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ABSTRACT

ARTICLE HISTORY

Purpose: This paper aims to investigate how the spatial distribution of boron in cells and oxygen
concentration affect the DNA damage induced by charged particles in boron neutron capture
therapy (BNCT) by Monte Carlo simulations, and further to evaluate the relative biological effect-
iveness (RBE) of DNA double-strand breaks (DSBs) induction.

Materials and methods: The kinetic energy spectra of «, ’Li particles in BNCT arriving at the
nucleus surface were obtained from GEANT4 (Geant4 10.05.p01). The DNA damage caused by
BNCT was then evaluated using MCDS (MCDS 3.10A).

Results: When o or ’Li particles were distributed in the cytomembrane or cytoplasm, the differ-
ence in DNA damage of the same types was less than 0.5%. Taking the 137Cs photons as the ref-
erence radiation, when the oxygen concentration varied from 0% to 50%, the RBE of 0.54MeV
protons and recoil protons varied from 5 to 2, whereas it decreased from 10 to 3 for « or
’Li particles.

Conclusion: The RBE of DSB induction all charged particles in BNCT decreased with the increase
of oxygen concentration. This work indicated that the RBE of different radiation particles of BNCT
might be affected by many factors, which should be paid attention to in theoretical research or
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clinical application.

Introduction

As an advanced binary targeted therapy technology, boron
neutron capture therapy (BNCT) has its unique physical and
radiobiological advantage. The physical principle of BNCT is
based on the production of low-energy and short-range o
and "Li particles through the '°B (n,x) ’Li reaction which
can deposit dose locally in the tumors. Compared with con-
ventional photon-based radiotherapy, the high linear energy
transfer (LET) characteristics of the charged particles gener-
ated in BNCT result in high relative biological effectiveness
(RBE) in tumors (Barth et al. 2005; Moss 2014). The deter-
mination of biological dose distribution in patients is critical
for practitioners to evaluate the therapeutic effects of BNCT.
The biological dose calculation of BNCT is more compli-
cated (Lin et al. 2011), because it includes multiple types of
particles such as photons, protons, o and ’Li particles, each
of which has different RBE values. Therefore, the biological
effects of all of the different radiation types in BNCT must

be considered to obtain the dose
(Hiratsuka et al. 1991).

The biological effects of BNCT could be determined from
biological experiments and mathematical modeling. Many
previous studies have used the biological effectiveness values
of different types of boron compounds estimated through
animal experiments to calculate the BNCT biological dose.
One study by Farias et al. has shown that the compound
biological effectiveness (CBE) of boronophenylalanine (BPA)
and sodium borocaptate (BSH) in tumors was 3.8 and 2.3,
respectively (Morris et al. 1994; Farfas et al. 2014).
Meanwhile, many biological models have been developed
including mechanistic and phenomenological models to cal-
culate the biological effectiveness of charged particles. For
example, Horiguchi et al. have applied the microdosimetric
kinetic model (MKM) to estimate the alpha in the linear-
quadratic model of cell survival curve (Hawkins 1998;
Horiguchi et al. 2015). Sato et al. used the MKM model to
investigate the relationship between the boron concentration
and biological effects (Sato et al. 2018). Hu et al

overall biological
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demonstrated that PHITS could be used in microdosimetry
studies, as well as in assessing absorbed dose and biological
effects in BNCT (Hu, Tanaka, Takata, Endo, et al. 2020). In
addition, the underlying mechanism in biological systems has
been investigated, such as ionizing radiation-induced base
damage (BD), DNA single-strand breaks (SSBs) and double-
strand breaks (DSBs) as well as the DNA damage repair path-
ways. For example, Nikjoo et al. reviewed how to link micro-
dosimetric parameters to cell death and DNA damage
(Nikjoo et al. 1991). Zhu et al. used the Monte Carlo applica-
tion of TOPAS-nBio to analyze the effects of different phys-
ical and chemical processes or energy thresholds on DNA
damage under proton irradiation (McNamara et al. 2017;
Zhu, McNamara, McMahon, et al. 2020). Based on this study,
they further used the MEDRAS repair model to analyze
chromosomal aberrations (Zhu, Mcnamara, Ramos-Mendez,
et al. 2020). Luo et al. used the Monte Carlo Damage
Simulation software (MCDS 3.10A) to calculate the yield of
DNA damage induced by therapeutic protons (Luo
et al. 2020).

