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ABSTRACT 13 

Proton beam therapy allows irradiating tumor volumes with reduced side effects on normal 14 

tissues with respect to conventional X-ray radiotherapy. Biological effects such as cell killing 15 

after proton beam irradiations depend on the proton kinetic energy, which is intrinsically related 16 

to early DNA damage induction. As such, DNA damage estimation based on Monte Carlo 17 

simulations is a research topic of worldwide interest. Such simulation is a mean of investigating 18 

the mechanisms of DNA strand break formations. However, past modellings considering 19 

chemical processes and DNA structures require long calculation times. Particle and Heavy Ion 20 

Transport System (PHITS) is one of the general-purpose Monte Carlo codes that can simulate 21 

track structure of protons, meanwhile cannot handle radical dynamics simulation in liquid water. 22 

It also includes a simple model enabling the efficient estimation of DNA damage yields only 23 

from the spatial distribution of ionizations and excitations without DNA geometry, which was 24 

originally developed for electron track-structure simulations. In this study, we investigated the 25 

potential application of the model to protons without any modification. The yields of single-26 

strand breaks, double-strand breaks (DSBs) and the complex DSBs were assessed as functions 27 

of the proton kinetic energy. The PHITS-based estimation showed that the DSB yields increased 28 

as the linear energy transfer (LET) increased, and reproduced the experimental and simulated 29 

yields of various DNA damage types induced by protons with LET up to about 30 keV/μm. 30 

These results suggest that the current DNA damage model implemented in PHITS is sufficient 31 

for estimating DNA lesion yields induced after protons irradiation except at very low energies 32 

(below 1 MeV). This model contributes to evaluating early biological impacts in radiation 33 

therapy. 34 

 35 

Keywords: DNA damage yields, Monte Carlo track-structure simulation, proton beams, 36 

 37 

1. INTRODUCTION 38 

Proton beam therapy (PBT), which has been widely installed in clinics, is one of the 39 

effective approaches to eliminate solid tumors by dose concentrations to a tumor at the Bragg 40 
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peak region (1,2). The biological impacts for PBT relative to photon beams (referred to as 41 

relative biological effectiveness [RBE]) is generally defined as 1.1 (2) because of the major 42 

contribution of secondary electrons (3) interacting with DNA (liquid water). However, it has 43 

been proposed that the use of a constant RBE = 1.1 for protons is no longer appropriate (4,5). 44 

Therefore, quantifying the variable RBE value depending on proton energy (i.e., the increase 45 

in RBE at the Bragg peak region) from the standpoints of radiation therapy and radiation 46 

biology is necessary. 47 

When quantifying such RBE value of PBT, tumor cell killing is usually evaluated. 48 

Several reports show that cell death (such as apoptosis, necrosis, and autophagy (6)) is induced 49 

by radiation-induced DNA double-strand breaks (DSBs) with a certain probability (7-10). As 50 

such, the dependence of proton energy (as well as linear energy transfer [LET]) on DSB 51 

induction has been evaluated to date (11). There are several techniques for measuring DSB 52 

yields (e.g., immunofluorescent staining and agarose gel electrophoresis). (12-15). The DSB 53 

yields for any proton energies can be quantified using both plasmid DNA and cultured cell lines 54 

based on such experimental techniques. However, the yields for low-energy protons (i.e., < 1 55 

MeV protons) can be obtained only by dry plasmid DNA (16) as low-energy protons have a 56 

correspondingly short range in water. For example, the ranges of 1 MeV and 300 keV protons 57 

are approximately 23.9 and 3.78 μm, respectively. When performing such experiments in vitro, 58 

the yields can vary depending on the experimental conditions, that is, cell shape (17) and 59 

plasmid condition (liquid or dry) (18). Therefore, grasping experimental geometry and the 60 

proton kinetics in the biomaterials is necessary for obtaining the relationship between proton 61 

energy and DNA damage yields. 62 

Monte Carlo simulations are an efficient approach to mechanistically investigate the 63 

relationship between proton energy (as well as LET) and DNA damage yields. In particular, 64 

track-structure simulation at the DNA level (nanometer scale) in liquid water (19-21) enables 65 

mechanistically estimating DNA damage yields and types (i.e., single-strand breaks [SSBs], 66 

