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Estimating the relative biological effectiveness of light ions 
using TOPAS monte carlo simulation 

INTRODUCTION 

The expanding number of charged particle             
therapy facilities and good clinical results have                  
increased interest in charged particle radiation          
research initiatives worldwide (1–3) . The NSRL at 
Brookhaven National Laboratory (4) is the only United 
States research facility delivering multiple high-
energy charged particle beams. It is increasingly            
being employed for fundamental radiobiological            
research involving various types of ions (5,6).  

In charged particle beam treatments, it is essential 
to accurately estimate the biological effects on               
tumour and organs at risk (OAR). Microdosimetry 
along with MKM can be utilised to estimate the RBE 
(7). In the clinical practice of proton therapy, RBE is 
assumed to be a constant 1.1 as a reference to photon 
radiotherapy (8). However, proton beams present an 
increase in Linear Energy Transfer (LET) values 
which correspond to RBE and may vary along the 
beam path, especially at the distal edge of the BP (9). 

Different types of microdosimeters have been  
developed to measure radiation dose at the              

microscopic level by measuring the energy              
deposition in Sensitive Volume (SV) e.g., Tissue 
Equivalent Proportional Counter (TEPC) (10),                  
mini-TEPC (11), microdiamond (12), monolithic ΔE−E 
telescope (13), microcalorimeter (14), and silicon            
microdosimeter (15). 

Numerous MC software have been created or          
expanded to incorporate the capability to simulate 
microdosimetric occurrences (16) , such as FLUKA (17), 
Geant4 (18–20), Geant4-DNA (21) , and MCNP6 (22). Monte 
Carlo model for Heavy Ion Therapy (MCHIT) is built 
on top of the Geant4 version 8.2 developed at Goethe 
University Frankfurt, Germany (23). MCHIT shows the 
ability to simulate microdosimetry spectra of carbon 
ion beams in water and PMMA phantom by using 
TEPC (24). Zhu et al. (25) developed a microdosimetric 
extension in TOPAS for TEPC, mini TEPC, and SOI 
microdosimeter subsequently validated against               
experimental data. 

The extensive use of MC simulation to model           
microdosimeter has been demonstrated in several 
publications. Bolst et al. (26) validate the Geant4 
toolkit of silicon microdosimeter in therapeutic ion 
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ABSTRACT 

Background: This paper presents a Monte Carlo (MC) simulation study estimating 
Relative Biological Effectiveness at a 10% survival fraction (RBE10) of light ion beams 
by means of microdosimetric approach. Microdosimetric parameters for estimating 
Relative Biological Effectiveness (RBE) were determined through the utilisation of the 
Tool for Particle Simulation (TOPAS) MC simulations. These simulations incorporated a 
3D silicon on insulator (SOI) Bridge microdosimeter model. Materials and Methods: 
The incident 176.8 MeV proton and 176.4 MeV/u helium ion beams were simulated at 
different depths within a water phantom. The microdosimetric aspects, such as  уF ̅ 
and уD ̅ at different depths along the fields were predicted from simulations. The 
RBE10 were derived using simulated microdosimetric spectra as inputs to the modified 
Microdosimetric Kinetic Model (MKM). Results: Simulated уD ̅ distributions for proton 
and helium ion beams in water were about 4 keV/µm and 4 to 8 keV/µm at the 
plateau region, respectively and around 7 to 14 keV/µm and 35 to 56 keV/µm at the 
Bragg peak (BP) region, respectively. In the tail region уD ̅ values were increasing from 
5 keV/µm to 10 keV/µm and 7 keV/µm to 14 keV/µm at depths of 224 mm to 250 mm, 
respectively. Conclusion: The RBE10 for protons exhibit a range of 0.99 to 1.22, which 
differs from the standard practice of using a fixed RBE of 1.1 in the Treatment Planning 
System (TPS) for proton therapy. The simulation results in this study may be used as 
an outlook for radiobiological experiments in the NASA Space Radiation Laboratory 
(NSRL). 
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beams of carbon, nitrogen, and oxygen against         
experimental measurements. Geant4 exhibited a           
satisfactory level of concordance with experimental 
measurements, especially when considering regions 
preceding the distal boundary of the BP. However, 
there was a reduced level of consensus observed  
further downstream from the BP in both simulation 
and experiment, especially when considering carbon 
and oxygen ion beams. This disparity can be              
attributed to a greater presence of lighter fragments 
as opposed to heavier fragments. Overall, the findings 
demonstrate that Geant4 is a viable choice for              
simulating silicon microdosimetry in heavy ion        
therapy. Taddei et al. (27) compared the Geant4 MC 
simulation of energy deposition in spherical TEPC 
with experimental measurements. The data produced 
by the Geant4 simulation corresponded closely to the 
data obtained through measurement using a TEPC for 
particles entering the detector's centre and those 
near the gas-wall boundary. The frequency mean    
lineal energy (уF ̅) and dose mean lineal energy (уD ̅) 
values were within an 8% range of the measured   
data. 