However, the mechanism of radiation damage caused by
BNCT has seldom been thoroughly studied for either nor-
mal or tumor cells. For the sake of simplification, many pre-
vious studies did not fully consider the radiosensitivity of
cells and enrichment of boron compounds in determining
the BNCT biological effects. In the present study, we aim to
evaluate the biological effects of BNCT by taking into con-
sideration of both physical interactions and radiobiological
characteristics of BNCT. The method of combining
GEANT4 and MCDS simulation to analyze radiation dam-
age caused by charged particles in BNCT is proposed for the
first time. The effects of the spatial distribution of boron in
cells and oxygen concentration on the radiation-induced
DNA damage and the RBE of DSB have been investigated.

Materials and methods

Particle source configuration in Geant4 Monte
Carlo simulation

In BNCT, the types of charged particles mainly include o
and ’Li particles produced by the '°B(n,x)’Li reaction, recoil
protons produced by the capture of fast neutrons by hydro-
gen atoms, and 0.54 MeV monoenergetic protons generated
from the capture of thermal neutrons by nitrogen atoms
(Horiguchi et al. 2015).

In the current simulation process, based on the
'B(n,x)’Li reaction, the radiation source corresponding to
the boron dose was composed of two branches: (1)
1.47MeV o particles and 0.84 MeV “Li particles with a
branching ratio of 93.7%, and (2) 1.78 MeV « particles and
1.01MeV ’Li particles with a branching ratio of 6.3%
(Karaoglu et al. 2018). Considering the spatial distribution
of boron compounds in the cell, the initial emission posi-
tions of o and “Li particles were sampled according to the
spatial distribution of boron compounds. At the same time,
« and "Li particles were evenly distributed and emitted par-
ticles isotropically. The specific model configurations are
shown in Figure 1(a,b). As shown in Figure 2, the radiation
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source, recoil protons, is defined by an energy spectrum,
which is calculated by irradiating the cylindrical tissue-
equivalent material with a neutron source in Geant4 Monte
Carlo Simulations (Geant4 10.05.p01) (Allison et al. 2016;
Incerti et al. 2018). In our study, the neutron beam is based
on the published energy spectrum of the Massachusetts
Institute of Technology (MIT) epithermal reactor beam
developed for BNCT (Kiger et al. 1999). Here, the compo-
nents of tissue-equivalent material include H (10.1%), C
(11.1%), N (2.6%), and O (76.2%) (Horiguchi et al. 2015).
The radius of equivalent tissue material is set as 2cm, the
radius of neutron beam is set as 2.1 cm, the distance between
neutron source and the surface of equivalent tissue material is
6 cm. The geometry of the simulation is shown in Figure 1(c).
The G4EmStrandPhysics_option4, G4HadronElasticPhysicsHP,
G4Decay, G4lonBinary CascadePhysics, G4StoppingPhysics,
Geant4_HP_thermal and G4EmExtraPhysics are adopted in
this study as described in previous studies (Geng et al. 2016),
the detailed hadronic interaction category and physics models
are listed in Table 1.

MCDS

At present, several studies have analyzed DNA damage
through track structure simulations (Sakata et al. 2019; Tang
et al. 2019; Sakata et al. 2020). However, the MCDS software

(a) a or 'Li particles Uniform sampling

cytomembrane nucleus

cytoplasm Scoring surface

(b) a or ’Li particles Uniform sampling

cytomembrane nucleus

cytoplasm Scoring surface

(c) Recoil protons

Radius=2 cm
d=6 cm
(el
—_—
_
—_—

Neutron source tissue equivalent material

Radius=2.1 cm Scoring volume

Figure 1. Models configuration in Geant4 Monte Carlo simulations. Process of
recording the energy spectrum distribution of o or ’Li particles arriving at the
surface of nucleus when they were evenly distributed in the cytoplasm (a) or
cytomembrane (b); process of recording energy of recoil protons in equivalent
tissue material when it was irradiated by Massachusetts Institute of Technology
(MIT) neutron source (c).