DSBs, and complex DSBs) (22-25) even for low-energy protons (i.e., < 1 MeV protons). The 67 

past modellings for estimating DNA damage yields have considered chemical processes (free 68 

radicals) and DNA structures in detail (26,27). However, the past modellings which consider 69 

chemical processes and DNA structure need a long calculation time. Recently, DNA damage 70 

estimation is getting more and more attention in the field of medical physics (28,29). In order 71 

to reduce computing time, simplified models of evaluating DNA damage induction are of 72 

interest. However, at the price of computing time reduction, these simplified models can only 73 

simulate the physical stage of radiation interaction and do not model radical diffusion nor 74 

chemical reactions. With reasonable short computing time, estimating DNA damage yields with 75 

high precision is therefore of great importance as mechanism study. 76 

Several similar approaches, such as density-based spatial clustering of applications with 77 

noise (DBSCAN) (30) and ion cluster size distribution (31) have been proposed. However, by 78 

focusing on only the number and the distance of the events (ionizations and excitations), we 79 
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developed a simple model for efficiently estimating DNA damage yields (32-34) by the track-80 

structure mode in the Particle and Heavy Ion Transport System (PHITS) (35-37). This model 81 

enables efficiently estimating DNA damage types and yields only using spatial distribution of 82 

ionizations and excitations where track-structure mode is activated. In addition, in the recent 83 

PHITS development, the physical models of Kyushu University Radiobiology Unit Code 84 

(KURBUC) of protons and Carbon ions was implemented in PHITS under the name of PHITS-85 

KURBUC mode, which enables simulating atomic interactions (i.e., elastic scattering, 86 

ionization, excitation, dissociative electron attachment, vibrational excitation, photon excitation, 87 

rotational excitation, electron capture, and electron loss) of protons in liquid water (36). 88 

Meanwhile, the current PHITS code does not explicitly simulate radical diffusion and chemical 89 

reactions to DNA. To date, the DNA damage model in PHITS has been verified only for 90 

electron (as well as photon) irradiation (32-34). The estimation of DNA damage yields for 91 

proton irradiation is in principle possible with the PHITS code but has not been investigated 92 

yet. 93 

In this study, applying the simplified model to proton irradiation, we evaluated the yields 94 

of SSBs, DSBs, and complex DSBs for proton beams, and compared them with the 95 

corresponding experimental data and other simulation results. From the comprehensive 96 

comparisons, we discussed the effectiveness of the current DNA damage estimation model 97 

based on the PHITS track-structure simulation mode in the case of proton beam irradiations. 98 

Throughout this evaluation, we show the simple DNA damage estimation model implemented 99 

in the PHITS code would contribute to understanding early biological impacts in PBT. 100 

 101 

2. MATERIALS AND METHODS 102 

2-1. Simulation setup and physical processes 103 

We used PHITS ver. 3.27 (35) and simulated electron and proton tracks using two model 104 

types: one is the condensed-history method for the macroscopic scale and the other is the track-105 

structure mode for the microscopic scale (DNA scale). For the condensed-history method, the 106 

ATIMA mode (38) and the electron gamma shower (EGS) mode (39) were used, and the 107 

transport cut-off energies were set to 1 keV for both electrons and protons. For the track-108 

structure simulations, the electron track-structure mode (etsmode) (32) and the proton track-109 

structure PHITS-KURBUC mode (36) were used to simulate atomic interactions along proton 110 

track in the region where the track-structure section is activated. In the track-structure 111 

simulations, the cut-off energies for transporting electrons and protons were 1 eV and 1 keV, 112 

respectively.  113 

 114 

2-2. Estimation of SSB and DSB yields 115 

The simple geometry composed of three cuboids illustrated in Fig. 1A was considered for 116 

estimating proton-induced DNA damage yields. In this geometry, the track-structure mode was 117 

activated in the central region (REG2), while the condensed history approach was taken in 118 
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REG1 and REG3. Examples of simulated proton tracks are depicted in Fig. 1B, where 10 tracks 119 

of 100, 10 and 1 MeV protons were simulated. The thickness of REG2 was defined to be large 120 

enough that at least 1% of the proton energy is being deposited in this region. For example, for 121 

1 MeV protons a thickness of 382 nm is needed. For higher energies, larger thicknesses would 122 

be needed, however, this would result in long computing times. Hence, for proton energies 123 

larger than 1 MeV, a constant thickness of 1 µm was chosen. Meanwhile, judged from radial 124 

dose distribution, secondary electrons deposit their energy and almost stop within 100 nm from 125 

proton track (34). Considering this, 100 nm was chosen as the thicknesses of REG1 and REG3. 126 

Using this geometry, we simulated the proton tracks and spatial coordinates of the atomic 127 

interactions based on the PHITS-KURBUC mode. Note that the δ-rays coming into REG2 from 128 

REG1 and REG3 were considered to establish the secondary electron equilibrium. 129 

 130 

 131 
Figure 1. Simulation geometry and proton track structure in PHITS: (A) is the geometry for 132 
estimating DNA damage yields, and (B) is the generated 10 proton tracks at 100, 10, and 1 MeV. The 133 
track-structure modes are turned on only in REG2. The cut-off energies for electrons and protons are 134 
set to 1.0 eV and 1.0 keV, respectively. In Fig. 1B, proton tracks were depicted using the constant 135 
thickness of REG2 (= 100 nm) as examples. When estimating the yields of DNA damage, the 136 
thickness of REG2 was defined to be large enough that at least 1% of the proton energy is being 137 
deposited in this region. Note that for proton energies larger than 1 MeV, a constant thickness of 1 138 
µm was chosen. 139 

