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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Chris Chantler Boron neutron capture therapy (BNCT) is a cellular-level hadron therapy achieving therapeutic effects via the

synergistic action of multiple particles, including Lithium, alpha, proton, and photon. However, evaluating the

Keywords: relative biological effectiveness (RBE) in BNCT remains challenging. In this research, we performed a micro-
B°r°“d“e“tr°“ capture therapy dosimetric calculation for BNCT using the Monte Carlo track structure (MCTS) simulation toolkit, TOPAS-nBio.
Microdosimetry

This paper reports the first attempt to derive the ionization cross-sections of low-energy (>0.025 MeV/u) Lithium
for MCTS simulation based on the effective charge cross-section scalation method and phenomenological double-
parameter modification. The fitting parameters (1; = 1.101, 1, = 3.486) were determined to reproduce the range
and stopping power data from the ICRU report 73. Besides, the lineal energy spectra of charged particles in BNCT
were calculated, and the influence of sensitive volume (SV) size was discussed. Condensed history simulation
obtained similar results with MCTS when using Micron-SV while overestimating the lineal energy when using
Nano-SV. Furthermore, we found that the microscopic boron distribution can significantly affect the lineal en-
ergy for Lithium, while the effect for alpha is minimal. Similar results to the published data by PHITS simulation
were observed for the compound particles and monoenergetic protons when using micron-SV. Spectra with nano-
SV reflected that the different track densities and absorbed doses in the nucleus together result in the dramatic
difference in the macroscopic biological response of BPA and BSH. This work and the developed methodology
could impact the research fields in BNCT where understanding radiation effects is crucial, such as the treatment
planning system, source evaluation, and new boron drug development.

Lineal energy
Monte Carlo track structure simulation

protons from the 14N(n,p)MC reaction, recoil protons from the 1H(rl,n)p
reaction, photons from the 1H(n,y)zH reaction, and contaminating

1. Introduction

Boron neutron capture therapy (BNCT) is a binary targeted cancer
treatment that takes advantage of the large neutron capture cross-
sections of 1°B and the short range of secondary particles, enabling it
to be one of the most effective therapeutic modalities for the locally
invasive malignancies (Matsumoto et al., 2021; Moss, 2014; Suzuki,
2020). In the boron neutron capture reactions, 1.47 MeV alpha, 0.84
MeV Lithium (“Li), and 0.478 MeV photon are produced with 93.7%
probability, whereas the remaining 6.3% probability of emitting 1.77
MeV alpha and 1.02 MeV Lithium. In addition, 0.58 MeV monoenergetic

photons also delivered considerable additional dose to tumor and tissue
during the treatment (Hopewell et al., 2011). In the treatment planning
system for BNCT, different relative biological effectiveness (RBE) or
compound biological effectiveness (CBE) are used to evaluate the dose
contribution of different particle components (Wu et al., 2020). How-
ever, these RBEs or CBEs are mostly empirical conclusions derived from
animal or cell experiments (Fukuda, 2021). Few microdosimetric studies
have attempted to describe the mechanism of biological effects pro-
duced by different particles in BNCT, thereby limiting the accuracy of

* Corresponding author. Nanjing University of Aeronautics and Astronautics, Department of Nuclear Science and Technology, Nanjing, 210016, China.
** Corresponding author. Nanjing University of Aeronautics and Astronautics, Department of Nuclear Science and Technology, Nanjing, 210016, China.
E-mail addresses: gengchr@nuaa.edu.cn (C. Geng), tangxiaobin@nuaa.edu.cn (X. Tang).

https://doi.org/10.1016/j.radphyschem.2023.110956

Received 1 October 2022; Received in revised form 28 March 2023; Accepted 30 March 2023

Available online 6 April 2023
0969-806X/© 2023 Elsevier Ltd. All rights reserved.


mailto:gengchr@nuaa.edu.cn
mailto:tangxiaobin@nuaa.edu.cn
www.sciencedirect.com/science/journal/0969806X
https://www.elsevier.com/locate/radphyschem
https://doi.org/10.1016/j.radphyschem.2023.110956
https://doi.org/10.1016/j.radphyschem.2023.110956
https://doi.org/10.1016/j.radphyschem.2023.110956
http://crossmark.crossref.org/dialog/?doi=10.1016/j.radphyschem.2023.110956&domain=pdf

Y. Han et al.

effectiveness projection.