988 J. QI ET AL

01F ' T T T T 3
(MIT)

0.01 4

0.001

Fluence of recoil protons

1E_4 1 1 1 1
0 1 2 3 4 5 6

Energy(MeV)

Figure 2. Energy spectrum of recoil protons in equivalent tissue material when
it was irradiated by MIT neutron source using Geant4 simulations.

Table 1. The hadronic interaction category and physics models for neutrons,
protons and alpha particles.

Particle types Interaction category Physics model

Neutron neutroninelastic NeutronHPInelastic
(<20 MeV) nCapture NeutronHPCapture
nFission NeutronHPFission
hadElastic NeutronHPElastic
Alpha alphalnelastic Binary Light lon Cascade
(<4 GeV/n) hadElastic hElasticLHEP
Proton protonlnelastic ParticleHPInelastic
(<200 MeV) hadElastic hElasticCHIPS

adopts a quasi-phenomenological model to compute par-
ticle- and energy-dependent DNA damage yields, the com-
putation of which is much faster than some common
particle track-structure simulations (Semenenko and Stewart
2004; Semenenko 2006; Chatzipapas et al. 2020). It should
be noted that the MCDS only calculates the induced DNA
damage without considering the DNA damage repair kinet-
ics. The DNA damage induction dataset can be used as the
input for other mechanistic biophysical models to calculate
the biological effects. For example, the combined use of
MCDS and the repair-misrepair-fixation (RMF) model have
been applied in calculating the RBE of different ions (Frese
et al. 2012; Kamp et al. 2017; Guan et al. 2018).
Furthermore, the radiation damage induced by indirect ion-
izing radiation, such as photons and neutrons, is essentially
caused by their secondary particles. Therefore, in MCDS,
the calculation of DNA damage caused by incident photons
or neutrons requires the kinetic energy spectra of secondary
electrons or recoil protons as the input parameters
(Semenenko and Stewart 2004; Semenenko 2006). In add-
ition, MCDS can take into consideration the effect of oxygen
concentration or the concentration of the free radical scav-
enger on the DNA damage from ionizing radiation (deLara
et al. 1995). The DNA damage types and assessment meth-
ods used in the present work are shown in Table 2. Four
adjustable parameters (i.e. segment length [ngg], number of
strand breaks [og,], BD to SB ratio [f], and minimum dis-
tance between clusters [Nyn]) must be determined in

Table 2. Evaluation methods of the types of DNA damage in MCDS algorithm.

Cluster type Assessment method

BD One or more BD (no strand break)

SSB Strand break (no auxiliary damage)

SSB+ Two strand breaks on the same strand

2SSB Two or more strand breaks on opposite
strands separated by at least 10 base pairs (bp)

DSB Two strand breaks on opposite strands
with a separation <10bp

DSB+ Double-strand breaks accompanied by
one (or more) additional strand breaks
within 10 base pairs separation

DSB++ More than one double-strand break

whether within the 10 base pairs separation
or further apart

BD: base damage; SSB: single-strand break; DSB: double-strand break.

MCDS, which are determined by track-structure simulation
(Semenenko and Stewart 2004; Semenenko 2006; de la
Fuente Rosales et al. 2018), and primarily related to the par-
ticle type and kinetic energy. In the MCDS simulation, the
radiation parameters (particle types, energies, radiation
dose) were set according to the energy distributions
obtained by Geant4 simulations. Oxygen concentrations 0%,
0.01%, 0.1%, 1%, 5%, 10%, 21%, and 50%, respectively, were
set in the oxygen effect parameters. Normal O, concentra-
tion is above 21% in well oxygenated cells, and 50% O, con-
centration corresponds to 380mmHg. In previous study,
Luo et al. have analyzed the effect of 0.001-100% oxygen
concentration on DNA damage in proton therapy (Luo
et al. 2020).

Geometry configuration in Geant4 and MCDS
simulations

In the current simulation work, considering the boron com-
pounds enrichment difference in cells, the squamous tongue
cancer cell is considered as a current research object, whose
nucleus radius and cell radii are 3 pm and 5pm, respectively.
In Geant4 simulations, the material of cells is set as water for
simplicity. In MCDS, the nuclear radius is also 3 um.