 140 

Assuming that the number of the events (i.e., ionizations and excitations) per deposited 141 

energy Nevent/Edep and that of linkage composed of two events within 10 bp (3.4 nm) per 142 

deposited energy Nlink/Edep are proportional to the yields of strand breaks (SBs) and DSBs, the 143 

yields SBs and DSBs (YSB and YDSB) can be calculated as follows (36):  144 

   YSB = kSB 
Nevent

Edep 
, (1) 
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   YDSB = kDSB 
Nlink

Edep 
, (2) 

where kSB and kDSB are the coefficients for estimating the yields of SBs and DSB from the events 145 

and the linkages, respectively (keV/Gy/Da). These coefficients can be determined by fitting the 146 

experimental yields of SSB and DSB after exposure to photon beams (i.e., 220 kVp X-rays) as 147 

reported previously (32). Induction of indirect DNA damage by radical species, such as OH 148 

radicals, are implicitly considered in these coefficients, although the kinematics of the radicals 149 

are not explicitly reproduced in the model. The DBSCAN, which is similar as this model, is 150 

known as a simple approach which can obtain the SSB and DSB yields from events per cluster 151 

(30). Unlike the algorithms of DBSCAN, the present model focuses on only scoring the number 152 

of events and distance between two events (32). This model does not need to classify the cluster 153 

and noise from spatial distributions of atomic interactions, which is expected to reduce 154 

computational time. It should be noted that the implicit consideration of chemical reactions in 155 

this model has some drawbacks, i.e., the influence of LET is not accounted for explicitly. 156 

Because of the update of etsmode for electron kinetic energy higher than 100 keV in the 157 

latest PHITS ver. 3.27, we redetermined these coefficients so as to reproduce the experimental 158 

yields of SSB and DSB after 220-kVp X-rays exposure (40,41) (here, kSB = 6.46 × 10-12 keV 159 

Gy-1Da-1, kDSB = 1.48 × 10-13 keV Gy-1Da-1). The benchmark test for the model performance 160 

was remade for monoenergetic electrons (Fig. S1) and for photon beams (Fig. S2A), where we 161 

confirmed that the yields of electron-induced SSB and DSB estimated using the updated 162 

parameters showed the same results as those reported previously (32). Note that the yield of 163 

SSBs, YSSB, can be obtained by subtracting 2 × YDSB from YSB. Using this simplified DNA 164 

damage estimation model with the updated parameters, we calculated the YSSB and YDSB for 165 

various proton kinetic energies. The number of simulated particles was adapted to reach a 166 

statistical uncertainty of less than 1%. The estimated DSB yields were compared with other 167 

simulation results (i.e., Geant4-DNA, original KURBUC and PARTRAC) (30,42,43) and the 168 

corresponding experimental data (using cultured cells and plasmid DNA) (30,44-46) in the 169 

literature. The detail of the comparative data is summarized in Table S1. 170 

 171 

2-3. Estimation of DSB complexity 172 

Assuming that the number of events (i.e., ionizations and excitations) is proportional to 173 

the yield of SB, we also classified the DSB complexity from a simplified cluster analysis using 174 

the number of events within a 10-bp (3.4 nm) diameter at a DSB site (a gravity of linkage), Ncl 175 

(33). We deduced that 12 events were needed on average to induce an additional SB at a DSB 176 

site to reproduce the experimental complex DSB measured by atomic force microscopy (33). 177 

In the same manner as that for the model for estimating SSB and DSB yields, we updated the 178 

criteria for determining complex DSB, i.e., DSB+ (a DSB coupled with an SB) and DSB++ (a 179 

DSB coupled with two SBs). The number of ionization and excitations at a DSB site (i.e., a 180 
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sphere with a 3.4-nm radius) increased by about 1% because of the update of etsmode by the 181 

recent PHITS development. Therefore, when estimating the DSB complexity, we used the 182 

following criteria: simple DSB (sDSB) for 2 < Ncl < 14, DSB+ for 14 < Ncl < 26 and DSB++ 183 

for Ncl > 26. The benchmark results for this update are summarized in Fig. S2B, where it is also 184 

confirmed that the updated parameters enabled the estimation of a similar tendency as reported 185 

previously (34). Using the same geometry illustrated in Fig. 1A and this simplified model, we 186 

estimated the contents of DSB+ and DSB++ for 10 keV electrons, 30 MeV protons, 2 MeV 187 

protons and 1 MeV protons and compared them with the simulation data calculated by the 188 

original KURBUC (42) and Geant4-DNA (47). In the same manner as that for the DSB yields, 189 