There are numerous MC simulation and RBE  
modelling studies for proton and helium ions (25,28–32). 
Eulitz et al. (28) developed a MC model for simulating 
dose and Linear Energy Transfer (LET) distributions. 
They demonstrated the model's ability to accurately 
predict the average dose within the clinical target 
volume and water phantom dose measurements, 
achieving results within a 2% margin of accuracy. 
This research contributes to the development of a 
framework for modeling radiation responses,          
particularly in assessing the variable RBE in proton 
therapy. Bronk et al. (29) calculated the dose,             
dose-averaged linear energy transfer (LETd), and уD ̅ 
using a Geant4-based MC system that had been             
experimentally validated. The experiment involved 
exposing cells to protons, carbon ions, and helium 
ions at the Heidelberg Ion Beam Therapy Center 
(HIT), Germany. Their findings revealed that the  
clonogenic survival curves for all tested ions were 
influenced by уD ̅. Carbon and helium ions exhibited 
peak RBE values within specific уD ̅ ranges before  
experiencing a decrease in biological efficacy,           
indicative of an overkill effect. In contrast, protons 
did not show an overkill effect, but their RBE            
increased as they moved distally from the BP.                  
Importantly, the observed RBE profiles were closely 
linked to physical characteristics, such as уD ̅, and 
were ion-specific. 

This study uses MC simulations to predict the  
microdosimetric quantities of proton and helium ion 
beams. RBE10 as a function of depth in a water               
phantom is analysed to determine beam quality for 
therapeutic irradiation. The results of this work could 
be used as an outlook for a future radiobiological  
experiment in NSRL. Furthermore, the results                 
obtained from this study provide a new                     
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understanding of proton and helium ion RBE values, 
benchmarking of RBE models to accurately predict 
biological effect and cell survival for proton and             
helium ion beams, contributing to the limited dataset 
available for helium ions. The results could also           
support the commissioning of RBE used in TPS and 
quality assurance in the future. 

 
 

MATERIALS AND METHODS 
 

TOPAS simulation 
The MC study has been performed using TOPAS 

version 3.7, TOPAS MC Inc., USA layered on top of 
Geant4 version 10.6.p3, European Organization for 
Nuclear Research (CERN), Switzerland (33,34). The 
physics list implemented were g4em-standard_opt4, 
g4h-phy_QGSP_BIC_HP, g4em-extra, g4h-elastic_HP, 
g4stopping, g4ion-binarycascade, g4decay, and             
g4radioactivedecay.  

This work included TOPAS microdosimetric        
extension (25), which contains a 3D SOI Bridge               
Microdosimeter developed at Centre for Medical             
Radiation Physics (CMRP), University of Wollongong 
(UOW), Australia to score energy deposition within 
micron SV. The proton and helium ion beams began 
with an initial energy of 176.8 MeV and 176.4 MeV/u, 
respectively. Their energy deviations were 0.3% and 
0.1%, respectively.  

A 107 histories were simulated to obtain the depth 
dose distributions in a water phantom. Pristine BP of 
proton and helium ion beams were compared to the 
experimental data taken in NSRL (6). To simulate              
energy deposition in the detector for microdosimetry, 
we ran 107 histories before the BP and 108 histories 
at its distal edge and tail.  