Most microdosimetric experiments in BNCT have been performed by
adding boron in the cathode plastic of the tissue equivalent proportional
counters (TEPCs) (Burmeister et al., 2001; Colautti et al., 2014; Hu et al.,
2020a, 2020b; Selva et al., 2022) or on the surfaces of the silicon
microdosimeters (Hu et al., 2018). However, this approach differs from
the actual situation in terms of microscopic boron distribution and its
scale (Mukawa et al., 2011). Therefore, Monte Carlo simulation which
can support the low-energy particle transport is an effective method for
analyzing the specific microdosimetric characteristics. Researchers from
Japan Atomic Energy Agency have performed many related studies
using PHITS software (Furuta and Sato, 2021; Horiguchi et al., 2015;
Sato et al., 2018). These studies used Monte Carlo condensed history
(MCCH) algorithm rather than Monte Carlo track structure (MCTS)
simulation (Lazarakis et al., 2018). MCCH “groups” many interactions of
charged particles along artificial steps and is valid (or recommended)
above 250 eV of incoming kinetic energy. Although some results ob-
tained by MCCH are similar to MCTS by setting a small step size and
production cut, its validity still needs further verification when reaching
DNA level (Kyriakou et al., 2017, 2019, 2021a). In the latest study,
PHITS-KURBUC has also started to support the MCTS simulation for
electron, proton, and carbon ion in liquid water, but it has not included
the main charged particles in BNCT (Matsuya et al., 2022). Geant4-DNA
is an open-source software which supports MCTS simulation for elec-
trons, photons and ions (Bernal et al., 2015; Incerti et al., 2010a, 2010b,
2018). However, limited by the lack of experimental data and theoret-
ical models, Geant4-DNA performs a rough handling of the ionization
cross-sections of ions with energy lower than 0.5 MeV/u in “G4EmD-
NAphysics”, introducing the challenge of the track structure simulation
for Lithium in BNCT (Qi et al., 2021).

In this study, we conducted a microdosimetric simulation including
all of the essential particles in BNCT. The software used in this work was
TOPAS 3.7 and TOPAS-nBio 1.0 (Schuemann et al., 2019), built on the
framework of Geant4-DNA. Given the limitations of the current
“G4EmDNAphysics” on ionization transport of ions, we performed the
first attempt to derive the ionization cross-sections of low-energy
Lithium for MCTS simulation in BNCT based on the effective charge
cross-section scalation method and phenomenological
double-parameter modification. Then, we verified the range and stop-
ping power of Lithium, alpha, and proton with a similar energy scope in
BNCT to ensure the applicability of the physics models and
cross-sections in this work. Finally, we performed the calculation for the
lineal energy spectra and analysis for the influence of sensitive volume
(SV) size with two types of boron heterogeneity distributions, 1°B-bor-
onphenylalanine (BPA, CgH;2BNO4) and 108 _sodium (BSH,
Nap[B12H11SHD.

Table 1
Physics models in “TsEmDNAphysics”.
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2. Materials and methods
2.1. Physics models and cross-sections

The physics list applied to this research is named “TsEmDNAphysics”
in TOPAS-nBio which allows to customize physics models per process.
The details of the physics models and energy cut-off are listed in Table 1.

The cross-section modification for Lithium is the key to performing
MCTS simulations in BNCT. In Geant4-DNA, ionization cross-sections for
ions heavier than alphas are calculated using a scaling method described
by Francis et al. (2011) that relies on the proton cross-sections. How-
ever, this scaling procedure is only recommended for ions with energies
above 0.5 MeV/u, because the predominance of charge-exchange and
excitation processes are not considered in this scaling. As a result, the
stopping power and range mismatch from the published data (Islam
et al., 2017). In this work, we followed the procedure published by
Schmitt et al. (2015) in which the ionization cross-sections for heavier
ions than alphas were calculated from a weighted linear combination of
the ionization cross-sections for proton and hydrogen according to the
Barkas scaling (Barkas, 1963). However, the Barkas scaling of the
Geant4-DNA cross-sections still did not recreate the data from Interna-
tional Commission on Radiation Units & Measurements report 73
(ICRU_73) (Sigmund et al., 2005) for Lithium. Hence, accompanying Eq.
(1), two additional empirical parameters 4; and 1, were introduced and
adjusted to fit the data from ICRU_73. To choose the best 1; and 4, in an
unbiased manner, we relied on a Nelder-Mead algorithm described
elsewhere (D-Kondo et al., 2021; A. & Mead, R, 1965).

The effective charge cross-section scalation method and phenome-
nological double-parameter modification can be described by Eq. (1):

(b 0) + dsu ()1 = 1 () 27,0 o
71 (V)Z 7

(72(\1) =

where 6z(v) is the ionization cross-sections of ion with atomic number Z
and speed v, 4; and A2 are two phenomenological adjustment parame-
ters, op(v) and oy(v) are the ionization cross-sections for proton and
hydrogen, y,(v) is the Barkas effective charge factor expressed in Eq. (2):

7,0 =1- exp( 125 (;)Z’%), o)

71(v) is the effective charge factor for hydrogen whose atomic
number is 1, expressed in Eq. (3):

7n(v)=1- eXp(—lZS(E)). 3

The values of A; and 1, used for Lithium in this work were deter-
mined to be 1.101 and 3.486, respectively, to recreate the range and