DSB complexity was calculated with sufficient numbers of particles to make the statistical 190 

uncertainty less than 1%. 191 

 192 

2-4. RBE values for early SSB and DSB induction 193 

The RBE values for SSB and DSB, referred to as RBESSB and RBEDSB, respectively, were 194 

calculated using the PHITS-KURBUC mode. We selected 200 kVp X-rays (0.5-mm Al + 0.5-195 

mm Cu filtration) as the reference radiation throughout this study. This kind of 200 kVp X-rays 196 

with such filtration is often used in the field of radiation biology. The DNA damage yields 197 

immediately after irradiation are proportional to the absorbed dose (48,49). Regarding this, the 198 

RBESSB and RBEDSB were calculated using the following equations. 199 

   RBESSB = 
YSSB

YSSB(200-kVp X-rays) 
, (3) 

   RBEDSB = 
YDSB

YDSB(200-kVp X-rays) 
, (4) 

where YSSB
 and YDSB are the SSB and DSB yields for any radiation, respectively; YSSB(200-kVp X-200 

rays) and YDSB(200-kVp X-rays) are the SSB and DSB yields for the 200 kVp X-rays. The estimated 201 

yields of YSSB and YDSB as a function of LET were compared with the available experimental 202 

data (16,18,30,44-46,53-56,58) and the other simulation data (42,43,47,50-52). The data list 203 

used for this comparison is summarized in Table S1. It should be noted that the simulation data 204 

by the MCMS algorithm was calculated in this study (51,52). From the comparison, we 205 

evaluated the RBE values for DNA damage induced by proton beams. 206 

The LET values are also calculated to investigate the relationship between LET and RBE 207 

for DSB (RBEDSB). Figure 2 shows the relations between proton kinetic energy and stopping 208 

power (LET) for the PHITS-KURBUC mode, which were compared with the recommended 209 

data of the International Commission on Radiation Units and Measurements (ICRU) Report 49 210 

(60), other simulations (61-63), and the PHITS condensed-history mode of ATIMA. It should 211 

be noted that the LET for ATIMA mode was obtained by the t-LET tally, which can provide 212 

information on track length and dose as a function of the LET of a given material. As shown in 213 

Fig. 2, it was confirmed that the stopping power (LET) of the PHITS-KURBUC mode agrees 214 
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well with that of the condensed-history ATIMA mode and the ICRU Report 49 (60). 215 

We also compared the RBEDSB estimated by PHITS with the experimental RBEDSB using 216 

proton energy as a parameter to evaluate the accuracy of the PHITS simulation. We recalculated 217 

the DSB yields by γ-rays (60Co and 137Cs sources), kVp X-rays (30–250 kVp), ultra-soft X-rays 218 

(TiK, AlK, CuL, and CK), monoenergetic electrons and monoenergetic protons on the basis of 219 

the current DNA damage model. For the simulation for monoenergetic electrons, we simulated 220 

whole electron tracks using etsmode. When calculating the yields of photon beams, γ-rays and 221 

kVp X-rays were incident to a water cuboid (10 × 10 × 0.1 cm3) surrounded by air as shown in 222 

Fig. S3. The track-structure mode was activated in liquid water (REG2 in Fig. S3), while the 223 

condensed-history approach was taken in air (REG1 in Fig. S3). For the monoenergetic protons, 224 

the particles were incident to liquid water, as shown in Fig. 1. Note that the simulation setup is 225 

the same as that for the simulation for monoenergetic protons used in Fig. 1. The PHITS results 226 

were compared with the experimental data (16,18,30,44-46,53-56,58). The RBEDSB was 227 

calculated using 200 kVp X-rays as reference radiation. 228 

 229 

 230 
Figure 2. LET value as a function of proton kinetic energy. The PHITS-KURBUC mode (open 231 
blue circle) results are compared with the recommended data of ICRU Report 49 (60), other 232 
simulations (61-63), and the PHITS condensed-history mode of ATIMA. Note that the LET for the 233 
ATIMA mode is obtained by the t-LET tally. 234 

 235 

2-5. Measurement of the cross-sections of cell nuclei 236 

We measured the cross-section of cell nuclei of various cell lines in this study to grasp 237 

the experimental condition using cultured cells. We used five types of cell lines: Chinese 238 

Hamster fibroblast cell line V79-379A (IFO50082, JCRB Cell Bank, Japan), human lung 239 

fibroblast cell line WI-38 (RCB0702, RIKEN, Japan), human lung bronchial epithelial cell line 240 

HBE3-KT (CRL-4051, ATCC, Manassas, VA, USA), human prostate cancer (DU145), and non-241 

small cell lung cancer A549 (RCB3677, RIKEN Cell Bank, Japan). The V79-379A cells were 242 
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maintained routinely in Dulbecco’s modified Eagle’s medium (DMEM) (D0819, Sigma Life 243 

Science) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin 244 

(p/s) (Sigma Life Science). The WI-38 cells and the A549 cells were maintained in the 245 

DMEM/Nutrient Mixture F-12 (DMEM/F12) (D8437, Sigma Life Science) supplemented with 246 

