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ABSTRACT
Boron neutron capture therapy is a cellular-scale heavy-particle therapy. The factor determining the biological effects
in the boron neutron capture reaction (BNCR) is the value of αboron, which is the alpha component in the Linear
Quadratic (LQ) model. Recently, the factor determining the value of αboron has been revealed to correspond to the
structural features of the tumor tissue. However, the relationship and mechanism have yet to be thoroughly studied. In
this study, we simulated BNCR in tissues using the Monte Carlo simulation technique and examined the factors that
determine the value of αboron. According to this simulation, the nuclear-cytoplasmic (N/C) ratio, nuclear diameter
and heterogeneity of the distribution of boron in the tissue have been suggested to determine the value of αboron.
Moreover, we proposed Biological Effectivity (BE) as a new dosimetry index based on the surviving fraction (SF),
extending the concept of absolute biological effectiveness (ABE) in a previous report.

Keywords: boron neutron capture therapy (BNCT); dosimetry index; compound biological effectiveness (CBE);
absolute biological effectiveness (ABE); Monte Carlo simulation

INTRODUCTION
Boron neutron capture therapy (BNCT) is a cellular-scale particle ther-
apy in which boron compounds are incorporated into tumor cells. The
tumor cells are irradiated with thermal neutrons to produce a boron
neutron capture reaction (BNCR) within the tumor cells, generating
a high-linear energy transfer (LET) particle beam with a range shorter
than that of a single cell, which destroys the tumor cells [1]. Although
conventional radiation therapy deposits energy to the entire treatment
region, BNCT deposits energy only to the cells which take up the boron
compounds. This means that if the tumor cells specifically take up the
boron compounds, the tumor cells are exclusively destroyed by the
high-LET particles and the normal cells surrounding the tumor are not
damaged.

In BNCT dose evaluation, the compound biological effectiveness
(CBE) factor is commonly used as an index to convert the boron
neutron dose to the X-ray equivalent dose [2]. The CBE factor is
similar to relative biological effectiveness (BE). However, it depends
on the boron compound, tissue type and the predetermined endpoint.
Although the sensitivity of tumor cells may differ across tumor types,
the commonly used value for tumor cells is constant at 3.8 regardless
of the type of tumor [3]. Moreover, it is already known that the value
of the CBE factor varies with the boron neutron dose as well [4–6].
Therefore, applying a constant value as the tumor CBE factor may
not allow for the proper evaluation of the biological tumor dose. It is
already known that in clinical practice, when the X-ray equivalent dose
is calculated using the CBE factor, a significant relationship between
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the dose and treatment result is not obtained [7]. Therefore, a new
dosimetry index for BNCT is required.

Ono et al. proposed the concept of absolute biological effectiveness
(ABE) as a new dosimetry index [8]. Accordingly, the ABE factor is
defined as:

ABE factor = Gy/D0, (1)

where D0 denotes the average lethal dose. Using the ABE factor, the
ABE dose is defined as:

ABE dose = ABE factor × physical dose. (2)

In other words, the value of the ABE dose is an indicator of the
magnification of the absorbed dose in relation to the D0 dose. Here,
the ABE factor is defined as a unitless number, and the unit of ABE
is Gy. According to this definition, the surviving fraction (SF) is as
follows:

SF = e−ABE dose/Gy = e−(ABE factor×physical dose)/Gy. (3)

The ABE factor in equation (3) corresponds to the α-component
of BNCR (αboron) in the Linear Quadratic (LQ) model, depicting
sensitivity to BNCR. As the LQ model is a more common concept than
the ABE factor, we used the term αboron instead of the term ABE factor
in this article.

As BNCT is a high-LET particle therapy, radiation sensitivity
depends on the tissue’s structural features rather than the tumor
microenvironment such as oxygen conditions. Therefore, the value of
αboron may be determined by the structural features of the tissue. Ono
et al. reported that the D0 dose strongly correlates with the nuclear-
cytoplasmic (N/C) ratio in BNCT using p-boron-L-phenylalanine
(BPA: C9H12BNO4) as the boron compound [8]. In that report,
the relationship between the N/C ratio (NC) and D0 or αboron was
expressed as:

D0 = 0.1341/NC1.586 (4)

αboron = NC1.586/0.1341. (5)

Equation (4) is called Ono’s equation. In the examination of BNCT
in clinical practice, ABE dose has been shown to be an excellent indica-
tor of therapeutic outcome [9]. However, it is still not clear whether
Ono’s equation is always true in all ranges of the N/C ratio, and
whether the N/C ratio is the only factor determining the value of αboron

. Therefore, in this study, we investigated the factors that determine
the value of αboron by examining how the cell SF changes when the
cell structural features such as N/C ratio and nuclear diameter are
changed, using Monte Carlo simulation to reproduce the BNCR in
tissues.