Elastic scattering Excitation

Ionization Others

Electron G4DNAChampionElasticModel G4DNABornExcitationMode (9 eV-1 G4DNABornlonisationModel (11 eV-1 G4DNASancheExcitationModel
(7.4 eV-1 MeV) MeV) MeV) (2 eV-100 eV)
G4DNAMeltonAttachmentModel
(4 eV-13 eV)
Proton G4DNAlonElasticModel (100 G4DNAMillerGreenExcitationModel G4DNARuddIonisationModel (100 eV- G4DNADingfelderChargeDecreaseModel
eV-1 MeV) (10 eV-500 keV) 500 keV) (100 eV-100 MeV)
G4DNABornExcitationModel (500 G4DNABornlonisationMode (500 keV-
keV-100 MeV) 100 MeV)
Hydrogen = G4DNAlonElasticModel (100 G4DNAMillerGreenExcitationModel G4DNARuddIonisationModel (100 eV- G4DNADingfelderChargelncreaseModel
eV-1 MeV) (10 eV-500 keV) 100 MeV) (100 eV-100 MeV)
Alpha G4DNAlonElasticModel (100 G4DNAMillerGreenExcitationModel G4DNARuddlonisationModel (1 keV- G4DNADingfelderChargeDecreaseModel (1
eV-1 MeV) (1 keV-400 MeV) 400 MeV) keV-400 MeV) [alpha++ and alpha+]
Alpha+ G4DNADingfelderChargeIncreaseModel (1
Helium keV-400 MeV) [alpha+ and helium]
Heavy - - TsDNARuddlIonisationExtendedModel -
ions (0.025 MeV/u-1E6 MeV/u)
Gamma G4Livermore (PhotoElectricEffect, ComptonScattering, and GammaConversion)
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stopping power data from ICRU_73. The modified cross-sections can be
used by Topas-nBio through the physics model called “TsDNAR-
uddlonisationExtendedModel” as shown in Table 1, thus allowing for
the transport of Lithium with energy higher than 0.025 MeV/u. For the
other particles, “TSEmDNAphysics” executes the same physics models as
“G4EmDNAphysics_option2”.

2.2. Cross-section verification

During the verification process for the cross-sections used in this
work, we constructed a sufficiently large water sphere in which particles
were emitted homogeneously from the center. The initial particles
selected for verification were “Li (0.21-1.75 MeV), alpha (0.001-2
MeV), and proton (0.03-10 MeV). The energy scopes of particles
comprehensively considered the BNCT environment.

Range and stopping power were adopted as the main indicators for
evaluating the accuracy of the cross-sections in this study. Here, range is
defined as the line segment distance of the charged particles with the
kinetic energy reduced to 0.025 MeV/u. For stopping power, we used
the “stationary” physical processes to ensure that the particle energy of
each step is guaranteed to remain at the initial energy under the con-
dition of killing the secondary electrons and photons, which refers to the
Geant4-DNA example “spower”. The main reference data for Lithium
comes from ICRU_73, while the reference data for alpha and proton were
obtained from ICRU_90 (Seltzer et al., 2016).

2.3. Lineal energy calculation

2.3.1. Geometry

Although the particles acting mainly in BNCT have a short range
(pm), the influence from neighboring cells and intercellular medium still
need to be considered. Here, we designed a water phantom containing
3*3*3 cells, as shown in Fig. 1. Each cell included a membrane, cyto-
plasm, and nucleus. The cell and nucleus radii were set to 5 and 2.5 pm,
respectively (Sato et al., 2018). The thickness of the cell membrane was
set to 8 nm. To ensure that the effects of neighboring cells have been
taken into account, we performed the lineal energy counts only in the
central cell nucleus, marked by orange in Fig. 1.

2.3.2. Particle source

On the basis of the various original processes and ranges of the
particles in BNCT, we designed the particle sources with different spatial
distributions to match the actual situation. For the monoenergetic pro-
ton, which originates from the nitrogen neutron capture reaction, the
energy is kept at 0.58 MeV with the corresponding range of less than 10
pm. Therefore, the isotropic monoenergetic proton source was set uni-
formly in a cube with 30 pm side length. Since the counting area is in the
center nucleus (2.5 pm radius sphere), which is much smaller than the
proton source volume, the effect of the shape of isotropic source is
minimal. For the recoil proton, which originates from the hydrogen

membrane

cytoplasm

nucleus
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nucleus elastic scattering, the energy scope is mainly from 107> to 1
MeV. Therefore, the isotropic recoil proton source was set uniformly in a
cube with 100 pm side length. The energy spectrum of the recoil proton
can be derived from our previous work (i.e., MIT recoil proton spectrum)
(Qi et al., 2021). For the alpha particle, which originates from the boron
neutron capture reaction, the energy is 1.77 MeV (6.3%) and 1.47 MeV
(93.7%). Its spatial distribution is related to the microscopic distribution
of boron drugs and neutron flux, but the latter has little effect because
the neutron flux almost has no change at the (sub) cellular scale.
Therefore, we set three isotropic particle source patterns in this research:
uniformly enriched in the intercellular (Ic), cytoplasm (Cy), and cell
membrane (Cm). For Lithium, the spatial distribution is the same as
alpha, but the energy was set to 1.02 MeV (6.3%) and 0.84 MeV (93.7%)
in accordance with the probability of the BNCT reaction channel.

2.3.3. Lineal energy analysis

Lineal energy (y) is defined as the ratio of energy imparted (¢,) (i.e.,
energy deposition in SV for each event s) and the mean chord length (1)
(i.e., 2/3 of the SV diameter) in SV. The lower and upper limits of lineal
energy were set to 0.1 and 10000 keV/um, respectively. Two types of SV
were used in this work, i.e., nano-SV with radius equal to 1 nm and
micron-SV with radius equal to 2.5 pm. Fig. 2 shows the schematic of
lineal energy calculation.