 

Modified MKM for RBE estimation 
Microdosimetric quantities are determined by 

lineal energy (y) by converted energy deposition 
within a micron volume along the path of a particle. 
This is expressed mathematically as equation 1. 

 

               (1) 
 

where ε represents the amount of energy released 
during an individual occurrence within a SV, where 
this volume has a mean chord length denoted as <l>. 
In this work, a mean path length <lpath> was used  
instead of <l> as obtained by Geant4 MC simulation. 
Bolst et al. (35) proposed using the SV thickness to  
approximate the calculated <lpath> values of 10 μm for 
a 3D SOI Bridge microdosimeter. Silicon to tissue  
correction factor of 0.58 obtained by Geant4 MC                  
simulation was used to relate the mean chord length 
in silicon to tissue. The lineal energy (y) after                 
implementing <lpath> and correction factor (κ) is 
shown in equation 2. 

 

           (2) 
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The lineal energy (y) obtained from equation 2 
was used to calculate dose lineal energy distribution 
d(y) as given by the equation 3. 

 
         (3) 
 

Where уF ̅ is the frequency mean lineal energy 
defined by equation 4. 

 
                (4) 
 
 

The dose mean lineal energy (уD ̅) is the              
parameter to determine α parameter defined by 
equation 5. 

 
                (5) 
 
 

The modified MKM relates the dose mean lineal 
energy (уD ̅) to the Linear Quadratic Model (LQM) 
parameter α for a particular radiation field. Using the 
LQM, the RBE10 can be expressed as equation 6. 

 
            (6) 
 

Where α and β are tissue radio-sensitivity             
coefficients for radiation of interest and D10, ref is the 
10% survival dose for Human Salivary Gland (HSG) 
tumour cells for which 200 kVp X-ray reference              
radiation is used. 

 
 

RESULTS  
 

Mono-energetic 176.8 MeV proton beams 
Figure 1 compares the TOPAS simulation and 

NSRL experimental data of Bragg curves for                  
mono-energetic 176.8 MeV proton beams in a water 
phantom. TOPAS MC simulation of Bragg curves has a 
good agreement with NSRL experimental data. The 
experiment started at a depth of 31.65 mm because of 
the limitation of the ionisation chamber's position in 
the phantom. The BP position of the TOPAS                   
simulation occurs at a depth of 204.76 mm, while the 
experiment occurred at a depth of 204.95 mm. The 
difference between the simulation and experiment 
was 0.19 mm due to positioning uncertainty in the 
experiment setup. 

The microdosimetric spectra of mono-energetic 
176.8 MeV proton beams plotted as a function of              
lineal energy are present in figure 2. The spectra            
obtained were converted from silicon to water with a 
3D Bridge SOI microdosimeter. It can be observed 
that the peak of the spectra shifts to a higher lineal 
energy range when the beam penetrated the water 
phantom, indicating increased LET of incident ions 
and contribution from secondary fragments. 

Figure 3 (a) and (b) show the уD ̅ distributions in 
water obtained with the simulated 3D Bridge SOI  

microdosimeter for incident 176.8 MeV proton 
beams. The уD ̅ values were about 4 keV/µm at the 
plateau region and around 7 to 14 keV/µm at the BP 
region. In the tail region, уD ̅ values were increasing 
from 5 keV/µm to 10 keV/µm at depths 224 mm to 
250 mm.  

Figure 4 (a) and (b) show the derived RBE10           
values for mono-energetic 176.8 MeV proton beams. 
The simulated RBE10 values were 0.99 ± 0.02 in the 
plateau region (up to 150 mm depth). In the BP             
region, RBE10 values ranged from 1.05 ± 0.01 to 1.22 
± 0.07. In the tail region, RBE10 values also increased 
with increasing уD ̅ values from 1.03 ± 0.12 to 1.12 ± 
0.24 at depths 224 mm to 250 mm. This increasing 
RBE10 may affect healthy tissue or OAR, particularly 
those near the tumour. 

