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Abstract

Background: Boron neutron capture therapy (BNCT) is a targeted radiotherapy
that relies on the 9B (n, a) Li reaction, which produces secondary particles
with high linear energy transfer (LET), leading to a high relative biological effec-
tiveness (RBE) in tumors. The biological effectiveness of BNCT is influenced
by factors such as boron distribution and concentration, necessitating improved
methods for assessing its radiobiological effects and clarifying the sensitivity of
the differences in different factors to the biological effects.

Purpose: This paper introduces a method to evaluate the biological effects of
BNCT using the cellular repair model. This method aims to overcome some of
the limitations of current evaluation approaches. The primary goal is to provide
guidance for clinical treatments and the development of boron drugs, as well as
to investigate the impact of the synergistic effects of mixed radiation fields in
BNCT on treatment outcomes.

Methods: The approach involves three key steps: first, extending the radial
energy deposition distribution of BNCT secondary particles using Geant4-DNA.
This allows for the calculation of initial DNA double-strand breaks (DSBs) dis-
tributions for a given absorbed dose. Next, the obtained initial DSB distributions
are used for DNA damage repair simulations to generate cell survival curves,
then thereby quantifying RBE and compound biological effectiveness (CBE).
The study also explores the synergistic effects of the mixed radiation fields in
BNCT on assessing biological effects were also explored in depth.

Results: The results showed that the RBE of boronophenylalanine (BPA) and
sodium borocaptate (BSH) drugs at cell survival fraction 0.01 was 2.50 and 2.15,
respectively. The CBE of the boron dose component was 3.60 and 0.73, respec-
tively, and the RBE of the proton component was 3.21, demonstrating that BPA
has a significantly higher biological impact than BSH due to superior cellular per-
meability. The proton dose significance in BNCT treatment is also underscored,
necessitating consideration in both experimental and clinical contexts. The study
demonstrates that synergistic effects between disparate radiation fields lead to
increased misrepairs and enhanced biological impact. Additionally, the biologi-
cal effect diminishes with rising boron concentration, emphasizing the need to
account for intercellular DNA damage heterogeneity.

Conclusions: This methodology offers valuable insights for the development
of new boron compounds and precise assessment of bio-weighted doses in
clinical settings and can be adapted to other therapeutic modalities.

KEYWORDS
boron neutron capture therapy, DNA damage repair model, relative biological effectiveness,
synergistic effects
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1 | INTRODUCTION

Boron neutron capture therapy (BNCT) is a tumor treat-
ment that theoretically targets malignant cells while
sparing normal cells. It relies on the nuclear capture
reaction between low energy thermal neutrons and 1°B,
producing highly linear energy transferring (LET) « and
’Li that can precisely kill tumor cells due to their short
range.! In addition to the a and ’Li ions produced by the
boron capture reaction '°B(n, a)’Li, the main dose com-
ponents are the photon dose from the "H(n, y)?H reac-
tion and the nitrogen dose from the 0.58 MeV protons
produced by the *N(n, p)'#C, the hydrogen dose from
the recoil protons produced by the "H(n, n)p reaction.?
The relative biological effectiveness (RBE) of the boron
dose component is usually described by the com-
pound biological effectiveness (CBE), which combines
the effects of « and ’Li and is influenced by factors such
as boron distributions.®> Considering the differences in
these factors, it is important to study the biological
effects of BNCT. There have been many experimental
studies on the biological effects of BNCT as early as
the twentieth century*~°; however, the results obtained
from different experimental conditions are widely dis-
parate and there are uncertainties in the experimental
methods. There have also been studies using simula-
tion methods to predict biological effects. For example,
Han et al. and Nakano et al. developed and applied a
series of methods to explore the RBE of different types
of radiation by predicting the physical differences in the
yield and distribution of DSB from initial DNA damage.”-
However, physical differences in DNA damage are only
the first stage of the biological effects of radiation,
these initial damages are subsequently dealt with by
a series of cellular repair processes, and the ability of
cells to detect, repair and respond to these damages
is critical in determining their radiosensitivity. Franken-
berg has demonstrated that biological endpoints such
as chromosomal aberrations, cell death, oncogenic cell
transformations and gene mutations occur after cellu-
lar damage repair, particularly at low doses, with much
higher RBE values than those estimated based solely
on initial DSB? Therefore, it is crucial to explore biore-
mediation models that encompass a variety of repair
pathways and molecular mechanisms.