For nano-SV, the counting area is in the central nucleus. The lineal
energy spectrum was determined by the following processes (Kyriakou
et al., 2017).

(1) Let an event s be defined as a primary particle and all its sec-
ondary particles;

(2) Follow the event and record the information of each step in the
counting area;

(3) Select one step randomly;

(4) Find one SV center whose distance to the selected step is less than
1 nm;

(5) Specify a sphere (i.e., SV) of 1 nm radius with the SV center;

(6) Calculate the energy deposition in the SV and determine the
lineal energy with the associated statistical weight;

(7) Repeat (3)-(6) and the number of repetitions (i.e., the number of
SVs) is proportional to the number of steps in the counting area;

(8) Repeat (1)—(7) for the next event.

For micron-SV, the counting area is in the central nucleus and the SV
is the same as the counting area.

We used yf(y) and yd(y) to describe the lineal energy’s frequency and
dose contribution spectrum. The relationship between f(y) and d(y) is
shown in Eq. (4):

dy) = -2 o)

/U yf (v)dy

4

Cent:ral nucleus
(counting area)

R=5.0 um

Fig. 1. Geometric model for lineal energy calculation shown in Qt5 and its sectional view.
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Fig. 2. Schematic of lineal energy calculation: (a) nano-SV (radius = 1 nm) (b) micron-SV (radius = 2.5 pm). The volumes of SVs and nuclei are for visual display and

do not represent the actual size.

The frequency-mean lineal energy (y,) and dose-mean lineal energy
(¥p) were calculated according to Egs. (5) and (6):

yrp = A M ()dy, (5)
" / Yf(y)dy

b :/ yd(y)dy = . 6
0 /0 ¥ (v)dy

Clinically, the absorbed dose of boron neutron capture (BNC) reac-
tion (i.e., boron dose) needs to be calculated, and CBE is used to describe
the biological response to the boron dose (including Lithium and alpha).
Therefore, the lineal energy results of the compound particles were
determined by the weighting process described in this section. Under the
assumption that the boron drug cannot enter the nucleus (Sato et al.,
2018), ions that shoot into the nucleus can be considered mutually in-
dependent events since the BNCT reaction produces alpha and Lithium
with opposite momentum. In addition, we need to weight the micro-
scopic boron distribution to match the actual inhomogeneous micro-
scopic boron distribution. The lineal energy frequency of the compound

particles (f(yY,yc) was thus determined by Eq. (7):
DM,
FOVowe ==

= 7
BNC SM.QY ) 7
ik

where M is the fraction of initial primary ions which reach the counting
area and deposit energy within SV, Q is the boron distribution factor, i
represents the source condition (i.e., Ic, Cy, and Cm), j represents the
boron carrier (i.e., BPA and BSH), k represents the particle type (i.e.,
alpha and Lithium). The weighting factors are listed in Table 2. The
boron weighting factors were determined based on the boron concen-
tration data of malignant cells (Capala et al., 1996) and the cell size
(Sato et al., 2018).

Table 2
Weighting factors for Eq. (7).
BPA BSH
Q Ic 0.2214 0.5141
Cy 0.7786 -
Cm - 0.4859

3. Results
3.1. Range and stopping power verification

To ensure the accuracy of the track structure simulation in the BNCT
environment, we first verified that the particle range and the stopping
power using the specific physics models and cross-sections are consistent
with the ICRU reports, as described in Section 2.2.

For Lithium, we adopted the physics list named “TSEmDNAphysics”
including the specific model for ions “TsRuddlonisationExtendedModel”
which invokes the new Lithium cross-sections, hereafter named
“Rudd_new”. We compared the results of ICRU_73, “Rudd_new”, “Rud-
d_original” (the original Rudd cross-sections of Lithium from Geant4-
DNA), “Penelope/Livermore” (MCCH, step size = 1 nm, production
cut = 0.0001 eV). As shown in Fig. 3, the best match is found between
“Rudd_new” and ICRU_73 in terms of range and stopping power. The
results given by “Rudd_original” show the worst consistency, especially
when the particles have lower energies. The main reason for this phe-
nomenon is the higher probability of charge exchange in the low-energy
region and the fact that excitation is not considered in “Rudd_original”.
“Penelope/Livermore” gives a similar tendency to the data from
ICRU_73, but with lower stopping power and longer range.

For alpha and proton, we compared the range and stopping power
obtained with our physics module, “TsEmDNAphysics” or “TsEmDNA-
physics_stationary”, with data from ICRU_90. For computing stopping
power, the “TSEmDNAphysics_stationary” module uses a frozen-velocity
approximation which keeps artificially constant the incident particle
kinetic energy at each step. In this way, the stopping power is correctly
calculated according to its definition (Incerti et al., 2018). The results
are shown in Fig. 4. The close agreement demonstrates the ability of our
MCTS code to sufficiently accomplish the track structure simulation for
low-energy charged particles in BNCT.