10% FBS (FBS, Equitech-Bio Inc.) and 1% p/s. The HBEC3-KT cells were maintained in a 247 

bronchial epithelial cell medium (3211NZ, ScienCell). DU145 cells were grown in RPMI-1640 248 

with L-glutamine (Thermo Fisher Scientific Inc.) supplemented with 10% FBS (FBS, Equitech-249 

Bio Inc.) and 1% p/s. All cells were maintained at 37°C in a humidified atmosphere of 95% 250 

air/5% CO2. 251 

     All cells were fixed in 4% paraformaldehyde for 10 min on ice and were then 252 

permeabilized in 0.2% v/v Triton X-100 in phosphate-buffered saline (PBS) for 5 min. After 253 

rinsing with PBS, the cells were incubated with 1 μg/ml DAPI solution (62248, Thermo Fisher 254 

Scientific) for 15 min. After rinsing with PBS, the cells were observed using a high standard 255 

all-in-one fluorescent microscope (BZ-9000; Keyence, Osaka, Japan). The sizes of the cell 256 

nuclei were measured using the ImageJ software (64). The microscopic images of stained cell 257 

nuclei and the histogram of the cross-sections are shown in Fig. S4A and Fig. S4B, respectively, 258 

(see supplementary material), from which we calculated the mean radii of the ellipsoidal section 259 

of the cell nuclei for all cell lines. Information on cell nucleus size was used for this DNA 260 

damage simulation. 261 

 262 

2-6. DNA damage simulation for PBT considering cell geometry 263 

Using the mean radii measured by DAPI staining, we estimated the cell geometry, as 264 

shown in Fig. S4A. The thickness of the cell cannot be measured by the microscopy used in 265 

this study because of the spatial resolution of the z-stack. Thus, we used the ratio between the 266 

mean radius of the ellipsoidal section of a cell nucleus and the thickness of the cell cytoplasm 267 

shown in the literature (65). The geometry of the cytoplasm was assumed as half of an ellipse 268 

with a constant 5-μm thickness. In this simulation, we used the cross-section of the lung 269 

fibroblast cell lines, i.e., V79-379A and WI-38. We also measured the cross-sections for a few 270 

additional cell lines (i.e., HBE3-KT, DU145 and A549). However, no relevant differences were 271 

observed among these cell lines (Fig. S4B). 272 

     For the DNA damage simulation for PBT, we first reproduced the monoenergetic 60 273 

MeV proton beam line reported by Chaudhary et al (58). In reproducing percentage of depth 274 

dose (PDD) of the 60 MeV proton beams, we assumed a 0.8% standard deviation of the incident 275 

proton energy when accelerated. The proton beams were incident to a water cube (40 × 40 × 40 276 

cm3). We scored the energy spectra of proton beam at each depth to efficiently calculate the 277 

yields, and the protons were simulated using the spectra and the cell geometry (see Fig. S5). 278 

The thickness of the culture dish (C8H8)n, 1.00 g/cm3) was set to 1 mm. The track-structure 279 

modes (i.e., etsmode and PHITS-KURBUC) were activated within the cell, whereas the ATIMA 280 

and EGS modes were used in the geometry except for the inside of the cell. The cut-off energies 281 
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of electrons were set to be 1 keV and 7 eV for the EGS mode and etsmode, respectively. 282 

Meanwhile, the proton cut-off energy was set to 1 keV. Using the simulation setup, we 283 

estimated the depth-dependence of the DSB yields, and compared the PHITS results with the 284 

experimental DSB yield measured by the 53BP1 focus formation assay in the literature (58).  285 

 286 

3. RESULTS AND DISCUSSION 287 

3-1. Energy-dependence of DNA damage yields 288 

Figure 3 shows the DSB yields estimated by the PHITS-KURBUC mode, which were 289 

compared with other available simulations (30,42,43) and the experimental data (30,44-46). 290 

The LET dependencies of the yields of SSB and DSB estimated by the PHITS code are also 291 

shown in Fig. S6. The PHITS estimation was performed using the geometry shown in Fig. 1. 292 

We also calculated the DSB yields using the cell geometry where the thickness of track-293 

structure region is more than 1 μm to check the impact of the secondary electron equilibrium 294 

(see Fig. S7A). The DSB yields for high-energy protons (e.g., 100 MeV protons) are expected 295 

to be reduced when the equilibrium is violated; however, we observed no significant reduction. 296 

