considered to be deposited locally at the point of 
production.  

To achieve more accurate results, all                   
predicted produced particles were tracked. 
Hence, in the current study, protons, neutrons, 
and photons were transported throughout the 
simulated geometry. In the worst-case scenario, 
the irradiation should be performed for the left 
breast. Hence, the cyclotron proton source, as a 
directional point source in the vacuum space, 
was modeled in front of the left breast of the 
ORNL-female phantom.  

The secondary particle doses were simulated 
as a function of proton energy in an energy 
range of 60-70 MeV. The rationale behind the 
selection of this energy range was based on the 
result of the energy range applicable for breast 
proton therapy.  The F4 tally card was used to 
calculate the dose of transported neutron and 
photon particles and the dose function (DF) card 
for equivalent dose. The flux to dose conversion 
factors was according to the report of ANSI/ANS
-6.1.1-1977 (21).  

The equivalent dose of secondary particles 
per 1nA of the incident proton was calculated. 
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Figure 1.  Left: Longitude crosses of ORNL phantom. Right: 
Transversal cross-sections of an adult female phantom (14). 

Heart and lungs are visible in the figure. 
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The controls unit parameters of the DF card 
were sets to the SI unit of Sievert (Sv) for               
equivalent dose. Since, for protons, the flux to 
dose conversion factors was not reported in 
available standards, the F6 card was used to  
energy deposition calculation. The energy               
deposition was converted to the equivalent 
dose.  

To investigate the neutron and photon                 
production probability, the total neutron, as well 
as photon production cross-sections, were               
calculated for the proton interaction with                 
oxygen, carbon, and nitrogen. It should be noted 
that other elemental compositions have low 
weight in secondary particles production in 
breast tissue. Hence, they were ignored from 
cross-section calculation. To calculate the (p,n) 
and (p,γ) cross-sections, the talys code (22) was 
used. To investigate the effect of energy on the 
cross-section, a wide range of proton energy (60
-200 MeV) was investigated.  
 
 

RESULTS 
 

Bragg peak investigation in breast tissue 
The curves of proton depth-dose profiles in 

breast tissue for different proton energies are 
demonstrated in figure 2.  

 

 
It can be seen that, for this arrangement, the 

Bragg peaks fall inside the breast. All tally errors 
were less than 5%. The results showed that as 
the proton energy increases, the particle                
penetration power increases. This result is in 

agreement with the Bragg-Kleeman rule            
equation 2 (23). 

 
R=αEp      (2) 

 
Where α is the proportionality factor, which is 

determined by 0.0022 cm.MeV-1. P is the               
exponent of range-energy relation that its value 
was reported 1.77 for proton transport in water. 
However, as the number of non-elastic nuclear 
reactions with the atomic nucleus rises, the 
Bragg peak height decreases. 

 
Equivalent dose of secondary particles 

Figure 3 shows the equivalent doses of            
secondary photons, neutrons and protons in vital 
tissues of the improved ORNL-female phantom 
per 1nA of incident proton beams. 

Maroufkhani et al. / Secondary particles in breast proton therapy 
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Figure 2. Depth dose profiles in the breast of ORNL-female 
phantom for 1nA incident proton with an energy range of 60-
70 MeV on the left breast. A specific color demonstrates the 

results of each proton energy. 

(a) 

(b) 

(c) 

Figure 3. Secondary Equivalent Dose (SV) per 1nA of the          
incident proton in vital organs for six different proton beam 

energies. (a) Neutron dose equivalent; (b) Photon dose             
equivalent; (c) Proton dose equivalent. (Right-Lung (R-L),             
Left-Lung (L-L), Heart-Right Ventricle (H-RV), Heart-Left               

Ventricle (H-LV)). 
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 The results demonstrated in figure 3 showed 
that the equivalent dose of secondary particles 
in the organs increases with the beam energy. 
The Heart Left Ventricle (HLV) had the highest 
equivalent dose (H). The neutron equivalent dose 
in HLV increases from 0.35 mSV/nA for the             
incident proton energy of 60 MeV to 0.65 mSV/
nA for the incident proton energy of 70 MeV. 
The photon and proton equivalent doses range 
from 5.50 µSV/nA to 8.42 µSV/nA and 
38.00 µSV/nA to 68.08 µSV/nA at an energy 
range of 60 -70 Mev, respectively. In the current 
study, the composition of the breast tissue was 
improved.  

The cross-sectional investigation showed the 
importance of rectified breast material                  
composition in the investigation of the                    
secondary particle. The cross-sections of the 
neutrons and photons production for the proton 
interaction with three main components of the 
breast tissue are shown in figures 4 (a) and (b), 
respectively. Furthermore, the results of figure 4 
showed the effect of incident proton energy in 
the secondary particle production. The results 
showed that the neutron and photon production 
probabilities were increased with the increase of 
incident proton energy. 

 

Figure 4. (a) Total neutron production cross-section as a function of energy for the incident proton on carbon, oxygen and                 
nitrogen; (b) Total photon production cross-section as a function of energy for the incident proton on carbon, oxygen, and nitrogen. 