MATERIALS AND METHODS
Monte Carlo simulation

Construction of virtual tissue
We built a 1000-pixel square 3D space (0.177696 μm/pixel) using
Python 3.7.9 and OpenCV 4.2.0, and employed this space as the sim-
ulation field. We then evenly distributed spherical cell nuclei of arbi-
trary diameter and N/C ratio in the field in a hexagonal close-packed
structure. In this simulation, only the nuclear structures of each cell
were defined, and the rest of the area was defined as the cytoplasm.
Because the effect of cytoplasmic damage on the SF was assumed to be
minor, the cytoplasm was not divided into individual cells; this helped
in simplifying the model.

Generation of boron neutron capture reaction positions in the
virtual tissue
The BNCR positions were distributed in the simulation field according
to the density determined by the boron neutron dose. During this
process, we assumed that BPA was present only in the cytoplasm. We
discuss this assumption in the Discussion section.

Furthermore, BPA uptake into cells is cell cycle-dependent, with
higher BPA uptake in the G2/M phase than in the G0/G1 phase.
BNCR positions were randomly placed in the cytoplasm to reflect
this heterogeneity. Cells in the G2/M phase take up a large amount
of BPA early and the uptake reaches a plateau quickly, whereas cells
in the G0/G1 phase take up BPA slowly. Therefore, the difference
between cells in these two phases is more pronounced immediately
after BPA administration [10]. We extrapolated published data and
assumed a value of 10 for the BPA uptake ratio in the G2/M and
G0/G1 phases at three hours after administration. Here, it is generally
accepted that a very low percentage of the total number of cells is in the
G0 phase, especially in xenograft tumors in the stable growth phase,
though specific data are unavailable. Therefore, the percentage of the
cells in G0 phase was assumed to be 25%, meaning the percentage of the
cells actively within the cell cycle (G1/S/G2/M phase) was 75% (i.e.
Ki-67 index is 75%). An additional study showed that of all the cells
that have entered the cell cycle, approximately 20% are in the G2/M
phase [11]. As a result, the cells in the G2/M phase comprise 15% of
the total number of cells (G1/S/G2/M/G0). The G2/M phase cells
were assumed to be spherical to simplify the model.

Generation of alpha particles and recoiled lithium nuclei
We generated alpha particles in a three-dimensionally random direc-
tion and a recoiled lithium nucleus in the opposite direction. The par-
ticle ranges were estimated as the ranges in which the LET reduced to
half of its maximum LET in water. The ranges of the alpha particle and
recoiled lithium nucleus were set to 7.72 μm and 3.98 μm, respectively
[12].

Estimation of absorbed energy for each cell nucleus
The LETs of the alpha particles and recoiled lithium nuclei were set
to 163 keV/μm and 210 keV/μm, respectively. The absorbed energy
of each cell nucleus was then calculated by multiplying the particle
ranges in the nucleus and LET. If the cell nucleus volume increases X
times, the density of chromosomes in the nucleus decreases by 1/X.
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Therefore, when considering damage to the cell nucleus, we need to
consider the specific energy, which is the absorbed energy of the cell
nucleus corrected by its mass. The specific energy (z) of the cell nucleus
is described as:

z = (
total absorbed energy

)
/ (nucleus volume) , (6)

when the specific gravity of tissue is 1 g/cm3.

Estimation of cell surviving fraction
In this simulation, cell death due to BNCR was assumed to be primarily
caused by nuclear damage. Van Vliet-Vroegindeweij et al. reported the
survival rate of a cell (S) as:

S = e−N
∫

f (ε)·EF(ε)dε , (7)

where N is the number of energy deposition events, ε is the energy
deposited from a single event, f(ε) is the distribution of the imparted
energy, and EF(ε) is the effectiveness function for the energy deposited
in the nucleus [13]. Here, EF(ε) is considered to be a sigmoid curve,
described as:

EF (ε) = 1
1 + e−b(ε−a)