From these preliminary results, the DNA damage yields can be estimated under the charged 297 

particle equilibrium using the simulation setup shown in Fig. 1. In Fig. 3, the experimental data 298 

used for this comparison are composed of in vitro experiments with fibroblast cell lines (such 299 

as V79 cell line) and with plasmid DNA. The estimation of the KURBUC and the PARTRAC 300 

codes consider the indirect DNA damage induction by chemical processes such as that of the 301 

hydroxyl radical (OH radical). 302 
 303 

 304 
Figure 3. DSB yield in dependence on proton kinetic energy. The results of this work (blue dotted 305 
line) are estimated using the PHITS-KURBUC mode and the DNA damage estimation model. The 306 
PHITS estimation is compared with the available simulation data (30,42,43) and the experimental 307 
data (30,44-46). Note that the experimental data are composed of V79 cells (Botchway et al, 1997; 308 
deLara et al, 2001) and plasmid DNA (Fulford et al, 2001; Leloup et al, 2005). The experimental data 309 
by deLara are taken from Francis et al (2011) (30). 310 
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 311 

As shown in Figs. 3 and S5, the DSB yield increased as the proton kinetic energy 312 

decreased, and the PHITS estimation reasonably reproduced the experimental results (R2 = 313 

0.593). Meanwhile, focusing on protons with energies lower than 1 MeV, the DSB yields 314 

estimated by the PHITS code were higher than the published simulation results. However, there 315 

are no experimental results for monoenergetic protons with energies lower than 1 MeV. Thus, 316 

biomaterials have to be very thin, and the plasmid DNA under dry conditions must be suitable 317 

to obtain the experimental yields for such low-energy protons. Considering these, for the energy 318 

regime where experimental value measured in liquid water are available, the DNA damage 319 

estimation based on the simplified model is sufficient for reproducing the experimental DSBs.  320 

On the other hand, the DSB yields for low-energy protons calculated by PHITS-321 

KURBUC mode are higher than the corresponding data obtained from the other simulations 322 

considering chemical processes (KURBUC and PARTRAC) (42,43). This discrepancy is 323 

probably attributable to the fact that the coefficients for estimating the yields of SBs and DSB 324 

(kSB and kDSB) were determined to reproduce those of electron-induced DNA damage, i.e., our 325 

model intrinsically assumes that the ratios between radical recombination and indirect DNA 326 

damage induction are independent of the radiation type. This assumption may result in the 327 

inaccuracy in the DNA damage estimation for high LET radiation because the yields of OH 328 

radicals within a certain volume, which are related to the probabilities of radical recombination, 329 

increase with increasing LET. Therefore, further development of the model considering this 330 

LET dependence is desirable in future studies (66). However, because no experimental data are 331 

available for the DSB yields of protons with energies lower than 1 MeV, the accumulation of 332 

experimental data is also essential in the future. 333 

 334 

3-2. LET dependence of RBE value for protons 335 

We compared the RBE for SSB and DSB with the data available in the literature to further 336 

evaluate the yields of DNA damage estimated by the PHITS code. The PHITS simulation was 337 

performed using the geometry shown in Fig. 1. Figure 4A and 4B show the LET dependence 338 

of the RBE values estimated by the PHITS-KURBUC mode for SSB and DSB, respectively, 339 

where the PHITS estimation was compared with available experimental data (16,18,30,44-340 

46,53-56,58) and other simulation data (42,43,47,50-52). Note that the reference radiation of 341 

the PHITS estimation was the 200-kVp X-rays with 0.5-mm Al and 0.5-mm Cu filtration (which 342 

is often used in cell experiments), whereas those for the data in the literature varied. The 343 

biological effects also depended on photon energy (59). Only a limited amount of the 344 

experimental RBE values, which are measured using specific photon energy (i.e., 60Co γ-rays 345 

or 200 kVp X-rays), are available. For a precise comparison of the PHITS results and the 346 

experimental data, accumulating experimental data on DNA damage yields in the near future is 347 

necessary. 348 

 349 
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 350 

  351 
Figure 4. LET dependence on RBE values. (A) is the RBE for SSB and (B) is the RBE for DSB. 352 
The reference radiation of the PHITS estimation is the 200-kVp X-rays with 0.5-mm Al and 0.5-mm 353 
Cu filtration. The estimations by the PHITS code are compared with the available experimental data 354 
(16,18,30,44-46,53-56,58) and other simulation data (42,43,47,50-52). 355 

 356 

In Fig. 4, RBESSB gradually decreased as the LET increased, whereas RBEDSB gradually 357 

increased as the LET increases. Considering the large uncertainties of RBE values in the 358 

literature, the PHITS estimation reasonably agreed with the experimental and the other 359 

simulated data. Focusing on the high-LET region (i.e., greater than approximately 30 keV/μm), 360 

the RBEDSB rapidly increased. The experimental RBEDSB for the comparison in the high-LET 361 

region (closed diamonds ranging from 30 to 110 keV/μm in Fig. 4) were measured by plasmid 362 

DNA under dry conditions (16). As shown in Fig. 4, the PHITS simulation showed a similar 363 

tendency as that of the experimental RBEDSB even in the high-LET region. For high-LET 364 

radiation, the DSB yields may be reduced by the release of fragments (67) (as well as multiple 365 