RBE calculation

The RBE could be affected by many factors, such as radi-
ation dose, dose rate, cell or tissue type, cell cycle, and bio-
logical endpoint (Okumura et al. 2013; Howard et al. 2017).
In general, RBE is defined as the dose ratio of the reference
radiation to the test radiation resulting in the identical radi-
ation effect, that is, the same cell surviving fraction. In add-
ition, the RBE can also be calculated for each type of DNA
damage considered, among them, DSB is the most critical
DNA damage related to reproductive cell death. The RBE
for DSB induction can be defined as the dose ratio of the
reference radiation to the test radiation with the same yield
of DSB induction (Rothkamm and Lobrich 2003).

D,
RBEpgg = =L (1
Dp



Here, P represents the type of test radiation to be studied,
and y is the reference radiation, usually photons. In this
report, unless specifically pointed out, RBE from MCDS cal-
culations refers to the RBE of DSB induction. Specifically,
the distribution of DNA damage was simulated at the condi-
tion of different radiation doses. On this basis, by selecting
the same number of DSBs, the ratio of the corresponding
reference radiation dose to the required dose of the ion to
be measured is the RBEpgp.

Results

Effects of the boron enrichment difference on the yield
of DNA damage

Energy spectrum of o and ’Li particles entering the cell
nucleus in Geant4 simulations

In Geant4 simulations, the initial emission positions of «
and “Li particles are set as the cytoplasm or cytomembrane.
The corresponding energy spectral distribution of & and “Li
particles are scored on the surface of the nucleus (Figure 3).

INTERNATIONAL JOURNAL OF RADIATION BIOLOGY 989

In the cytoplasm, because of its thickness, when the particles
are transported to the nucleus, a flat area is more likely to
appear in the energy distribution, while the particles are
emitted on the cytomembrane, because its geometry is only
a thin surface, the peak shape is more likely to appear in the
energy distribution of o and ’Li particles. Considering that
0.54 MeV protons and recoil protons are already located in
the nucleus, the original energy (refer to Figure 2 for the
energy spectrum of recoil protons) has been used in the
MCDS computations.

Effects of the boron compounds enrichment difference on
DNA damage for o and ’Li particles in normoxic condi-
tions in MCDS

The obtained energy spectra in Figure 3 were used as the
input particle source parameter of MCDS simulations. In
the environment of normal oxygen concentration (i.e. 21%),
the number of clustered damage and yield of DNA damage
with different complexities induced by o and “Li particles
are shown in Figure 4.
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Figure 3. Energy spectra of o particles scored on the surface of the nucleus originating from the cytoplasm (a) or cytomembrane (b); the energy spectra of ’Li par-
ticles scored on the surface of the nucleus originating from the cytoplasm (c) or cytomembrane (d).
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Figure 4. Percentage of DNA damage with different complexities and the number of clustered damage under normoxic conditions in MCDS algorithm. Panel (a)

and (b) are the results from o particles. Panel (c) and (d) are from ’Li particles.

Table 3. RBE of & and ’Li based on two kinds of distribution of boron com-
pounds in normoxic conditions.

Location RBEpsg Location RBEpsg
Alpha Cytoplasm 3.27 “Li Cytoplasm 3.44
Cytomembrane 331 Cytomembrane 3.45

When o or “Li particles are distributed in the cytomem-
brane or cytoplasm, the difference in the percentage of dif-
ferent types of DNA damage is not obvious, but simple
damages (BD and SSB) and other more complex damages
(including SSB+, 2SSB, DSB, DSB+, and DSB++) has
opposite trends in these two distributions (Figure 4(a,c)). As
shown in Figure 4(b,d), the number of DSB induced in the
nucleus for the cytomembrane as the initial position is
slightly higher than that for the cytoplasm as the initial pos-
ition by 0.3%, but the number of SSB, other damages, and
total damages emitting from the cytomembrane is slightly
lower than that from the cytoplasm by 3.4%, 5.6%, 3.3%,
respectively.