, (8)

where a and b are two arbitrary constants [13, 14]. Although van Vliet-
Vroegindeweij et al. considered the energy micro-distribution for each
energy deposition event, for simplification, we considered the energy
distribution for the sum of all energy deposition events in each nucleus
and assumed a uniform energy distribution. Based on this assumption,
the survival rate of a cell can be described as:

S = e−c·EF(z)·z, (9)

where c is an arbitrary constant, and z is the specific energy in the
nucleus. This equation can be described as:

S = e−α0(z)·z
(

α0(z) = c
1 + e−b(z−a)

)
. (10)

The constants a, b and c were determined to best explain the
actual measurements. The survival rate of each cell was estimated from
equation (10) using the specific energy calculated from equation (6).
The average survival rate of all the cells in the tissue was determined as
the SF in the tissue.

Comparison of the simulation result to literature data
Ono et al. have shown the relationship between structural properties
such as N/C ratio and nuclear diameter and D0 dose (i.e. the value of
αboron) for five different cell types (EL4, B16BL6, SAS/neo, SAS/mp53
and SCCVII) [8]. We simulated the SF of the five cell types for boron
neutron doses at 0.5 Gy, 1.0 Gy, 1.5 Gy, 2.0 Gy, 3.0 Gy and 4.0 Gy. As
BNCT is a high-LET particle therapy, the β-component from BNCR

in the LQ model can be assumed to be zero [15]. Therefore, the
relationship between the boron neutron dose (Dboron) and SF is given
by the following:

SF = e−αboron·Dboron (11)

based on the LQ model. We determined the constants a, b and c in
equation (10) so as to match the value of αboron to the literature data.
In this process, the values of a, b and c which were not consistent with
the relationship between the dose (Dboron) and the SF in equation (11)
were excluded.

Moreover, we simulated the SF of each cell in a 0.5 Gy boron
neutron dose (a relatively low dose) using the parameters determined
here. The rationale for adopting 0.5 Gy in this simulation is explained
below. In this simulation, a small region with extremely high specific
energy can exist in the nucleus at high boron neutron doses. How-
ever, the effect of the small region is not always the same as in other
regions because of the overkill effect. This may lead to simulation
errors because our simulation model used the average absorbed energy.
Therefore, a relatively low dose was adopted for the simulation to
minimize this error.

Simulation of the surviving fraction with various N/C
ratios and nucleus diameters, and heterogeneity of

p-boron-L-phenylalanine distribution
Using the parameters determined above, we simulated the effects of the
N/C ratio, nucleus diameter and heterogeneity of BPA distribution.
First, we prepared virtual tissue with a N/C ratio of 0.1 to 0.5 and a
fixed nucleus diameter (12 μm). We simulated the SF in heterogeneous
and homogeneous BPA distributions for a 0.5 Gy boron neutron dose.
Then, we prepared virtual tissue with nucleus diameters ranging from 4
to 20 μm and a fixed N/C ratio (0.4). The simulations were performed
again in the same manner.

The surviving fraction of the cells in normal liver
tissue

Ono et al. reported that the N/C ratio of normal liver tissue is 0.123
and its D0 dose is 2.29 Gy; thus, the value of αboron is 0.437 [5]. We
also simulated the SF of normal liver tissue using the above mentioned
simulation with a boron neutron dose of 0.5 Gy and compared them
with literature data and estimation from Ono’s equation. As there were
no data on the diameter of a nucleus, we varied it from 4.0 μm to
6.0 μm in the simulation. BPA distribution was set as homogeneous
because normal liver tissue does not proliferate actively.

RESULTS
Comparison of the simulation result to literature data

We determined that when the values of parameters a, b and c were 0.8,
12 and 1.2, respectively. The simulated value of αboron in each cell type
matched the literature value. The relationship between the N/C ratio
and the value of αboron is shown in Fig. 1. The relationship between the
dose and the SF calculated using this simulation is shown in Fig. 2.
According to this figure, the simulated cell SF was slightly lower than
that expected at high doses. This gap could be due to the overkill effect,
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Table 1. The SF and the value of αboron and D0 dose

Surviving fraction at
0.5 Gy

αboron D0 dose

Literature data (Ono et al.) [5] 0.804 0.436 2.29
Simulation data Nucleus diameter 4.0 μm 0.781 0.494 2.02

Nucleus diameter 5.0 μm 0.687 0.750 1.33
Nucleus diameter 6.0 μm 0.599 1.02 0.976

Prediction from Ono’s equation [8] 0.874 0.269 3.71

The literature data is from Ono et al. [5] and the simulation data is the simulation result assuming nucleus diameter values from 4.0 – 6.0. The data from Ono’s equation [8]
is the estimated value using equation (4).