Table 1 presents the уF ̅, уD ̅, and RBE10 of                
mono-energetic 176.8 MeV proton beams obtained 
by simulating the 3D Bridge Microdosimeter at        
different depths, ranging from 32 mm to 250 mm. 
The maximum RBE10 value is 1.22 occurred at a depth 
of 214 mm, which is 9 mm after the pinnacle of the 
BP. At the maximum physical dose at a depth of 205 
mm, the RBE10 value is approximately 1.05 and уD ̅ is 
6.85 ± 0.14 keV/µm. The maximum уD ̅ is 9.41 ± 0.63 
keV/µm, and derived RBE10 is 1.22 ± 0.07 at a depth 
of 214 mm. 

Efendi et al. / Estimating the RBE of light ions using MC simulation 705 

Figure 1. Comparison of depth dose distributions of              
mono-energetic 176.8 MeV proton beams obtained with 

TOPAS simulation and experimental data. 

Figure 2. Microdosimetric spectra of lineal energy of            
mono-energetic 176.8 MeV proton beams at each depth in a 

water phantom. 
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Mono-energetic 176.4 MeV/µm helium ion beams 
Figure 5 presents Bragg curves of incident 176.4 

MeV/µm helium ion beams. The position of the BP of 
helium ion simulation occurs at a depth of 206.90 
mm, and NSRL experimental data appears at a depth 
of 206.65 mm. The difference between the simulation 
and experiment is 0.25 mm due to positioning                
uncertainty. 

Figure 6 displays the microdosimetric spectra  
distributions of incident 176.4 MeV/µm helium ion 
beams. These distributions are represented in terms 
of lineal energy. The data presented in the figure was 
converted from silicon to water utilising the 3D 
Bridge microdosimeter. As depth increased, the peak 
of the spectra appeared to move towards higher lineal 
energies, indicating increased LET of incident ions 
and contribution from secondary particles in the            
water phantom. 

Figure 7 (a) and (b) show simulated уD ̅                     
distributions in water obtained with the 3D Bridge 
SOI microdosimeter for incident 176.4 MeV/µm              
helium ion beams. The уD ̅ values were about 4 to 8 
keV/µm at the plateau region and around 35 to 56 
keV/µm at the BP region. In the tail region уD ̅ values 
were increasing from 7 keV/µm to 14 keV/µm at 
depths 224 mm to 250 mm. The reason for this was 
that the proportion of secondary fragments became 
more significant as depth increases in the tail region. 

Figure 8 (a) and (b) show the derived RBE10 for 
mono-energetic 176.4 MeV/u helium ion beams.  The 
RBE10 value is 1.04 ± 0.01 in the plateau region at 32 
mm depth. In the BP region, RBE10 values range from 
1.64 ± 0.03 to a maximum of 2.04 ± 0.15 at a depth of 
210 mm, approximately 3 mm after the maximum 
physical dose.  A zoom view of the RBE10 values and 
the physical dose at the BP can be seen in figure 8 (b). 
After reaching the maximum RBE10 value at a depth of 
210 mm, it can be observed that the RBE10 values  
decreased to 1.04 ± 0.02 at the distal part, at a depth 
of 214 mm. The decrease in RBE10 towards the distal 
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Figure 4. (a) RBE10 distribution of mono-energetic 176.8 MeV 
proton beams as a function of depth in a water phantom (b) 

zoomed view. 
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Figure 3. (a) Dose mean lineal energy уD ̅ of mono-energetic 
176.8 MeV proton beams derived from SOI Bridge                   

microdosimeter as a function of depth in a water phantom (b) 
zoom view. 

Depth 
(mm) 

Frequency mean 
lineal energy уF ̅ 

  (keV/µm) 

Dose mean 
lineal energy 
уD ̅ (keV/µm) 

Relative Biological         
Effectiveness at a 10% 

survival fraction (RBE10) 
32 0.99 ± 0.03 3.97 ± 0.61 0.99 ± 0.02 
80 0.97 ± 0.03 3.53 ± 0.37 0.98 ± 0.01 