Effects of the boron compounds enrichment difference on
RBE for « and ’Li particles in normoxic conditions

Table 3 shows the RBE of « and ’Li particles based on two
kinds of distribution of boron compounds, that is, only in
the cytoplasm or the cytomembrane, in normoxic condi-
tions. The RBE of « and ’Li particles for the cytomembrane

as the initial position is slightly higher than that for the
cytoplasm as the initial position.

Effects of oxygen concentration on DNA damage and
RBE for all charged particles of BNCT in MCDS

Effects of oxygen concentration on DNA damage for all
charged particles of BNCT

Based on the energy spectra of o and ’Li particles corre-
sponding to Figure 2(a,c), in order to reduce the influence
of other variables, the nucleus radius is still set to 3 pm. The
numbers of DNA damage induced by all charged particles
in BNCT under different oxygen concentrations are shown
in Figure 5.

As shown in Figure 5(a,b), the number of SSB at the
same oxygen concentration under the irradiation of « and
’Li particles is higher than other damages. As the oxygen
concentration of tumor cells increased, the number of dam-
ages induced by o and “Li particles remain basically
unchanged. For the same initial distribution, the number of
SSB, other damages, and total damages caused by « particles
is higher than that of "Li particles.

For monoenergetic protons, when the oxygen concentra-
tion increases from 0.01% to 50%, the numbers of DSB, SSB
and total clusters increase gradually, whereas the number of
other damage clusters decreases slightly (Figure 5(c)). For
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Figure 5. Number of DNA clustered damage under different oxygen concentrations caused by the radiation of o particles (a), “Li particles (b), 0.54 MeV protons (c),

and recoil protons (d) calculated by MCDS.

recoil protons, the numbers of SSB and total DNA damages
increase with the increase of oxygen concentration.
However, when the oxygen concentration is 50%, the num-
bers of DSB and other damages decrease by 1.47% and
0.26%, respectively, compared with the results of oxygen
concentration of 21% (Figure 5(d)).

DNA damage induced by reference radiation (i.e. *’Cs)
under different oxygen concentrations

In the MCDS algorithm, for neutral particles such as pho-
tons or neutrons, their secondary electrons or recoil protons
should be set as the source term for DNA damage calcula-
tion. In the current study, '*’Cs photons are used as the ref-
erence radiation, whose secondary electrons energy
spectrum is shown in Figure 6(a) (Hsiao and Stewart 2008).
For "*’Cs photons, the number of DNA clustered damage

increases significantly with the increase of oxygen concentra-
tion (Figure 6(b)).

Effects of oxygen concentration on the RBE of all charged
particles of BNCT

The RBE is calculated by taking o and “Li particles emitted
from the cytoplasm with the cell nucleus radius of 3 pm set
in MCDS. As shown in Figure 7, when the oxygen concen-
tration is lower than 1%, the RBE of o and ’Li particles
decrease sharply with the increase of oxygen concentration.
When the oxygen concentration is higher than 10%, the
RBE is basically unchanged. The RBE of o and ’Li particles
is in the range of 3-10. For 0.54 MeV protons and recoil
protons, the RBE remains basically unchanged when the
oxygen concentration is higher than 5%. It is concluded that
the biological effectiveness of BNCT on tumor cells exists a
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Figure 7. RBE of a double-strand break created by all charged particles of BNCT
relative to '*’Cs y-rays at the different oxygen concentrations.

significant difference between hypoxic cells and normoxic
cells. The effect of oxygen concentration must be considered
in biological dose conversion and efficacy evaluation.

Calculation of the initial DNA damage and RBE caused
by « and ’Li particles based on
boronophenylalanine (BPA)

For BPA, the weight distribution ratio of BPA in the
nucleus, cytoplasm, cell membrane, and extracellular was
0:0.78:0:0.22 (Sato et al. 2018). Here, the distribution of BPA
is set as the initial emission positions of o and “Li particles
in the Geant4 simulation. The kinetic energy (Figure 8) is
scored when the particles reach the surface of the nucleus.
As shown in Figure 9, the yields of BD and SSB caused
by o particles are higher than that of "Li particles, and the
profiles of other damages are lower than that of "Li particles.
Similarly, the number of SSB, other damages, and total dam-
ages caused by o particles is significantly higher than those

of "Li particles. Furthermore, the RBE of « and “Li particles
is 3.27 and 3.44, respectively.