Fig. 1. The relationship between the N/C ratio and the value of
αboron. The values of αboron were simulated at boron neutron
doses of 0.5Gy, 1.0 Gy, 1.5 Gy, 2.0 Gy, 3.0 Gy and 4.0 Gy. The
blue dots show the simulation value and orange dots show the
value reported from Ono et al. [8].

which was not reflected in this simulation. The relationships between
the N/C ratio, nucleus diameter and SF at a boron neutron dose of
0.5 Gy are shown in Figs 3A and B. The value of αboron calculated based
on the SF at 0.5 Gy is shown in Fig. 3C. These results indicate that
the present simulation reproduces the actual survival rate and value of
αboron in the literature.

Contribution of the N/C ratio and nuclear diameter to
cell survival

For a nucleus diameter of 12 μm, the relationship between the N/C
ratio from 0.1 to 0.5 and the corresponding SF is shown in Fig. 4.
Here, we show the case of heterogeneous and homogeneous boron
distributions and Ono’s equation for comparison. When the boron
distribution is heterogeneous, the impact of the N/C ratio on the SF
is more significant. If the N/C ratio is approximately 0.4, the simulated
SF is similar to the value calculated using Ono’s equation. However, the
smaller the N/C ratio, the larger is the deviation from Ono’s equation.

The relationship between the diameter of the nucleus and the
corresponding SF is shown in Fig. 5. When the diameter ranges from 8
to 14 μm in the case of a heterogeneous boron distribution, the impact
of the diameter on the SF is minimal. However, when the diameter is
below or above that range, the effect of the nucleus diameter becomes

Fig. 2. The relationship between boron neutron dose and SF
estimated using the simulation. The SFs of each of the cell
types (EL4, B16-BL6, SAS/neo, SAS/mp53 and SCCVII) were
simulated at the boron neutron doses of 0.5Gy, 1.0 Gy, 1.5 Gy,
2.0 Gy, 3.0 Gy and 4.0Gy. The dotted lines show survival curves
fitted to these SFs.

non-negligible and prominent, especially for smaller diameters. The
impact of the nucleus diameter is larger with a heterogeneous boron
distribution than that with a homogeneous distribution.

Simulation of the value of αboron in normal liver tissue
According to a previous report, the N/C ratio of the liver is 0.123,
and the D0 dose and the value of αboron of the liver are 2.29 Gy and
0.437, respectively [5]. In this simulation, the simulated values of αboron

corresponding to nucleus diameters of 4.0, 5.0 and 6.0 μm were
0.487, 0.730 and 1.02, respectively. The simulated value with a nucleus
diameter of 4.0 μm was similar to the literature data. In contrast, the
value of αboron calculated using Ono’s equation was 0.269, indicating
underestimation (Table 1).

DISCUSSION
Distribution of p-boron-L-phenylalanine in a cell

The simulation in this study assumed that the BPA was distributed
only in the cytoplasm and was not taken up by the nucleus. In this
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Fig. 3. The simulated SF and the value of αboron at a boron neutron dose of 0.5 Gy. As the simulation may not reflect the overkill
effect at high boron neutron doses, we analyzed at a relatively low dose. (A) Graph shows the relationship between the N/C ratio
and the SF. (B) Graph shows the relationship between the nucleus diameter and the SF. (C) Graph shows the relationship between
the N/C ratio and the value of αboron. In graphs (A)–(C), the orange dots represent the simulated values, and the blue dots
represent the reported values from Ono et al. [8].

section, we discuss this assumption in detail. If we assume that the
concentration of BPA is the same at any location in a cell including the
cytoplasm and nucleus, the density of BNCR is the same at any location
in the tissue (where the tissue is simplified by omitting the consider-
ation of stroma). Because the distance between adjacent nuclei does
not contribute to the cell SF, the N/C ratio is not related to the cell SF
(Fig. 6A). On the other hand, if we assume that the BPA is distributed
only in the cytoplasm, the volume of the cytoplasm becomes small
in a cell with a high N/C ratio, resulting in a higher BNCR density
surrounding the nucleus (Fig. 6B). This means that the higher the N/C
ratio, the higher the number of particles that reach the nucleus, and
lower the SF. Ono et al. reported that the N/C ratio correlated strongly
with the SF [8], supporting this assumption.