12 
 

DSBs (68)). In future development, it is needed to consider fragment release in this model. 366 

Figure 5 shows the relationship between the RBEDSB estimated by the PHITS code and 367 

the corresponding experimental values. In drawing this graph, the DSB yields for γ-rays (60Co 368 

and 137Cs sources), kVp X-rays (30–250 kVp), ultra-soft X-rays (TiK, AlK, CuL, and CK), 369 

monoenergetic electrons and monoenergetic protons were recalculated. Note that the 370 

experimental RBEDSB values for electrons and photons were obtained from our previous paper 371 

(32). Thus, a reasonable recreation of the experimental behaviour was found (R2 = 0.748). Note 372 

again that the experimental values for the high-LET protons were measured using dry DNA. 373 

 374 

 375 
Figure 5. Comparison of the experimental RBE for DSB and the PHITS estimation. The 376 
reference radiation of the PHITS estimation is the 200-kVp X-rays with 0.5-mm Al and 0.5-mm Cu 377 
filtration. The RBE values calculated by PHITS are compared with the corresponding experimental 378 
values (16,18,30,44-46,53-56,58). 379 

 380 

3-3. Depth dependence of RBE for PBT 381 

According to the comparison of the DSB estimation by the PHITS and various available 382 

data in the literature, we then estimated the RBEDSB value as a function of depth for the 60 MeV 383 

PBT. In this simulation, we considered the cell geometry. Figure 6A and 6B shows the examples 384 

of microscopic images of the fibroblast cells of WI-38 (shape and the stained nucleus) and the 385 

simple geometry, respectively.  386 

Figure 6C shows the PDD of the 60 MeV protons, where the blue solid line and open 387 

circle are the simulated and measured PDD (58), respectively. The dose-averaged LET (noted 388 

as LETd) is also depicted as a function of the depth. The red dashed line in Fig. 6D shows the 389 

depth dependence of RBEDSB estimated by the PHITS-KURBUC mode using the cell geometry 390 

shown in Fig. S5A, which was compared with the experimental data of 53BP1 foci (58). The 391 

DSB yields were measured only at two positions: at a 1.38-mm depth for the entrance and a 392 
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31.5-mm depth for the Bragg peak. Focusing on the Bragg peak region, there is a subtle 393 

discrepancy between the PHITS simulation and the experimental data. Considering that the 394 

experimental uncertainties are shown as the standard error of the mean (s.e.m.), the inherent 395 

uncertainties of nuclear foci (standard deviation) are expected to be much higher than the s.e.m. 396 

Note that the standard deviations of the simulation results are less than 1%. In addition, the 397 

number of foci per nucleus dramatically changes at the Bragg peak region. Considering this, 398 

the uncertainty of placing a cell culture dish must be involved in the subtle difference. 399 

Meanwhile, the protein of 53BP1 at the DSB site involves binding to the phosphorylated histone 400 

H2AX (69) and regulating the repair balance between nonhomologous end joining and 401 

homologous recombination (70). The efficiency of detecting complex DSB yields by such 402 

biomarkers remains uncertain. Considering these, the overestimation by the simple model in 403 

the PHITS code is reasonable. Recently, a different model based on ion cluster size in the 404 

TOPAS-nBio (31) was proposed for directly using DNA damage estimation in the field of 405 

medical physics. To obtain better agreement with the experimental results, the methodology of 406 

the TOPAS-nBio will be useful for the future model development of the PHITS code. 407 

As a preliminary study, the impact of the experimental geometry on DSB yield was also 408 

investigated by comparing to the benchmark results shown in Fig. 3. Using the cell geometry 409 

obtained from the DAPI staining of the cell nuclei, we estimated the LET dependence of the 410 

DSB yields. Figure S7A shows that the DSB yields calculated using the cell geometry (Fig. 411 

S5A) show a tendency similar to that in Fig. 3, which was calculated using the simple geometry 412 

in Fig. 1. From Fig. S7A, the yields considering the cell geometry for 750 keV protons are 413 

approximately 11% higher than those shown in Fig. 3 (benchmark data). This is due to the 414 

attenuation of proton energy when passing through cells. Meanwhile, we also considered a 415 

representative experimental geometry using plasmid DNA, where the plasmid DNA on the 416 

glass slide was surrounded by voids (Fig. S5B). As shown in Fig. S7B, the DSB yields for the 417 

plasmid DNA experiment are lower than those for the cell geometry in the low-LET region. 418 

This is because the secondary electron equilibrium does not hold for the plasmid DNA 419 

experiment. From these preliminary simulation results, we also confirmed that the PHITS code 420 

enables predicting DSB yields for various experimental conditions such as cultured cells and 421 

plasmid DNA in voids. 422 

 423 

 424 
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 425 

Figure 6. DSB estimation for the 60 MeV PBT. (A) shows an example of microscopic images and 426 
the cell nucleus of WI-38 stained by DAPI. (B) is the cell geometry considered in the PHITS code. 427 
(C) The PDD and LET of the 60 MeV PBT. (D) shows the depth dependence of RBEDSB estimated 428 
by the PHITS-KURBUC mode. In Fig. 6B, we use the nucleus sizes for V79-379A (x = 11.0 μm, y = 429 
3.89 μm) and WI-38 (x = 11.8 μm, y = 4.16 μm). 430 