3.2. Lineal energy spectra

3.2.1. Lineal energy spectra of proton in BNCT

The lineal energy spectra of protons are presented in Fig. 5. Fig. 5(a)
and (b) show the results when SV radius is equal to 1 nm (i.e., nano-SV),
while Fig. 5(c) and (d) show the results when SV radius is equal to 2.5
pm (i.e., micron-SV). The left plots give the frequency spectra (i.e.,
¥f(¥)), while the right plots give the dose contribution spectra (i.e.,
yd(y)). The solid line represents the results of MCTS, and the color block
represents the result of MCCH (G4-Livermore). Red represents the re-
sults of monoenergetic protons (from 14N(n,p)MC reaction), and blue
represents the results of recoil protons (from 1H(n,n)p reaction). Green
points are data from the published work by T. Sato et al. (2018) through
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Fig. 4. Range and stopping power of alpha and proton in the liquid water calculated with “TsEmDNAphysics” or “TSEmDNAphysics_stationary”.

PHITS simulation. The corresponding frequency-mean lineal energy (y)
and dose-mean lineal energy (¥,) are listed in Table 3.

Comparing the results of MCTS and MCCH, we find that with nano-
SV, the MCCH results have a higher probability at high lineal energy
region, both in the yf(y) and yd(y) plots. The different mean values
shown in Table 3 suggest that MCCH may introduce a considerable
overestimation of ¥, and ¥;, when using nano-SV, even though we have
set fairly conservative parameters for MCCH simulation (i.e., step size =

0.1 nm, tracking and production cut = 0.0001 eV). However, in the low
lineal energy region of the yf(y) diagram, MCTS gives much higher
probabilities than MCCH. These counts come from the excitation of
secondary electrons (Thompson et al., 2022), which indirectly illustrates
the advantage of MCTS simulation for accurate low-energy particle
transport at the nanoscale. Of course, these counts have little effect on
the dose contribution spectrum, which is frequently used to establish a
relationship to biological response. When using micron-SV, our
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Fig. 5. The lineal energy spectra of protons: (a) SV radius = 1 nm, frequency spectrum; (b) SV radius = 1 nm, dose contribution spectrum (c) SV radius = 2.5 pm,
frequency spectrum; (d) SV radius = 2.5 pm, dose contribution spectrum. The solid line represents the results of MCTS, while the color block represents the results of
MCCH (G4-Livermore). Red represents the results of monoenergetic proton (from 14N(n,p)MC reaction), and blue represents the results of recoil proton (from lI—I(n,n)
p reaction). Green points are data from the published work by T. Sato et al. through PHITS simulation.

Table 3
Frequency-mean lineal energy () and dose-mean lineal energy (¥,) of proton
in BNCT.

Nano-SV
MCTS MCCH (G4-Livermore)
¥r (keV/pm) ¥p (keV/pm) ¥ (keV/pm) ¥p (keV/pm)
0.58 MeV 15.67 + 52.40 + 47.09 £ 123.29 +
proton 0.02 0.57 0.18 1.61
Recoil proton 12.00 + 41.35 + 20.58 + 78.69 + 2.52
0.09 0.59 0.55
Micron-SV
MCTS MCCH (G4-Livermore)
¥r (keV/pm)  yp (keV/pm)  yp (keV/pm) ¥, (keV/pm)
0.58 MeV 40.60 + 55.49 + 40.95 + 55.57 £ 1.14
proton 0.47 0.78 0.67
Recoil proton 23.51 + 37.43 £ 23.30 + 36.13 £ 4.11
0.47 0.99 1.68

calculated MCCH (G4-Livermore) results and those calculated by PHITS
(MCCH) are very similar to the MCTS results. The laws are analogous to
the conclusion on electrons declared by I. Kyriakou et al. (2019).
Considering that MCTS is more refined for nanoscale simulations, we
will focus on MCTS-based microdosimetric analysis of BNCT-related
particles in the subsequent sections, and the results obtained by
G4-Livermore (MCCH) will not be presented and discussed.

When the SV radius is 1 nm, the dose-mean lineal energy of the
monoenergetic proton and recoil proton is 52.40 and 41.35 keV/pm,
respectively. The lower y;, value of recoil proton is due to the recoil
proton spectrum containing a large number of protons with lower
ionization capacity. When the SV radius is 2.5 pm, the recoil proton
makes a lower y, value than the monoenergetic proton, which is the
same as the nano-SV cases.

In addition, comparing the lineal energy distribution with micron-SV
and nano-SV, we find that the dose contribution spectrum obtained with
nano-SV has a broader scope of the peak than the micron-SV case, but
they get a similar ¥, reflecting the statistical rise and fall of the lineal
energy at the nanometer scale. D. Mazzucconi et al. also found an
analogous lineal energy distribution with different SV sizes in external
proton irradiation (Mazzucconi et al., 2019a).