Discussion

Accurate dose assessment and determination of the bio-
logical effectiveness of BNCT are challenging because of the
complicated radiation types and energy distribution at the
micro-nano scale (Streitmatter et al. 2020). In the present
simulation study, considering the enrichment of boron in
the tumor region and the sensitivity of cells, the effects of
boron compounds distribution on DNA damage and bio-
logical effectiveness of o and “Li particles have been investi-
gated. Moreover, the effects of oxygen concentration on
DNA damage and RBE induced by all charged particles of
BNCT are studied. Furthermore, BPA, a widely used boron
compound in clinical application, is used to calculate the
RBE of DSB induction of o and "Li particles at the normoxic
conditions.

In the present study, when o or “Li particles are distrib-
uted in the cytomembrane or cytoplasm, the percentage of
simple damages (BD and SSB) and other more complex
damages (including SSB+, 2SSB, DSB, DSB+, and DSB++)
has opposite trends in these two distributions. A possible
explanation is when the particles are sampled in the cyto-
membrane, the average energy incident into the cell nucleus
is lower than that in the cytoplasm, the range of particles in
the cell nucleus is also different accordingly. Many previous
studies have shown that the low-energy and high-LET par-
ticles could result in more complex DNA damages
(Hoglund et al. 2000; Hada and Georgakilas 2008; de la
Fuente Rosales et al. 2018).

In traditional radiotherapy, the effect of cellular oxygen
environment on DNA damage has been widely studied as
the tumor is very often in a hypoxic environment. These
results also proved that the change of oxygen concentration
had a significant effect on DNA damage and even biological
effectiveness (Stewart et al. 2011; Stewart 2019; Luo et al.
2020). As mentioned in the results section, the biological
damage caused by o and “Li particles is almost not affected
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by the change of oxygen concentration. The main reason
was that high-LET particles primarily caused DNA damage
through direct action (Boucher et al. 2006), whereas oxygen
concentration has a more significant impact on indirect
action usually by photons. Notably, the number of clustered
DSB obtained in our study is not in good agreement with
that of Margis et al. (Margis et al. 2020). They considered
clustered DSB as DSB++ and DSB+, whereas this study
considers DSB types with three different complexities
(DSB++, DSB+, and DSB) (Ou et al. 2018). For protons
and recoil protons, corresponding to the neutron dose com-
ponent of BNCT, when the boron concentration was 0, the
RBE measured by the tissue-equivalent proportional counter
(TEPC) was about 3.7, and the RBE obtained from the
PHITS simulation by recording yd(y) range of
0.01-1000keV/um was about 3.0 (Hu, Tanaka, Takata,
Okazaki, et al. 2020). However, in this study, it can be found
that the RBE of single-energy protons and recoil protons
decreases with the increase of oxygen concentration, from 5
to 2, which might be due to the difference in oxygen con-
centration in the tumor cells or environment and neutron
flux. Moreover, compared with the results of 0% oxygen

concentration, at 50% oxygen concentration, the increase of
clustered DSB induced by recoil protons is 49.42%, whereas
the increase of clustered DSB induced by 0.54 MeV protons
is 85.35%. A possible reason is that the average energy of
recoil protons is higher than 0.54 MeV, and their average
LET is lower than that of 0.54 MeV protons. Previous stud-
ies have shown that the low-LET radiations primarily caused
individual DNA damage (Hong et al. 2016), and the relative
yields of complex damage decreased with the decrease of
oxygen concentration, thereby reducing the complexity of
DNA damage.