 431 

3-4. DSB complexity for electrons and protons 432 

We finally estimated the yields of complex DSBs for 10 keV electrons, 30 MeV protons, 433 

2.0 MeV protons, and 1.0 MeV protons. Figure 7 shows the content rates of sDSB, DSB+, and 434 

DSB++ estimated by the PHITS-KURBUC mode, which were compared with the other 435 

simulation results by KURBUC (42) and Geant4-DNA (47). There are differences between the 436 

individual Monte Carlo approaches in terms of relative or absolute differences. Considering 437 

this, we calculated the percentages of complex DSBs (DSB+ and DSB++) for comparison. As 438 

shown in Fig. 7, the contents of complex DSBs by the PHITS code show the tendencies similar 439 

to those of the other simulations in the case of low-LET radiation (10 keV e-, 30 MeV 1H+, and 440 

2 MeV 1H+). This may be because secondary electrons are major contributors to energy 441 

deposition. Meanwhile, focusing on the high-LET protons (1 MeV 1H+), the PHITS code 442 

slightly overestimated the contents of complex DSBs in the same manner as that of the DSB 443 

yields (Fig. 3). The difference of the percentage between the PHITS code and other simulations 444 

are shown in Fig. S8, in which the difference for 1 MeV protons is the largest among 10 keV 445 

electrons, 30 MeV protons, 2.0 MeV protons, and 1.0 MeV protons. There is a possibility that 446 
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the other codes underestimated the amount of complex DSBs. However, considering the 447 

experimental data on DNA fragments released by high-LET ions, we should interpret that this 448 

is because the DNA damage estimation in PHITS does not consider the change in indirect DNA 449 

damage yields in relation to LET. Considering these, the LET dependence of indirect damage 450 

induced by chemical processes plays an important role in precisely understanding complex 451 

DSB induction after high-LET irradiation. In this regard, further development of a chemical 452 

model is needed in the future to reproduce the change of indirect damage induction. However, 453 

the present simple model implemented in PHITS is sufficient for estimating the yields for 454 

various DSB types for electrons and protons, as shown in Fig S9, showing the yields of sDSB, 455 

DSB+, and DSB++ for the 10 MeV electrons, 300 MeV protons, 100 MeV protons, 30 MeV 456 

protons, 10 MeV protons, and 3 MeV protons. 457 

 458 

 459 

Figure 7. Estimation of DBS complexity (sDSB, DSB+, and DSB++). The upper histograms are 460 
the contents estimated by the PHITS-KURBUC mode (this work). The lower histograms are those 461 
estimated by KURBUC (42) and Geant4-DNA (47). The results of this work are calculated using the 462 
simple cluster analysis reported in a previous report (34).  463 

 464 

4. CONCLUSION 465 

In this study, we evaluated the yields of SSBs, DSBs, and complex DSBs for protons 466 

using the PHITS track-structure mode. The PHITS code was able to reproduce the experimental 467 

and simulated yields of various DNA lesion types for protons with low LET (less than about 30 468 

keV/μm). From these comparisons, the current simplified DNA damage model is sufficient for 469 

estimating DNA lesion yields induced after protons with energies higher than 1 MeV (around 470 

the Bragg peak energy). Meanwhile, we found that the RBE for DSB depends on the 471 

experimental (irradiation) conditions in the case of high-LET protons, suggesting that further 472 

modellings of chemical processes and fragment releases are needed in future studies. In addition, 473 
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no experimental data on DSB yields for protons with energies lower than 1 MeV were available. 474 

The accumulation of such experimental yields for high-LET radiations (such as α particles (71)) 475 

is needed in the future. 476 

     A major aim of this work was to apply the DNA damage estimation model dedicated for 477 

electrons to simulations for proton beams. Meanwhile, our ultimate goal is to develop an all-in-478 

one package for estimating radiobiological effects based on early DNA damage simulation and 479 

biophysical models. The present data on DSB yields would be useful as input information for 480 

biophysical models for predicting cell killing after irradiation, such as microdosimetric-kinetic 481 

(MK) model (72) and modified models (e.g., stochastic MK model (73,74) and integrated MK 482 

model (75,76)). This code for calculating DNA damage yields after the proton irradiation will 483 

be implemented in the PHITS package in the future. Further model developments such as the 484 

dependence of DNA damage induction on LET and new experimental data for high-LET 485 

particles in liquid water are essential for developing of DNA damage estimation model which 486 

can be directly used for medical field. 487 
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