3.2.2. Lineal energy spectra of particles related to the BNC reaction
(1) Lithium

The emission distribution of Lithium in BNCT is related to the
microscopic boron accumulation. In this study, we set three ideal spatial
distribution source patterns to calculate the lineal energy spectra in the
cell nucleus, marked by Ic, Cy, and Cm. The lineal energy spectra of
Lithium are presented in Fig. 6. Fig. 6(a) and (b) show the results when
SV radius is equal to 1 nm (i.e., nano-SV), while Fig. 6(c) and (d) show
the results when SV radius is equal to 2.5 pm (i.e., micron-SV). The left
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Fig. 6. The lineal energy spectra of Lithium: (a) SV radius = 1 nm, frequency spectrum; (b) SV radius = 1 nm, dose contribution spectrum (c) SV radius = 2.5 pm,
frequency spectrum; (d) SV radius = 2.5 pm, dose contribution spectrum. Solid lines with different colors represent the spectra under different source conditions (i.e.,

red: Cy, blue: Cm, purple: Ic).

plots give the frequency spectra (i.e., yf(y)), and the right plots give the
dose contribution spectra (i.e., yd(y)). Solid lines with different colors
represent the spectra under different source conditions (i.e., red: Cy,
blue: Cm, purple: Ic). The corresponding frequency-mean lineal energy
() and dose-mean lineal energy (¥,) are presented in Table 4.

When the SV radius is 1 nm, Fig. 6(a) shows a relatively high fre-
quency on the low lineal energy part. These counts come from sparse
electron steps away from the primary ion track, with minimal steps and
energy deposition in the SV. Peaks at several keV/pm could be attributed

Table 4
Frequency-mean lineal energy (y;) and dose-mean lineal energy (y,,) of Lithium
and alpha in BNCT.

(2) Alpha

Nano-SV

Lithium Alpha

¥r (keV/pm) ¥p (keV/pm) ¥r (keV/pm) ¥p (keV/pm)

Cy 68.80 + 0.25 210.37 £ 0.99 35.41 £ 0.06 130.93 + 1.69
Cm 78.01 + 2.04 128.47 + 4.99 38.43 £0.11 140.79 + 9.01
Ic 72.89 + 3.37 116.55 + 7.67 39.32 +£0.15 149.19 + 6.99
Micron-SV

Lithium Alpha

¥r (keV/pm) ¥p (keV/pm) ¥r (keV/pm) ¥p (keV/pm)
Cy 100.24 + 5.84 155.20 + 11.44 169.61 + 7.76 223.28 +£11.85
Cm 9.31 £0.27 13.92 + 0.62 149.15 + 8.29 205.62 + 14.28
Ic 579 £1.61 10.97 + 3.69 108.55 + 5.31 159.96 + 9.51

to the transition energies of the excitation levels and the binding en-
ergies of the ionization shells, occurring when the incident and sec-
ondary electrons excite or ionize liquid water molecules. Nevertheless,
these counts have little effect on the dose contribution spectrum because
their dose percentage is tiny. Besides, the dose contribution spectra of
lineal energy (Fig. 6(b)) illustrates that the lineal energy is more
concentrated at the high-value region under the Cy condition, causing a
higher y,, than the Cm and Ic condition. This difference is because the
Lithium emitted in BNCT is 0.84 MeV (93.7%), which has the almost
highest ionization ability for Lithium, reflected by the stopping power
curve shown in Fig. 3(b). Lithium particles emitted under the Cy con-
dition are closer to the nucleus, so reach the nucleus with higher residual
energy and ionization capacity.

When the SV radius is 2.5 pm, more significant differences are
observed under different source conditions. This is because the range of
Lithium is about 3 pm, which make it difficult to penetrate the cytoplasm
and nucleus, inducing the lower energy deposition in the nucleus under
the Ic and Cm conditions. This difference is minor in the case of nano-SV
because nano-SV is much easier to penetrate and its position is adjusted
by step rather than fixed in the nucleus, as shown in Fig. 2.

The lineal energy spectra of alpha are presented in Fig. 7. Fig. 7(a)
and (b) show the results when SV radius is equal to 1 nm (i.e., nano-SV),
while Fig. 7(c) and (d) show the results when SV radius is equal to 2.5
pm (i.e., micron-SV). The left plots give the frequency spectra (i.e.,
¥f(y)), and the right plots give the dose contribution spectra (i.e., yd(y)).
Solid lines with different colors represent the spectra under different
source conditions (i.e., red: Cy, blue: Cm, purple: Ic). The corresponding
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Fig. 7. The lineal energy spectra of alpha: (a) SV radius = 1 nm, frequency spectrum; (b) SV radius = 1 nm, dose contribution spectrum (c) SV radius = 2.5 pm,
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red: Cy, blue: Cm, purple: Ic).

frequency-mean lineal energy (¥;) and dose-mean lineal energy (y,) are
listed in Table 4.

When the SV radius is 1 nm, the lineal energy distributions under
different source conditions are more similar for alpha, compared to the
Lithium case. This phenomenon is because the emission energy of alpha
in BNCT is 1.47 MeV (93.7%). The stopping power of alpha increases
(>0.7 MeV) and then decreases (0-0.7 MeV) with decreasing energy, as
shown in Fig. 4(b), rather than the monotonic pattern for Lithium
(<0.84 MeV). Overall similar ionization abilities and lineal energy dis-
tributions are constructed because charged particles have a broad en-
ergy scope when they reach the cell nucleus. Nevertheless, the value of
¥p under the Cy condition of alpha is the smallest, compared to the Cm
and Ic conditions, which is opposite to the pattern of Lithium with nano-
Sv.