120 1.02 ± 0.02 3.88 ± 0.71 0.99 ± 0.02 
150 1.14 ± 0.02 5.66 ± 2.15 0.99 ± 0.02 
190 1.83 ± 0.03 6.33 ± 1.19 1.01 ± 0.02 
205 4.37 ± 0.02 6.85 ± 0.14 1.05 ± 0.00 
208 6.08 ± 0.05 9.65 ± 0.20 1.11 ± 0.01 
210 7.27 ± 0.10 11.21 ± 0.32 1.15 ± 0.01 
212 8.48 ± 0.23 13.13 ± 0.60 1.19 ± 0.02 
213 8.80 ± 0.32 13.37 ± 0.81 1.20 ± 0.03 
214 9.41 ± 0.63 14.43 ± 1.56 1.22 ± 0.07 
215 9.28 ± 0.77 13.11 ± 1.54 1.19 ± 0.06 
216 7.26 ± 0.99 13.40 ± 2.42 1.20 ± 0.10 
220 1.95 ± 0.52 2.92 ± 0.99 0.97 ± 0.03 
224 2.35 ± 1.16 5.39 ± 3.81 1.03 ± 0.12 
250 3.81 ± 1.43 9.62 ± 6.73 1.12 ± 0.24 

Table 1. Simulated microdosimetric quantities and RBE10 
values of mono-energetic 176.8 MeV proton beams in water. 

a 

b 

a 
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part of the BP can be attributed to the overkilling 
effect of cells, which has been was considered in the 
MK model (7). As the уD ̅ values rose in the tail region, 
the RBE10 values also increased from 1.03 ± 0.02 to 
1.07 ± 0.06 at depths ranging from 224 mm to 250 
mm. This increasing RBE10 could affect healthy tissue 
or OAR. 

Table 2 presents the уF ̅, уD ̅ and RBE10 of mono-
energetic 176.4 MeV/µm helium ion beams obtained 
by simulating the 3D Bridge SOI microdosimeter at 
different depths, ranging from 32 mm to 250 mm. It 
shows that the uncertainty of уD ̅ for the helium ion is 
lower compared to that of the proton when                
considering the same number of histories and        
configurations. This result is in agreement with the 
findings of Parisi et al. (36). The uncertainty of уD ̅       
decreases as the charged particle becomes heavier. 
This is because heavier ions possess greater stopping 
powers, which reduce the occurrence of nuclear         
reaction events. This is due to the fact that the energy 
deposited by primary particles and secondary              
fragments became more closely aligned. 
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Figure 5. Comparison of depth dose distributions of mono-
energetic 176.4 MeV/µm helium ion beams obtained with 

TOPAS simulation and experimental data. 

Figure 6. Microdosimetric spectra of lineal energy of mono-
energetic 176.4 MeV/µm helium ion beams at each depth in a 

water phantom. 

a 

b 

Figure 7. (a) Dose mean lineal energy  of mono-energetic 
176.4 MeV/µm helium ion beams deriving from SOI Bridge 

microdosimeter as a function of depth in a water phantom (b) 
zoom view. 

a 

b 

Figure 8. (a) RBE10 distribution of mono-energetic 176.4 
MeV/µm helium ion beams as a function of depth in a water 

phantom (b) zoom view. 
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DISCUSSION 

The уD ̅ value of mono-energetic 176.8 MeV            
proton beam at a depth of 32 mm (plateau region) in 
water was measured to be 3.97 ± 0.61 keV/µm. As 
the depth increased, the уD ̅ value gradually rose, 
reaching its peak at 14.43 ± 1.56 keV/µm when the 
depth reached 214 mm (distal part of the BP). It is 
notable that the maximum уD ̅ occurred about 9 mm 
after the maximum physical dose. In the tail region 
уD ̅ values increased from 5 keV/µm to 10 keV/µm at 
depths 224 mm to 250 mm. It is due to the increasing 
contribution of secondary fragments at respective 
depths. The maximum уD ̅ value occurred beyond the 
maximum physical dose, as determined with TOPAS-
based simulations. This observation is consistent 
with the experimental work by Linh et al. (37). Beyond 
the BP, incident protons have lost a significant       
portion of their energy, leading to a diminished           
ability to deposit energy. However, уD ̅ may continue 
to increase due to nuclear interactions events        
occurring in a confined region. The increased in               
nuclear interaction events contributes to a higher уD ̅ 
even as the total deposited energy decreases beyond 
the BP.  