Several cellular repair models have been developed
and applied to predict cellular DNA damage repair,
such as those of Warmenhoven et al., McMahon et al.,
and Belov et al.'®'2 The predictions of these mod-
els in terms of cellular repair kinetics reproduce the
experimental results well. There are also examples of
integrating cell repair models into programs to directly
predict cell survival fraction in Geant4-DNA."® How-
ever, the mechanisms of repair in BNCT are not well
understood,'* and there are no studies applying the cell
repair mechanism to BNCT to investigate the biological
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effects. Furthermore, there are synergistic effects in the
radiation field of different ray types in BNCT.!>"'6 For
example, Guerra Liberal et al. investigated the syner-
gistic effects of high LET and low LET radiation, and
showed that the combination of different radiation qual-
ities produces unexpected synergistic effects, which
should be taken into account in treatment design.” A
new model to estimate the biological effects of BNCT
was developed by Sato et al., the effect of this syn-
ergistic effects was taken into account in their model,
and the effect of synergistic effects on the final RBE of
BNCT treatment was also demonstrated.? However, the
mechanism of action of the synergistic effects on DNA
damage repair in BNCT is not yet fully understood, and
further investigation is necessary.

In this work, the biological effects of BNCT were
explored using the Mechanistic DNA Repair and Sur-
vival Model (Medras)'" cellular repair model proposed
by McMahon et al.,, which simulates the repair of
radiation-induced DNA damage, incorporating the over-
all kinetics of repair and its fidelity to predict a range of
biological endpoints. The model was not applied to the
low-energy particles produced by BNCT; therefore, this
work extends its application to BNCT, using the com-
monly used clinical treatment drugs BPA and BSH as
research subjects.

The specific calculations are shown below, and the
biological effects calculated by this approach are com-
pared with the corresponding experimental data. Finally,
the effects of different boron drug distributions and
different boron drug concentrations on the cell survival
fraction (SF) are discussed as a means of estimating
the RBE and CBE of the different dose components.
Additionally, this study delves deeper into the effects of
synergistic interactions on the SF in the BNCT radiation
field.

2 | METHODS

2.1 | DNA damage and repair simulation
using Medras

The Medras cellular repair model simulates the repair
of radiation-induced DNA damage by integrating overall
repair kinetics and fidelity, enabling the prediction of
various biological endpoints. The model begins with
the distribution of double-strand breaks (DSBs), tracks
the repair progress, and assesses the distribution of
misrepaired DSBs. Biological endpoints, including the
quantification of unrepaired and misrepaired DSBs,
mutations, and chromosome aberrations, are then used
to estimate cell survival probability!" DSBs can be
repaired by one of three pathways, Nonhomologous
End Joining, Homologous Recombination, and Microho-
mology Mediated End Joining, which correlate with cell
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cycle phase and pathway activity.'®2° Medras models
all of these repair pathways in a two-step process,
whereby firstly each DSB initially consists of two free
ends and physically interacts with nearby free ends at
a rate related to the complexity of the breaks and their
initial distribution. Pairs of free breaks can join together
to restore DNA structure, after this point, the DSB ends
will not be able to recombine with other broken ends.
Both stages in repair are modeled as simple exponential
processes in Medras.

In the Monte Carlo version of Medras, DSB distribu-
tions are efficiently generated for various particle types
and energies by calculating radial energy deposition
within cells."’ This method estimates the number of
DSB around an ion track at a radial distance r based on
energy deposition E(r) and an average energy thresh-
old (Epsg = 56.5 keV) required for DSB induction. The
resulting initial DSB distribution is output in the DNA
damage standard file format?! After generating the ini-
tial distribution of DSB, Medras reads this information to
obtain details such as break complexity and spatial char-
acteristics. It calculates the interaction rate (¢;;) of each
endpoint of the break and the total rate(n,) between free
endpoints. The effective rate (4;) for each break is then
derived from the total interaction rate, as described in
Equation (1).