When O, concentration was 21%, the number of DSB
induction was about 8.1 Gy~ ' Gbp ™' under the radiation of
%Co (Luo et al. 2020), there were 8.16 DSBs in the estima-
tion of the MCDS for a representative mammalian cell irra-
diated by '*’Cs x-rays (Stewart et al. 2011). In the current
study, for the reference photon radiation, the simulated
number of DSB induction is 48.94 Gy ' cell” !, which is con-
sistent with the results of previous studies (Stewart et al.
2011). In addition, the number of SSBs, DSBs, other dam-
ages, and total damages induced by '*’Cs x-rays increases
with the increase of oxygen concentration. According to
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Equation 1, this result leads to the decrease of RBE of « and
’Li particles with the increase of oxygen concentration,
which is consistent with the conclusions of previous studies
(Stewart et al. 2011). Different from o and ’Li particles, the
number of other damages caused by reference photons is
higher than that of SSB, because the indirect action of pho-
tons plays a leading role in DNA damage, and the primary
factors affecting the indirect effect are chemical substances,
such as free radicals (Friedland et al. 2003). The reactive
oxygen species were highly reactive with DNA during indir-
ect actions, which induced DNA damage by detaching the
hydrogen atoms or adding reactions across the double bonds
(Boguslaw 2011).

Furthermore, BPA, a commonly used boron compound,
is used to analyze the effect of specific boron distribution on
energy spectrum o and ’Li particles, and then analyze the
effect on DNA damage. As mentioned in the results section,
RBE of o and ’Li particles based on BPA is closer to that of
o and “Li sampled in the cytoplasm, which is a slight differ-
ence from that of « and “Li sampled in the cytomembrane.
The main reason is the presence of BPA affects the energy
deposited in the nucleus, and the presence of BPA affects
the particle types for neutron capture therapy. Tracy et al.
reported distribution of cell sizes in their cell survival
experiments (Tracy et al. 2015), and then nucleus diameters
of 3-6 um were assessed to calculate RBEpgsg in MCDS+
MCNP simulation. The RBEpgg of 1.5 and 1.8 MeV o par-
ticles were 3.24 and 3.19, respectively (Streitmatter et al.
2020), which were basically consistent with the results in
our study. In the present study, the results focus on the bio-
logical effects of tumor cells. For the surrounding normal
tissues, the evaluation of biological effects should clarify the
ratio of boron concentration between tumor and normal tis-
sue. The RBE of « and "Li particles evaluated in this study
are different from the CBE of boron compounds. At present,
the CBE of BPA in the tumor was 3.8 for calculating the
biological dose of BNCT (Coderre and Morris 1999; Farias
et al. 2014), but it is promising to calculate the biological
dose from o and “Li particles, respectively, and then add
them to obtain the total biological dose. In the previous
experimental studies, For M8 and Mel-] human melanoma
cell lines, 1% cell survival fraction was used as a biological
endpoint, and the CBE factors of BPA were 2.1 and 3,
respectively (Rossini et al. 2015). In the study of Hamada
et al., for 500 mg/kg BPA, the CBE was 3.45, and at 750 mg/
kg, the CBE was 3.0 (Hamada et al. 2010; Masunaga et al.
2014). It can be found our findings are not in complete
agreement with those of the experiments. The possible rea-
sons for these differences are: on the one hand, the RBE of
o and “Li particles are different from the concept of CBE,
on the other hand, the neutron flux spectrum, cell line types
and the selected biological endpoint are different.

This study has several limitations. The irradiation direc-
tion of particles and the shape of cells are still relatively
ideal in the whole Monte Carlo simulation process, which
might not be consistent with the actual situation in clinical
treatment. However, the findings in our study can also pro-
vide some theoretical reference for the research and

development of new boron compounds and their radiobio-
logical effects in BNCT. For some more realistic situations,
such as cell type and cell structure, this study may be further
considered with other Monte Carlo simulation or numerical
calculation models.

Conclusion

The initial DNA damage and RBE induced by charged par-
ticles in BNCT were investigated by considering the differ-
ence of boron compounds enrichment and the
radiosensitivity of cells by combining with Geant4 and
Monte Carlo Damage Simulation software. When the oxygen
concentration changed from 0% to 50%, the RBE of
0.54 MeV protons and recoil protons varied from 5 to 2.
Notably, the oxygen concentration could affect the enrich-
ment of boron compounds, which would change the RBE of
o and Li particles in the radiation-sensitive region. These
findings indicate that the RBE of different particles formed
during BNCT might be affected by many factors, which
should be considered in the development of new boron
compounds, dose calculations and treatment planning.
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