High uncertainty of уD ̅ in the tail region of proton 
beam was due to rare nuclear interactions in the SV 
of the detector discovered to impair microdosimetric 
uncertainties unless very high statistics are gathered 
significantly. Parisi et al. (36) found that such                    
occurrences had a growing effect on increasing beam 
energy and lighter ions. The RBE10 values of protons 
vary from 0.99 to 1.22, in contrast with the clinical 
TPS of proton therapy typically implements a                 
constant RBE of 1.1.  

The maximum RBE10 value for proton is 1.22 at 
depth 214 mm which is 9 mm after the maximum 
physical dose. In contrast, the maximum RBE10 value 
for helium ions is 2.04 at a depth of 210 mm, which is 
around 3 mm after the maximum physical dose.  
Overall, the RBE10 values for helium ions were higher 
than the case of proton at the entrance, BP region and 

in the distal part of the BP. The position of maximum 
RBE10 value for helium ions is also closer to the           
maximum physical dose compared to the case of         
protons, this should be taken into consideration           
because the damage to the tumours and organs         
depends on the RBE rather than the physical dose. 
With respect to protons, helium ions produce higher 
secondary fragmentations, and a high number of  
nuclear isotopes have a significant impact on the 
RBE, especially beyond the BP and in the out-of-field 
region, this could potentially harm the OAR.              
Therefore, the accuracy of fragmentation in the  
physical models used in simulation is of high                   
importance. Further verification with experimental 
data of the physical models available in the TOPAS is 
required.  

The utilisation of helium ions for treating              
cancerous tumours has garnered increasing global 
attention as an alternative to protons and carbon 
ions. More research studies specifically dedicated to 
helium ions are imperative (38). These results further 
highlight the potential advantages of utilising helium 
ions in cancer treatment. Helium ions exhibit higher 
RBE10 values and are positioned closer to the              
maximum dose at the BP compared to protons. These 
findings of the study offer valuable insights for               
precise biological dose prediction, particularly when 
targeting the tumour in close proximity to OAR.  

 
 

CONCLUSION 
 

The RBE10 values for protons exhibit a range of 
0.99 to 1.22, which differs from the standard practice 
of using a fixed RBE of 1.1 in the TPS for proton             
therapy. The simulation results in this study may be 
used as an outlook for radiobiological experiments in 
the NSRL. The study also presented a fast and reliable 
radiation field characterisation and RBE prediction 
tool for charged particle beams using TOPAS                     
MC-based simulations toolkit. Future work will focus 
on investigating the microdosimetric spectra of the 
secondary fragments.  
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Table 2. Simulated Microdosimetric quantities of mono-
energetic 176.4 MeV/u helium ion beams in water. 

Int. J. Radiat. Res., Vol. 22 No. 3, July 2024 

Depth 
(mm) 

Frequency mean 
lineal energy уF ̅ 

  (keV/µm) 

Dose mean 
lineal energy 
уD ̅ (keV/µm) 

Relative Biological 
Effectiveness at a 10% 

survival fraction (RBE10) 
32 2.62 ± 0.04 7.41 ± 1.08 1.04 ± 0.02 
80 2.75 ± 0.06 4.50 ± 1.24 1.01 ± 0.03 

120 3.13 ± 0.03 8.01 ± 1.19 1.02 ± 0.01 
150 3.69 ± 0.05 10.36 ± 3.43 1.04 ± 0.01 
190 6.01 ± 0.07 9.89 ± 0.42 1.11 ± 0.01 
207 19.22 ± 0.13 35.01 ± 0.52 1.64 ± 0.03 
208 22.04 ± 0.16 44.85 ± 0.77 1.85 ± 0.05 
209 20.06 ± 0.22 53.58 ± 1.09 2.02 ± 0.09 
210 10.69 ± 0.23 55.61 ± 1.66 2.04 ± 0.15 
211 3.64 ± 0.15 38.12 ± 4.19 1.64 ± 0.24 
212 1.99 ± 0.04 11.27 ± 2.43 1.09 ± 0.04 
214 1.87 ± 0.04 7.09 ± 1.10 1.04 ± 0.02 
224 1.82 ± 0.04 6.51 ± 1.20 1.03 ± 0.02 
250 1.88 ± 0.06 13.86 ± 4.76 1.07 ± 0.06 
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