Ai = Axm; (1)

In Equation (2), the repair time (f;) associated with
each break endpoint is randomly sampled using a uni-
formly distributed random variable X between 0 and 1.
Simulations then proceed by repairing endpoints start-
ing from the one with the smallest t;, with subsequent
endpoints repaired based on their increasing repair
times.

_log(X)

t=-—1

(2)

During simulation, a free endpoint is randomly chosen
from all remaining endpoints based on the ¢;;. This pair
of free endpoints is then removed from the simulation
after recording it as a repair event, and values such as h;
and {; are updated for all remaining breaks. The process
is then repeated for the next smallest ¢; until all broken
endpoints have been reconnected.

Cell survival at specific doses was analyzed using
Medras to study misrepair events caused by radiation
exposure. This analysis included quantifying remain-
ing breaks, misrepaired breaks, “large” misrepairs, and
interchromosomal misrepairs to assess the probabil-
ity of cell survival post-irradiation.!” The cell survival
probabilities of the three different dose components—
namely the boron dose(caused by « and ”Li), the proton
dose (including nitrogen dose and the hydrogen dose),

and the photon dose were calculated and fitted the
cell survival curves using a linear quadratic model (LQ
model).??

2.2 | Cell survival curve calculation for
BNCT situations

Figure 1 shows the flowchart of the calculations. Medras
does not include the radial energy deposition of low-
energy protons, a, and ’Li. Therefore, this study first
utilizes Geant4-DNA to calculate the radial energy depo-
sition of secondary particles at BNCT energies and
applies this to Medras to calculate the initial distribution
of DSBs for the corresponding doses in BNCT.

In addition to the energy deposition of particles
at corresponding energies, Medras requires the dose
deposited by these particles within the cell nucleus to
generate DNA damage distributions. Therefore, it is nec-
essary to obtain the dose deposited by particles of
different energies in the cell nucleus. The detailed dose
calculation process for each energy particle is shown
in Part 2 of Figure 1. For tumor cells, the main dose in
BNCT is generated by a and ’Li produced by °B (n,
a) ’Li. However, these particles have a short range of
about 5-9 pm, leading to a discrepancy between the
intranuclear dose and the macroscopic absorbed dose.
To address this, a dose factor F;; needs to be calcu-
lated. Where i represents the BNCT secondary particle
type, and j represents the microscopic distribution of
different boron drugs (e.g., BPA and BSH). After obtain-
ing the dose factor F;j, the intranuclear doses of « and
’Li can be calculated according to Equation (3) for dif-
ferent boron drug distributions at a given macroscopic
absorbed dose.

D,-J- = Dabosrbed % F,-J- (3)

The initial energies of a and ’Li produced by BNCT
are fixed, but their energies vary when reaching the
cell nucleus due to different starting positions. Medras
requires these particles at the nucleus membrane to
be treated as initial particles, with their corresponding
nucleus doses provided to generate the DNA dam-
age distribution. Therefore, the contributions of particles
with different energies reaching the nucleus membrane
to the nucleus dose must also be calculated. This is
calculated with Equation (4)

4
Djjx= 2 DX Wijm X Pjjmk (4)

m=1

where W represents the contributions to the dose
absorbed in the nucleus due to particles starting at
different initial positions. The meanings represented by
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FIGURE 1 Overall workflow diagram.

i and j are the same as Equation (3). The variable m
represents the different boron drug distribution loca-
tions, include nucleus (m = n), the cytoplasm(m = c),
the cell membrane (m = s), and the extracellular
(m = e). Since BPA can enter the cell via the amino
acid transporter?32* it is assumed to be distributed
in the cytoplasm and extracellular space, but not in
the nucleus. BSH have both cell membrane and extra-
cellular distributions because BSH cannot cross the
cell membrane® k represents different energies of
particles.Fora,k=0.2,0.4...1.2,1.47,1.78 MeV, and for
"Li,k=0.2,0.4,0.6,0.84, 1.02 MeV. P is the probability
density integral of different energies of k under different
boron drug distribution locations obtained from our
previous work.”