(a) (b) 

DISCUSSION 

The results showed that the Bragg peak 
depth increased with the increase of incident 
proton energy. However, the height of the Bragg 
peak decreases as the proton energy increases. 
This finding was following the theoretical model 
reported by Ulmer and Matsinos (24). They               
theoretically analyzed an impinging proton 
beam lets on the water using the GEANT4 Monte 
Carlo simulation code. They found that the             
absorbed energy at the Bragg peak of the proton 
was more than 75 MeV.cm2/g for the proton  
energy of 50 MeV, which decreased to less than 
50 MeV.cm2/g for the proton energy of 100 MeV. 
In another theoretical study, Thomas Bortfeld 
proved that the Bragg peak height decreases as 
the proton energy increases (23).  

In a study, Jia et al. reported the depth dose 

profiles in the slab head phantom for the                
incident pencil beams using the Monte Carlo 
MCNPX code (4). They reported an absorbed dose 
of about 0.048 nGy/particle at the Bragg peak of 
the proton beam with the energy of 60 MeV. 
They found that the absorbed dose decreased to 
about 0.042 nGy/particle at the Bragg peak 
when the proton energy increased to 70 MeV. 
The finding of Jia et al. is comparable with the 
result of the current study. In the present          
research, a decrease of 21% in the Bragg peak 
height was accrued when the proton energy            
increased from 60 MeV to 70 MeV. The                   
difference between these two findings was             
attributed to the difference between the nuclear 
interaction of protons with the material                    
composition of the brain and breast. 

Regarding the secondary particles, the results 
showed that the maximum neutron equivalent 
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dose is in Heart-Left Ventricle. However, the 
maximum equivalent dose was less than 1 mSv/
nA for the incident proton energy up to 70 MeV. 
The outcomes exhibited that the equivalent            
doses of gamma were noticeably less than those 
of neutron in the considered organs. A                    
cross-section study explains this result. It was 
found that photons in comparison with                    
neutrons, have a lower amount of production 
cross-section, in the interaction of proton with 
the components of breast tissue.  

Furthermore, the quality factors of the                 
neutron are more than that of the photon.                  
Besides, the attenuation of produced photons 
was more pronounced than that of neutrons in 
tissues. The results of the current study are  
comparable with that reported by Agosteo et al. 
(25). They investigated the neutron and photon 
doses in eye proton therapy due to three                
existing proton therapy facilities at the Bragg 
peak position using the Monte Carlo Fluka code. 
They found the doses of secondary particles       
produced in a passive beam ranged between              
10-4 to 10-2 Gy per therapy Gy.  

In current study, the effect of secondary             
particles on the non-target organs was                    
investigated. Hence, as expected, the number of 
secondary particles was less than that obtained 
by Agosteo and his colleagues. In another study, 
to investigate the effects of the secondary                
particles in the proton therapy, the dose of             
secondary particles produced during the                
irradiation of a water phantom by proton beam 
energies of 200 MeV and 250 MeV were                
evaluated using Monte Carlo method (26).  

Also, Schneider et al. measured the secondary 
neutron dose during the irradiation of a water 
phantom with protons using Monte Carlo               
simulations by the FLUKA code (27). They 
showed that the neutron dose equivalent could 
be reached for a medium-sized target volume of 
approximately 1% of the treatment dose, and 
the dose deposited by the secondary neutrons 
during proton radiotherapy using the spot             
scanning technique can be neglected in the 
treatment region. However, as shown by the 
results of the current study, the cross-sections 
of secondary particles depend on the material 

composition. Hence, the production of the       
secondary particle is a function of the elemental 
composition of the target. 

Furthermore, the neutron penetration in             
different compounds strongly depends on their 
compositions (28). The results demonstrated that 
the equivalent dose, due to the secondary                 
particles in different organs, raised with the            
increasing of incident proton energy. This              
consequence is in accordance with that reported 
by Farah et al. (29). They reported that increasing 
the proton-induced the neutron dose of                   
non-target organs by increasing the proton              
energy in the proton therapy for the                     
craniopharyngioma and ocular melanoma. Also 
the maximum equivalent dose was related to the 
Heart-Left Ventricle, due to the irradiation to the 
left breast, whereas the minimum equivalent 
dose was related to Right-Lung. The equivalent 
doses for Left-Lung and Heart-Right Ventricle 
are almost the same.  

The meta-analysis of dosimetric studies             
revealed both statistically and a clinically               
significant decrease in the lung and heart doses 
with proton beam plans in comparison with 
photon plans (30). The results of the current 
study confirmed this statement.  

 
 

CONCLUSION 

 
The equivalent doses of secondary neutrons and 
photons in vital organs were calculated for 
breast proton therapy. The results confirmed a 
noticeable lower dose in heart and lung for the 
breast proton therapy compared with the              
previously reported dose for breast                   
radiotherapy using photon. Heart-Left Ventricle 
(HLV) received the maximum dose from                   
secondary particles. However, the dose was less 
than 1 mSv. Most of the dose absorbed by the 
organs is due to the secondary neutrons, but 
those are low enough to be neglected.  

 
 
Conflicts of interest: Declared none. 
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