BPA is actively taken up by cells via L-type amino acid transporter
1 (LAT1) [16] and diffuses into the nucleus via nuclear pores. As the
number of nuclear pores is limited, the active uptake into the cytoplasm
from out of the cell can be much faster than passive uptake into the
nucleus from the cytoplasm. Therefore, the concentration of BPA in
the cytoplasm is assumed to be much higher than that in the nucleus.
Hence, the assumption that BPA is homogeneously distributed only in
the cytoplasm seems reasonable, and simplifies reality. In reality, it is
also assumed that BPA concentration is graduated in the cytoplasm and
nucleus (see Supplementary Fig. S1). According to this mechanism, a
longer exposure time of a cell to BPA is assumed to lead to more BPA
flowing into the cell nucleus; thus, the intracellular boron distribution
is expected to be closer to uniform.
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Fig. 4. The relationship between the N/C ratios ranging from 0.1 to 0.5 and the corresponding SF in the virtual cells. The SF is
compared with Ono’s equation [8]. In this graph, the cell diameter is fixed to 12 μm.

Fig. 5. The relationship between the nucleus diameters ranging from 4 to 20 μm and the corresponding SF in the virtual cells. In
this graph, the N/C ratio is fixed to 0.4.
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Fig. 6. The distribution of p-boron-L-phenylalanine (BPA) in the cell. (A) If the BPA distributes equally in cytoplasm and
nucleus, the distribution of BNCRs is also homogeneous. This means that the impact of BNCRs throughout the cell is the same
regardless of the position in the cell. Thus, the survival probability of each cell is the same regardless of the N/C ratio. In other
words, the N/C ratio does not affect the SF. (B) If the BPA distributes only in the cytoplasm, the density of BNCRs in the
cytoplasm increases with an increase in the volume of the nucleus. In the other words, the N/C ratio does affect to the SF.
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Determinants of boron neutron capture reaction
sensitivity

N/C ratio
As discussed in the previous section, a higher N/C ratio corresponds
to a higher boron density in the cytoplasm under the assumption that
the BPA is distributed only in the cytoplasm, thus reducing the cell
SF. On the other hand, a higher N/C ratio leads to closer proximity
of adjacent cell nuclei where boron is not distributed; this in turn leads
to an increased cell SF. The cell SF is determined by the combination
of these two opposing effects.

The diameter of the cell nucleus
If the diameter of the cell nucleus is small, a small amount of absorbed
energy from the particle leads to significant specific energy, which
exceeds that required for cell death. The excess energy does not con-
tribute to cell death. Thus, the smaller the cell nucleus, the lesser
is the energy that contributes to cell death, and the higher the SF
(Fig. 7A). However, there is also an opposite relationship between
the cell nucleus size and the SF. Because the BPA is assumed to exist
only in the cytoplasm in this simulation, the specific energy of a cell
nucleus is proportional to the surface area of the nucleus, and it is
inversely proportional to the volume of the nucleus. Therefore, a larger
nucleus corresponds to lower specific energy, and thus a higher cell SF
(Fig. 7C).

According to the simulation results, when the diameter of the
nucleus is less than 8 μm, a larger nucleus corresponds to a smaller SF,
showing the dominant effect of the former mechanism (Fig. 7A). In the
diameter range of 8–14 μm, especially in cells with a heterogeneous
boron distribution, the two opposite effects on the SF are antagonistic
(Fig. 7B). For cell diameters larger than 14 μm, the latter effect on
the SF becomes dominant, and a larger cell nucleus corresponds to a
higher SF (Fig. 7C).

Heterogeneity of boron distribution
It has already been reported that a heterogeneous boron distribution
can lead to regions of lower boron concentration; thus results in a
higher SF compared to those with a homogeneous boron distribution
[4]. The same tendency was observed in this simulation (Figs 4 and
5). It is also clear that heterogeneous boron distribution can amplify
the effect of the N/C ratio and the nucleus diameter on the SF.

In this simulation, the ratio of cells with a high boron accumulation
(G2/M phase) was fixed at 15%. However, the ratio in actual cancer tis-
sue may not always be 15%. The ratio of cells in the proliferative phase
can be estimated using the Ki-67 index, which can help to estimate the
number of cells with high boron accumulation.