With these parameters, the initial DNA damage dis-
tribution of different energy secondary particles under
different drug distributions was obtained. The DNA dam-
age caused by particles with different energies was then
randomly combined to obtain the final DNA damage for
different particles under various drug distributions. The
DNA damage produced by a and “Li was combined as

the DNA damage from the boron dose, while the DNA
damage from recoil protons and 0.58 MeV protons was
combined as the DNA damage from the proton dose.
The DNA damage produced by all particles was ran-
domly combined as the DNA damage produced at the
total dose, where the mixing of DNA damage from dif-
ferent dose components was considered as synergistic
effects. These were read using Medras for cellular DNA
damage and repair simulations.

2.3 | Detailed steps to calculate the
parameters in the model

2.3.1 | Step A:Radial energy deposition
calculation

Only DNA damage distributions for monoenergetic
particles can be generated in Medras, whereas the
energies at which « and ’Li in BNCT reach the cell
nucleus after traversing different distances have a
probability distribution. This probability was calculated
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FIGURE 2 The geometrical model: (a) schematic diagram of radial energy deposition modeling for Geant4-DNA calculations in step A. (b)
The cell modeling cross-sections in TOPAS-nBio in step B, (c) the cell modeling cross-sections in TOPAS-nBio in step C.

in previous studies.” Therefore, in this work, the radial
energy deposition of BNCT secondary a and ’Li with
different energies when they reach the nucleus, as well
as the radial energy deposition of recoiling protons with
probability distributions of energies mainly in the range
of 0.001-1 MeV, is simulated.

To calculate radial energy deposition, the open-
source Geant4-DNA Monte Carlo toolkit is used for
modeling.?2” Figure 2a shows the geometrical model
obtained with Geant4. lons of various species and ener-
gies are emitted towards the center of a cylindrical water
phantom with a radius of 200 um and a depth of 22 uym.
The energy deposition of primary ions and secondary
electrons is recorded at the center depth and scored
according to the radial distance to the primary particle
trajectory when entering the recording region. To mini-
mize the effect of scattering from low-energy particles,
the thickness of the counting region is set to 0.5 ym,
and the particle source is placed at the center of the
counting region surface. For the physical model, the
physical process GAEmDNAPhysics in Geant4-DNA is
selected.

2.3.2 | Step B: Calculation of nuclear and
cellular absorbed dose factors

The TOPAS-nBio Monte Carlo toolkit?® is used to cal-
culate the F factor. In TOPAS-nBio, a geometrical model
of a 3 x 3 x 3 cell nucleus is constructed, as shown in
Figure 2b, with a nucleus radius of 4.32 ym and a cell
radius of 8 um. The particle source needs to be set up
according to the different boron drug microdistributions
and the permeability of different drugs. The boron ele-
ment ratio N represents the percentage of B atoms
relative to the total number of 9B atoms at different
locations, n, ¢, s,and e are used to represent the nucleus,
the cytoplasm, the cell membrane, and the extracellular,
respectively, and the formula is shown in Equation (5)

Np+Ne+Ns  No

—=C 5
Vcell VEc 5 ( )

where V. represents the cell volume and Vg, repre-
sents the extracellular volume within a region. For BPA,
N, = Ns = 0, and for BSH, N,, = N, = 0. The reference
boron concentration ratio Cg in this study was taken
from the experimental data of melanoma cells with BPA
about 3.2,and BSH about 0.862. N, and N,, are 0.78 and
0.22 for BPA, and Ng and N, are 0.48 and 0.52 for BSH,
respectively. The ratio of the dose to the nucleus in the
scoring region (located in the center of the geometry) to
the dose in the scoring region is F.