However, when the SV radius is 2.5 pm, we find that the law of ¥, for
alpha particles still obeys Cy >Cm >Ic, the same as Lithium. This phe-
nomenon indicates that although the track density of each event in the
nucleus is similar under different source conditions for alpha, the energy
depositions of each event in the nucleus are different and show a similar
pattern to Lithium. Moreover, compared to the vastly different lineal
energy distribution exhibited by Lithium with micron-SV under different
source conditions, the difference is smaller for alpha. This is because the
range of alpha produced in BNCT is about 7 pm, which means alpha can
penetrate the cytoplasm and nucleus more easily.

Furthermore, comparing the yd(y) plots with nano-SV and micron-
SV, the peak with nano-SV is broader because of the more significant
stochasticity in the track density at the nanoscale. In our work, the dose-

mean lineal energy is larger when using micron-SV than nano-SV for
alpha, which is also consistent with the published research by external
helium irradiation (Mazzucconi et al., 2019b).

(3) Compound particles

The lineal energy spectra for the compound particles are presented in
Fig. 8. Fig. 8(a) and (b) show the results when SV radius is equal to 1 nm
(i.e., nano-SV), while Fig. 8(c) and (d) show the results when SV radius is
equal to 2.5 pm (i.e., micron-SV). The left plots give the frequency
spectra (i.e., yf(y)), and the right plots give the dose contribution spectra
(i.e., yd(y)). Different colors represent the results under different
microscopic boron distributions and data by PHITS simulation (Sato
etal., 2018) (i.e., red line: BPA this work, blue line: BSH this work, green
point: BPA PHITS, purple point: BSH PHITS). The corresponding
frequency-mean lineal energy (¥;) and dose-mean lineal energy (¥,) are
presented in Table 5.

When the SV radius is 1 nm, the dose-mean lineal energy of the
compound particles is 158.35 and 132.47 keV/um for BPA and BSH,
respectively. The shape of the lineal energy distribution of the com-
pound particles is similar to that of the “pure alpha”, as shown in Fig. 7.
This is because alpha particles have a long range and can penetrate the
cytoplasm more easily, so they make up the main part of the compound
particles in the nucleus. The difference between BPA and BSH shown on
the yd(y) diagram mainly comes from the influence of Lithium. Since the
emission site of Lithium is closer to the nucleus under the BPA condition,
the influence of its short range is alleviated, and thus Lithium exerts a
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Fig. 8. The lineal energy spectra for the compound particles (Lithium and alpha) in BNCT: (a) SV radius = 1 nm, frequency spectrum; (b) SV radius = 1 nm, dose
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Table 5
Frequency-mean lineal energy (¥;) and dose-mean lineal energy (¥,) for the
compound particles in BNCT.

Nano-SV

¥r (keV/pm)

43.82
39.14

¥p (keV/pm)

158.35
132.47

BPA (this work)
BSH (this work)

Micron-SV
¥r (keV/pm) ¥p (keV/pm)

BPA (this work)

137.24 199.64
BSH (this work) 106.87 182.73
BPA (T. Sato et al.) 118.43 213.55
BSH (T. Sato et al.) 120.32 198.21

more significant effect. As a result, a concentration of counts at a higher
lineal energy region for BPA is found in Fig. 7(b). Some researchers
stated that the higher the dose-mean lineal energy, the higher the RBE,
when y, is less than 200 keV/pm (Parisi et al., 2022). However,
considering the overkill effect, there is no consensus on this extreme
point of the RBE-LET/ y;, curve, which also seems to be different for
different charged particles. Therefore, in this work, we can only specu-
late that the RBE of BPA might be higher than that of BSH. The biological
response requires the RBE multiplied by the absorbed dose. For BNCT,
the intranuclear absorbed dose varies considerably due to the

inhomogeneity of the microscopic boron distribution and the short ion
range. Further studies are needed to quantify the biological response.

When the SV radius is 2.5 pm, the results generally agree with those
obtained by PHITS, indicating that the difference between the MCCH
and MCTS methods is slight for the microdosimetric analysis with
micron-SV, which has been explained in Section 3.1.1. Besides, the
difference between lineal energy distributions for BPA and BSH is tiny.
The conclusions obtained from the micron-SV study are more inclined to
suggest that the RBE of BPA and BSH are identical at the micron scale,
and only the difference in the intranuclear absorbed dose leads to the
different macroscopic biological response of these two drugs.

Comparing the results of the nano-SV and micron-SV study, we claim
that the former gives the actual track density information. The different
track densities and absorbed doses of compound particles in the nucleus
together result in the dramatic difference on macroscopic biological
response of the two drugs. G. Famulari et al. also illustrated that the
nanoscale study better corresponds to the biological response (Famulari
et al., 2018).