The relationship between the simulation in this study
and Ono’s equation

According to Ono’s equation, the SF of cells in the tissue is determined
by the N/C ratio in BPA-BNCT. On the other hand, the simulation
in this study revealed that the factors that determine the SF include
a combination of the N/C ratio, the diameter of the nucleus and the
heterogeneity of boron distribution. At the same time, this simulation
has also identified that for nucleus diameters ranging from 8 to 14 μm

with heterogeneous boron distribution, the primary factor in deter-
mining the SF is the N/C ratio. Because Ono’s equation is built using
experimental data from tumors with nucleus diameters in the range
of 9.8–13.6 μm, Ono’s equation is a good approximate model under
the conditions that the nucleus diameter is 8–14 μm and the boron
concentration is heterogeneous.

The present dosimetry index in boron neutron capture
therapy and its limitation

The biological effects of BNCT are generally assessed using the X-ray
equivalent dose, which is the absorbed X-ray energy that results in the
same biological effects in the corresponding BNCT conditions. The
conversion factor from the boron neutron dose to the X-ray equivalent
dose is the CBE factor. Because the CBE factor converts the boron
neutron dose to the X-ray dose via the SF (or other endpoints in normal
tissue), it includes BNCR sensitivity and X-ray sensitivity (see Supple-
mentary Fig. S2). Therefore, a limitation is encountered when using
the X-ray equivalent dose as the only dosimetry index. Although the
CBE factor of a tumor is presently a fixed value, it should be determined
for each tumor depending on its radiation sensitivity. Considering this,
for example, if tumors A and B have the same sensitivity in BNCT
but different sensitivities in X-ray therapy, then the X-ray equivalent
dose for the same effectiveness in BNCT changes. Thus the dosimetry
index for the same biological effect is different because it depends on
the sensitivity towards the other modality. However, the dosimetry
index for the same biological effect should remain the same without
depending on the other treatment modalities. Therefore, a dosimetry
index that does not depend on any other modality is needed.

Proposal for a new dosimetry index: ‘Biological
Effectivity’

The absorbed energy in a specific cell component may be a good
candidate for a dosimetry index in BNCT, as in X-ray therapy. However,
the absorbed energy does not always correlate with the SF because
the effects of the absorbed energy on the nucleus can be saturated
depending on the cell structural feature, as shown in Fig. 7A. Therefore,
a new dosimetry index that does not depend on the absorbed energy is
required.

Ono et al. proposed the concept of ABE as a new dosimetry index
for BNCT [8]. Accordingly, the ABE factor and ABE dose are defined
based on the D0 dose (equations [1] and [2]), and the ABE dose rep-
resents the cell SF in the tissue (equation 3). Moreover, as previously
described, the ABE factor corresponds to the α-component of BNCR
(αboron) in the LQ model. This index seems to be a good candidate for
describing the biological effects of BNCR without depending on the
absorbed energy and the traditional X-ray equivalent dose. However,
ABE dose is defined as energy since its unit is Gy (equivalent to J/kg),
even though the essential meaning of ABE dose is SF (equation 3).
Moreover, as the ABE dose is defined based on the D0 dose, it can be
defined only in high-LET particle therapy which has a cell-specific D0

dose. Here, by defining the index based on the cell SF, we can make the
definition clearer in terms of physics and extend the concept of ABE not
only for BNCT but also as a universal concept. Therefore, we propose
‘BE,’ a novel dosimetry index, as an extension of ABE. The definition
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Fig. 7. The impact of the size of the nucleus on the cell SF. (A) If the nucleus is small, the energy absorbed from a single hit is much
higher than the energy required for causing cell death. The excess energy does not contribute to cell death and is wasted. (B) If the
nucleus size is larger, the wasted energy is low and most of the energy contributes to cell death; this results in a low SF. The
probability of a hit is proportional to the nucleus surface area, while the specific energy is inversely proportional to the nucleus
volume. Therefore, if the nucleus size becomes even larger (C), the specific energy becomes lower and the SF becomes higher.

of BE is as follows:

BE = − ln(SF), (12)

where SF denotes the SF. In this discussion, we consider the BE from
BNCR. Using equations (11) and (12), the relationship between BE
and αboron can be stated as follows:

BE = αboron · Dboron, (13)

where Dboron denotes the boron neutron dose. This equation indicates
that αboron is a conversion factor from the physical dose to BE in BNCR.
Here, as the D0 dose is the dose that reduces the SF to 1/e, that is,

the dose that lowers BE by 1, BE and αboron are expressed using D0

dose as:

BE = Dboron

D0
. (14)

Currently, the dosimetry index in several BNCT practices is calcu-
lated using the X-ray equivalent dose based on the CBE factor. There is
no doubt that the X-ray equivalent dose is an indispensable dosimetry
index in BNCT, as it allows for the estimation of the biological effect
of BNCT based on the clinical experience in X-ray therapy. Here,
the X-ray equivalent dose and CBE factor can be described using
BE (Appendix A). The relationship between total dose elements in

D
ow

nloaded from
 https://academ

ic.oup.com
/jrr/article/63/5/780/6631441 by Kyoto U

niversity user on 02 February 2023

https://academic.oup.com/jrr/article-lookup/doi/10.1093/jrr/rrac038#supplementary-data


BNCR simulation and dosimetry index for BNCT • 789

BNCT and BE is also shown in Appendix B. The value of αboron can be
estimated experimentally (Appendix C). Therefore, BE may become
another dosimetry index for BNCT.

Since BE directly shows SF, it can describe SFs of each cell
component such as tumor and normal tissue. Furthermore, in future
research, the micro-distribution of boron may be obtained utilizing
the autoradiography-based method [12] and the value of αboron may be
obtained experimentally or using the Monte-Carlo simulation. It may
enable the estimation of BE of each cell component. Therefore, it may
be possible to estimate the SF of each cell component, enabling better
assessment of therapeutic ratio and potential toxicity.

Considering the definition, the concept of BE can be applied not
only to BNCT but also to any therapeutic modality such as X-ray ther-
apy and nuclear medicine. According to the LQ model, this conversion
factor from physical dose to BE is constant, especially in high-LET
particle therapies such as BNCT.

Limitations of this study and challenges for the future
In this simulation, the intracellular and intercellular distributions of
BPA have been simplified. Regarding the intracellular distribution,
we hypothesized that BPA exists only in the cytoplasm. This simpli-
fied hypothesis seems to be theoretically reasonable considering the
intracellular BPA dynamics. However, although some data support
our hypothesis [17], other data show a homogeneous distribution
of boron intracellularly [18]. This discrepancy may be due to the
dynamics of BPA distribution in a cell. In reality, the boron concen-
tration may change gradually from the surface of the cell to the inte-
rior (Supplementary Fig. S1). As for intercellular distribution, only
the effects of the G2/M and G0/G1 phases were considered. How-
ever, other factors related to the microenvironment, e.g. the oxygen
status [19] can affect BPA distribution. The distribution of L-type
amino acid transporter 1 (LAT1), which is the primary transporter
for BPA uptake, can be altered by cancer progression [20] or a nutri-
tional condition [21], also resulting in heterogeneous distribution of
BPA. As the intra- and intercellular distribution of BPA is critical
for estimating sensitivity to BNCR, further studies on this aspect are
warranted.

The simulation presented in this article considers only the fun-
damental factors to determine the cell-killing effect, and SFs based
only on the absorbed specific energy of the cell nucleus. However,
because the energy distribution inside the nucleus is not considered,
the overkill effect has yet to be considered. Cytoplasmic damage, which
was not considered in this simulation, is also known to be involved in
cell death [22]. Furthermore, the sensitivity of the cell nucleus to parti-
cle radiation may vary depending on the state of the cell. For example,
it has been pointed out that the percentage of heterochromatin in the
nucleus may cause radioresistance in X-ray and carbon therapy [23],
and may also affect the sensitivity to BNCT.

Although our simulation was adequate to identify factors determin-
ing the value of αboron, there was a non-negligible discrepancy between
the calculated and experimental data while estimating the value ofαboron

. In future studies, a more accurate simulation model that considers
these factors needs to be formulated to estimate the value of αboron.
The simulation of the heterogeneous cell component, i.e. the mixture
of tumor and normal cell, is also warranted, since it may reveal the dose
gradient between the tumor cells and normal cells in BNCT.