2.3.3 | Step C: Calculation of nuclear dose
contribution factors for particles at different
locations

The TOPAS-nBio Monte Carlo toolkit?® was used also
to obtain the W factor. The geometry was built as shown
in Figure 2c, but here the situation was simulated sepa-
rately when the particle source was located at different
emission positions. In this work, the contribution of extra-
cellular and cytoplasmic « and ”Li to the nucleus dose of
the BPA drug, and the contribution of extracellular and
cell membrane «a to the nucleus of the BSH drug were
calculated separately, for the BSH drug, the contribution
of the "Li to the nucleus dose was not take into account,
because the ’Li, which is distributed in the cell mem-
brane and the extracellular, hardly reaches the nucleus
in this model.

2.4 | Evaluating the synergistic effects
of BNCT mix radiation conditions

To investigate the effect of the synergistic effects on
cell repair, the DNA damage distributions from each
dose component of BNCT were combined based on
their respective contributions. This combination repre-
sents the DNA damage distribution caused by different
radiation fields. In this work, only the spatial distribution
of DNA damage is considered, without accounting for
temporal distribution or dose rate effects. Cell repair
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simulations were conducted using the mixed DNA
damage distribution, cell survival probabilities under
varying total absorbed doses were calculated, and the
LQ model was used to fit the cell survival curve. The
survival probability of each dose component was accu-
mulated based on the LQ model. The accumulation
formula is shown in Equation (6), which represents
the cell survival curve under the total absorbed doses
without considering the synergistic effects.

(@D; + BiD) (6)

Mm

—In(S(Dpix)) =

I

Il
-

whereD,,;y = 2?21 D;, represents the total absorbed
dose. D4, D,, and D3 represent the doses of the dif-
ferent dose components of BNCT (boron dose, proton
dose, and photon dose), respectively,and D;: D,: D5 fol-
lows the dose share of the different dose components in
BNCT treatment. In the LQ model, the 3 term represents
the “multiple-hit” cell death caused by the interaction of
damage from different radiation tracks?? It only con-
siders the incoherent action of two independent events
that produce damage entities but does not include cross
terms. Moreover, in the direct accumulation shown in
Equation (6), this approach fails to capture the syner-
gistic effects between different types of radiation. In the
photon iso-effective dose model proposed by Gonza’lez
et al.?° the synergistic effects between different types of
radiation are considered. To compare the results of the
simulations with the cell survival curves obtained with
and without considering synergistic effects, the photon
iso-effective dose model is used. In the photon iso-
effective dose model considering synergistic effects, an
assumption was that the time-dependent factor remains
constant.

3 | RESULT

3.1 | Radial energy deposition of BNCT
secondary particles

Figure 3 presents the radial energy deposition, energy
deposition rate per counting region, and cumulative
radial energy deposition rate for «, ’Li, and protons
involved in BNCT. Calculations of high-energy protons
and a were compared with previous work by McMahon
etal.,'" showing differences within 1 nm. Specifically, the
calculations deposit more energy within a radial distance
of r=0.1 nm, less energy between 0.1 and 1 nm, and
show better agreement beyond 1 nm, resulting in over-
all consistent total deposited energy. These variations
may stem from nuances in Monte Carlo scoring, includ-
ing the Geant4 version and cross-section used. However,
the energy deposition around the 1 nm radial track in the
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Medras repair model has no measurable effect on the
repair results.

The repair results of cells under 1 Gy proton and «
irradiation with different LETs in Medras, as calculated
in this work, are compared with the results calculated
by McMahon et al."" The absolute errors in cell survival
rates are all less than 0.05, which is within a reasonable
range.

3.2 | DNA damage distribution

In this study, the clinically utilized boron drugs BPA and
BSH were investigated, and calculated the dose fac-
tors for each of these drugs. In the cellular model, the
calculated results are F, gpy = 0.85, F|;gpa = 0.41, and
W, Bpac= 0.98, W, gpa ¢ = 0.02 for BPA. For the BSH,
the calculated results are F,gsy= 0.29, Fj;gsy= 0,
W, BsH,c= 0.42, W, gsHe = 0.58. These ratios reflect
how boron drug characteristics influence the distribution
of secondary particles within cellular structures, affect-
ing the effectiveness of radiation delivery to target areas.
It should be emphasized that these two dose factors cor-
relate with the nucleus and cell size,and the nucleus size
selected in this study is consistent with typical estimates
of nucleus radius.