4. Discussion

BNCT microdosimetric analysis based on the Monte Carlo track
structure simulation was conducted in this study. Although previous
research has reported that condensed history algorithms can approxi-
mate the result of track structure simulation when the step size and
production cut are set to an optimized value, further studies are still
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needed to prove this argument when using smaller SV (Kyriakou et al.,
2017, 2019; Lazarakis et al., 2018). When the step size for the condensed
history algorithm is artificially specified (Kyriakou et al., 2021a), the
upper limit of step size is fixed, which means one step with a longer
length than the fixed step size in the track structure simulation will be
split into several steps in the condensed history algorithm. This kind of
processing is error-prone in the case of a large span of the step size and
small SV. For nanoscopic particle transport, track structure simulation is
more advantageous because it is a “step-by-step” method. That means
there is no association of multiple processes viewed as one step, which is
always used to improve the calculation efficiency in MCCH simulation.
In addition, there is no need to set limits such as step size and production
cut artificially in MCTS simulation.

In recent years, many publications have started using nano-SV to
calculate the classical microdosimetric parameters such as lineal energy
and specific energy, and they classified their work as microdosimetry
(Famulari et al., 2018; Kyriakou et al., 2021b). Nanoscale research has
its unique value. Microdosimetric work aims to reflect the radiation
quality or biological effect via the local energy deposition distribution (i.
e., lineal energy and specific energy spectra). The SV at the micrometer
level represents biological structures at the cellular and subcellular
scale, e.g., the cell nucleus; the SV at the nanometer level represents the
chromosome or DNA since the radius of the DNA double helix is
approximately 1 nm. Some research on photon, alpha, electron, and
neutron declared that nano-SV might describe more fundamental dam-
age mechanisms and can lead to more accurate descriptors of the rela-
tive biological effectiveness (Famulari et al., 2018; Lillhok et al., 2007;
Mazzucconi et al., 2019a).

The key to performing the track structure simulation is the accuracy
of the physics cross-sections. This paper reported the first attempt to
derive low-energy Lithium ionization cross-sections for MCTS based on
the effective charge cross-section scalation method and phenomeno-
logical double-parameter modification. This method uses the concept of
equivalent charge and weights the Rudd cross-sections of hydrogen and
proton in a specific ratio, creating the modified cross-sections for
Lithium. As such, since this method does not introduce physics models
for the excitation and charge exchange processes, there would be no
Lithium++, Lithium+, and uncharged Lithium created during the whole
particle transport. Nevertheless, this approximation has proven accurate
enough to reproduce the range and stopping-power data from ICRU_73
below 1 MeV/u compared to existing Geant4 cross-section data (Fig. 3).
Above this value, in the high energy limit, the introduced parameters 1;
and A, can overestimate the cross-sections by 10% (4; = 1.1) and must
not be used above 1 MeV/u. Correct predictions of stopping power and
range do not fully validate the modified cross-sections of the different
Lithium charge states, thus further validation of cross-sections will
require the development of precision experimental devices such as nano-
dosimeter, which focus on the particle track structure measurements at
the DNA level (Conte et al., 2018). In some scenarios, for example,
during MRI-guided BNCT, where the accurate particle charge is required
to calculate the track structure, this method may not be applicable.

The cell structure (e.g., cell size, cell shape, cell organelle distribu-
tion) and the microscopic boron distribution which relies on drug
accumulation, can affect the microdosimetric results. The current
simulation settings for geometry and source are relatively idealized.
Further development of the measurement equipment and techniques for
microscopic boron imaging might potentially improve the accuracy of
boron distribution at cell or subcellar scales. Besides, specific geometric
models should be designed for different cells (McNamara et al., 2018).

Although the current work focused on the lineal energy of different
components in BNCT, the MCTS simulation platform can be further used
to analyze the biological effects at the DNA scale in BNCT, incorporating
physical, chemical, and biological processes. Numerous studies on RBE
evaluation via the DNA damage yield have been published in other
therapeutic fields (Ganjeh et al., 2021; Nikjoo et al., 2016). We plan to
investigate the direct/indirect DNA damage yields and perform a repair
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analysis in BNCT. The accurate MCTS simulation at the micro- and
nano-meter scale reported in this paper is the foundation for future
research.

5. Conclusion

This paper reports a BNCT microdosimetric study based on the
Monte Carlo track structure simulation toolkit, TOPAS-nBio. We
amended the ionization cross-sections for Lithium via the effective
charge cross-section scalation method and phenomenological double-
parameter modification, and then verified the range and stopping
power for Lithium, alpha, and proton with the specific energy scope in
BNCT, ensuring the applicability of the physics models and cross-
sections. The lineal energy spectra of charged particles in BNCT were
calculated, and the influence of sensitive volume (SV) size was dis-
cussed. MCCH obtained similar results to MCTS when using micron-SV,
while overestimating the lineal energy when using Nano-SV. Besides, we
found that the microscopic boron distribution can significantly affect the
lineal energy for Lithium, while the effect for alpha is minimal. Similar
results to PHITS simulation with micron-SV were obtained for the
compound particles and monoenergetic protons. The spectra of the
compound particles with nano-SV reflected the different track densities
in cell nucleus when using different boron drugs. However, this cannot
yet be directly used to explain the experimentally different RBE/CBE of
BPA and BSH because the relationship between y;, and the macroscopic
biological response is not straightforward. This work and the developed
methodology could impact the research fields in BNCT where under-
standing radiation effects is crucial, such as the treatment planning
system, source evaluation, and new boron drug development.
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