In summary, we simulated BCNR in virtual tissue, and showed that
the factors that determine the value of αboron include the N/C ratio,
nucleus diameter and heterogeneity of distribution of boron in the
tissue. Additionally, we proposed a novel dosimetry index based on
the SF, termed as BE. As this novel index is based on the SF, it can be
applied universally and is not restricted to BNCT. The concepts and
results presented here can be applied to increase the accuracy of esti-
mating treatment effect and thus improve clinical outcomes of BNCT.
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APPENDIX
Appendix A. The relationship between Biological

Effectivity and the X-ray equivalent dose
According to equation (12), the SF in the BNCT can be
described as:

SF = e−BE. (A1)

The SF in X-ray therapy at a dose of Dx can be described as:

SF = e−(αxDx+βxD2
x) (A2)

where αx and βx are the coefficients according to the LQ model.
If the SFs in equations (A1) and (A2) are equal, the relationship
between BE and Dx is as follows:

BE = αxDx + βxD2
x . (A3)

Solving equation (A3) for Dx, we obtain the following:

Dx = −αx + √
αx

2 + 4βx · BE
2βx

. (A4)

If the boron neutron dose is Dboron, Dx can be described as:

Dx = −αx + √
αx

2 + 4βx · αboron · Dboron

2βx
, (A5)

using equation (13). Because the CBE factor can be calculated
by CBE factor = Dx

Dboron
, it can be described as:

CBE factor = −αx + √
αx

2 + 4βx · αboron · Dboron

2βx · Dboron
. (A6)

According to equation (A4), BE and the X-ray equivalent
dose can be interconverted using the X-ray sensitivity of the
tissue. In the same way, according to equation (A6), the values
of αboron and CBE factor can be interconverted using the X-ray
sensitivity and the boron neutron dose.

Appendix B. Biological Effectivity considering all dose
elements in boron neutron capture therapy

The dose elements in BNCT consist of the boron neutron dose,
proton dose, neutron dose and the γ -ray dose. However, the
ABE dose proposed by Ono et al. reflects only the boron neutron
dose. Here, we discuss extending the BE to all the BNCT dose
components. When we divide the total dose components of
BNCT into the boron neutron dose and other doses, the BE is
also divided as below:

BEtotal = BEboron + BEbeam (A7)

where BEtotal, BEboron and BEbeam are the BEs of the total BNCT
dose, boron neutron dose and the other dose elements, respec-
tively. The dose-effect curve due to beam irradiation alone con-
sists of an α-component and a β-component in the LQ model,
but because the effect of the β-component is known to be small
in a previous study [15], only the α-component is used for
approximation here. Because all the dose elements in BNCT are

proportional to the thermal neutron fluence under this assump-
tion, BEbeam can be described as:

BEbeam = αbeam
′ · ϕ (A8)

where ϕ is the thermal neutron fluence, and αbeam
′ is a coeffi-

cient. According to equation (13), BEboron can be described as:

BEboron = αboron × 7.43 × 10−14 × [10B
] × ϕ, (A9)

where 7.43 × 10−14 represents the kerma factor for 10B [24].
According to equations (A7), (A8) and (A9), BEtotal can be
described as:

BEtotal = (
αboron × 7.43 × 10−14 × [10B

] + αbeam
′) × ϕ.

(A10)

When we set αbeam = αbeam
′

7.43×10−14 for simplification, BEtotal can
be described as:

BEtotal = (
αboron × [10B

] + αbeam
)×ϕ×7.43×10−14. (A11)

According to equations (A1) and (A11), the cell SF (SFtotal)
for all dose components in BNCT can be described as:

SFtotal = e−BEtotal = e−(αboron×[10B]+αbeam)×ϕ×7.43×10−14
. (A12)

The main feature of BE is that the dosimetry index in BNCT
directly represents the cell SF.

Appendix C. The method to estimate αbeam and αboron
experimentally

According to equations (12) and (A7), the relationship
between BEtotal, BEbeam and BEboron, the SF of BNCT (SFtotal),
neutron beam only (SFbeam), and the boron neutron dose
(SFboron) can be described as:

BEtotal = − ln (SFtotal)

BEbeam = − ln (SFbeam)

BEboron = − (ln (SFtotal) − ln (SFbeam)) . (A13)

According to equations (A8) and (A13),

αbeam
′ = − ln (SFbeam)

ϕ
(A14),

i.e.

αbeam = − 1
7.43 × 10−14 × ln (SFbeam)

ϕ
. (A15)

From equations (A9) and (A13), the value of αboron can be
described as

αboron = − 1
7.43 × 10−14 × [10B]

× ln (SFtotal) − ln (SFbeam)

ϕ
.

(A16)

Since we can acquire SFtotal and SFbeam experimentally, we can
estimate the value of αbeam and αboron.
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