Based on the obtained radial energy deposition and
the corresponding doses of various particles, the misre-
pair classification was obtained under the DNA damage
distribution of different dose components of boron
drugs, as shown in Figure 4a.

Figure 4b shows the direct accumulation of misre-
pairs under different radiation fields and the misrepairs
under the total radiation field, the diagonal-striped group
is the repair results of the total dose, and the blank group
is the direct accumulation of each dose component. The
error of Dicentric Aberrations, Rings Aberrations, and
Total Aberrations is too small and the error bar is not
shown in the figure. The data reveal that combining DNA
damage distributions from diverse radiation fields leads
to a greater overall misrepair count compared to the sum
of misrepairs from individual radiation fields. Further-
more, conspicuous disparities in misrepairs are evident
between chromosomes.

3.3 | Prediction of survival curves under
BNCT secondary particle irradiation

To verify whether the DNA damage distribution obtained
by this method can be used to predict the cell survival
fraction in the subsequent cell repair model, sev-
eral DNA damage distributions were generated under
gamma, proton, and alpha rays and used to simulate
repair respectively, the obtained cell survival curve are
compared with experimental values.
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Figure 5 shows the predicted cell survival curves
under 9Co-y source, 2'°Po-a source, and proton source,
respectively, with experimental data of different cell
lines.2%-3° Figure 6 shows the simulation curves of cell
repair kinetics at different doses of different types of
irradiation in comparison with experimental results 2640
which can also reflect the trend of DSB repair over time.

The results show that the repair result predicted by
the Medras can be adapted to a range of cell lines, and
although it is not representative of any cell line, it can
better reflect a trend of the survival fraction of human
cells in relation to the dose.

3.4 | Cell survival curves under different
dose components and total dose field

In this work, the cell survival fraction of each dose
component in the BNCT radiation field was first simu-
lated to obtain the corresponding RBE (CBE), and then
simulated cell survival for different boron drug micro dis-
tributions, that is, comparing two drugs, BPA and BSH.
Additionally, cell survival was simulated for different
boron drug concentrations.

Figure 7a presents Medras-predicted cell survival
fraction of BNCT different dose components plotted
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FIGURE 7 (a) Predicted cell survival curves obtained for different BNCT dose component, (b) cell survival curves of BPA and BSH drugs
after considering synergistic effects, (c) cell survival curves of BPA drugs at three boron dose contribution.

against the dose. The data points indicate cell sur-
vival fractions at specific absorbed doses, with fitted
curves based on the LQ model. Notably, the CBE
of the BPA drug’s boron dose component exceeds
that of the BSH drug, while the proton dose com-
ponent exhibits intermediate RBE. Figure 7b illus-
trates the cell survival fraction of the BPA and BSH
drugs, plotted as a function of the total absorbed
dose of the boron-containing components in the
tumor.

3.5 | RBE and CBE

Table 1 summarizes the comparison of the RBE (CBE)
at different survival fractions under various dose com-
ponents and different boron drug distributions with
previous literature. It can be seen that the use of cell
repair models can predict effectively the RBE (CBE) of
BNCT.

The impact of different boron concentrations of
BPA on the effectiveness of BNCT treatment was also
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TABLE 1 Comparison of RBE (CBE) at different survival
fractions for each dose component and total at different boron drug
distributions with previous literature.

Component RBE5;y RBE;;, RBE; Experimental Reference

y 1 1 1 1 -

Proton 6.87 397  3.21 3.20

5.65° 41
B (BPA) 7.34 4.70 3.60 3.8 6

2.202 41
B (BSH) 1.94 1.02 0.73 100 6
Total RBEs; RBE;, RBE; Experimental Reference

2.52¢ 4
BPA 5.18 3.20 2.50

2.81° 2
BSH 4.64 2.67 2.15 1.99P 2

1.99¢ 4
Without B 4.65 2.56 1.95

1.25° 2

2The biological endpoint chosen was DO ratio (SF = 0.37).
bThe biological endpoint chosen was SF = 0.01.
°The biological endpoint chosen was growth delay time.

considered in this work. Different boron concentrations
correspond to varying dose proportions: at low concen-
tration, boron accounts for 20%, with protons and y-rays
each accounting for 40%; at medium concentration,
boron accounts for 45%, with protons at 27% and y-rays
at 28%; at high concentration, boron accounts for 65%,
with protons at 17% and y-rays at 18%. Boron concen-
trations were selected based on experimental data’
Figure 7c shows the cell survival curves of BPA drugs
at three boron dose occupancies. Based on the results,
it appears that as the boron concentration increases, its
biological effect decreases.

3.6 | Synergistic effects

Figure 8 shows the effect of synergistic effects on the
different drugs of BNCT and the comparison with the
photon iso-effective dose model. The solid line repre-
sents the results considering synergistic effects, while
the dashed line represents the results without consid-
ering synergistic effects. Different colors correspond to
the cell survival curves predicted by this study and the
cell survival curves calculated by the equivalent photon
model. The results show that the cell survival fraction for
the same dose is smaller when the synergistic effects is
taken into account, which confirms that there is indeed
some synergistic effects of BNCT. The effect of syner-
gistic effects needs to be considered when using the
concept of CBE in the clinic. This approach of consid-
ering the synergistic effects of the BNCT radiation field
is also further validated by comparison with the photon
iso-effective dose model.

4 | DISCUSSION

BNCT is a treatment method for malignant tumors.
In clinical practice, it is typically assumed that RBE
(CBE) value of BNCT is constant. However, in reality,
this value can be influenced by factors such as the
distribution of boron drugs. Therefore, studying the bio-
logical effects of BNCT is of significant importance.
This work proposes a method to evaluate the RBE
(CBE) of BNCT based on cellular DNA damage repair
mechanisms.

To validate the feasibility of this method, the applica-
tion of the Medras cellular repair model was extended
to BNCT secondary particles. Subsequently, simulations
of cell survival rates and DNA damage repair kinetics
for different radiation types in BNCT at correspond-
ing energies and doses were conducted to verify the
model’s predictive effectiveness. The results show that
the predicted values of the Medras model in terms of
cell survival probability and repair kinetics match well
with the overall trend of the experimental dataset.34°
The findings show consistency across different cell lines,
whereas the same type of cell line may exhibit significant
differences due to experimental conditions and other
factors. Therefore, the findings represent a trend across
multiple cell lines rather than replicating results for a
specific cell line.

This work also simulated the cell survival curves for
different dose components and total dose fields of the
drugs BPA and BSH, and quantified the RBE (CBE). The
predicted results for a 1% cell survival rate as the bio-
logical endpoint were similar to the experimental results.
Notably, the RBE values varied significantly depend-
ing on the choice of cell survival rates, with higher cell
survival rates associated with higher RBE values. This
indicates the need to consider the choice of biologi-
cal endpoints when calculating the RBE. Additionally, it
was found that the CBE of BPA was significantly higher
than the biological effects of BSH, which was due to the
difference in the distribution of the boron drug result-
ing from the varying permeability of the cells to the two
drugs, BPA can enter the cells and distribute in the cyto-
plasm so that the same macroscopic dose can reach the
nucleus of the cell with a greater number of « and Li
leading to the production of more DSBs. The results also
show that the biological effects of proton dose in BNCT
treatment cannot be ignored. This suggests that both in
experimental and clinical settings, it may be necessary
to consider the proton dose of the beam and its impact
on the RBE.

The biological effects, with and without considering
synergistic effects, were compared. Although temporal
effects were not considered in this work, the results
(Figure 8) suggest that when synergistic effects are
taken into account, the spatial co-action of different
types of rays produces synergistic effects, resulting in
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For BPA distribution: the red line represents the results of this work, while the purple line represents the photon iso-effective dose model. (b) For
BSH distribution: the blue line represents the results of this work, while the orange line represents the photon iso-effective dose model.

a lower probability of cell survival at the same dose.
The same result is corroborated in the literature by
Guerra Liberal et al.!” Interestingly, experiments con-
ducted by Phoenix et al. with V79 cells show an opposite
conclusion,'® likely attributable to biological differences
in V79 cells or the relatively high dose of a in their
experimental setup, which may limit detection sensitiv-
ity. Additionally, the « particles used in their experiments
differed in energy from those produced in BNCT, which
could affect the effectiveness of the synergistic effects.
Moreover, their radiation exposure was conducted at
10°C, where cell repair during exposure is expected
to be minimal, potentially overlooking the synergistic
effects caused by the repair processes in this study.
Based on the results in Figure 4b, it can be speculated
that spatial differences in DSBs distribution caused by
different radiation fields within the nucleus contribute
to the synergistic effects. Consequently, during DSB
end recombination, ends from different chromosomes
may improperly join, resulting in these more lethal
misrepairs.

Cell survival curves at different boron dose occupan-
cies were also compared (Figure 7c),and it can be found
that the biological effect is greater at low boron concen-
trations, the experimental results of Masunaga et al.and
Hiratsuka et al. also have the same conclusion*? It is
hypothesized that, with higher boron concentrations, the
misrepair of DSBs in each affected cell becomes more
complex and frequent. However, the number of cells in
which DSBs are produced decreases. As a result, the
overall cell survival rate appears higher at increased
boron concentrations. This outcome suggests that the
heterogeneity of DNA damage among cells may impact
the RBE value.

In conclusion, the results show that the RBE can be
predicted using this method for different radiation types
as well as at macroscopic therapeutic doses in BNCT,
and indicate synergistic effects between different radi-
ation fields. This approach offers valuable insights for
developing new boron drugs and accurately assess-
ing bio-weighted doses in clinical settings. Furthermore,
the method can be extended to assess RBE in other
treatments.

Nonetheless, it is crucial that this research is still
in its preliminary stage and requires further advance-
ment for broader applicability. The following points
outline the research limitations and directions for future
development.

1. Medras cannot simulate repair mechanisms specific
to individual cell lines, so the results obtained do
not represent any particular cell line. The behaviors
investigated in this study apply to a range of cell lines
rather than a single type. While it is feasible to adjust
Medras parameters to fit experimental data from var-
ious cell lines, this approach can be less informative
and prone to over-fitting due to the high degree of
experimental variability. Therefore, the method serves
as a framework for estimating RBE, and with more
experimental data, predictions for specific cell lines
could be refined.

2. The dose correction factor will vary somewhat from
cell model to cell model. Given the differences in
nucleus size among human cells*> only one cell
size was considered here. Variations in cell size may
lead to different results, subsequent work can explore
whether different cell and nucleus sizes affect the
results, reflecting cell specificity to some extent.
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5 | CONCLUSION

In this study, a cellular DNA damage repair model
was used to predict cell survival under different radia-
tion doses in BNCT, assessing the therapy’s biological
effectiveness and synergistic effects in mixed radiation
fields. Additionally, the impact of varying distributions
and concentrations of boron drugs on outcomes was
explored. The calculated RBE and CBE values aligned
with experimental results.

This method quantitatively confirmed the synergis-
tic effects of mixed radiation fields in BNCT and the
treatment’s dose dependency, which are critical for eval-
uating therapeutic efficacy. This approach estimates
biological effects by considering DNA damage distribu-
tion and subsequent cellular repair responses, enabling
the generation of cell survival curves without exper-
imental testing. Furthermore, it allows for predicting
the biological effects of newly developed boron drugs,
considering different boron dose occupancy ratios and
boron drug distribution, thus providing a promising
approach for optimizing BNCT treatment planning.
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