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ARTICLE INFO ABSTRACT

Keywords: A hybrid Monte Carlo approach using MCNP in combination with the cell-level code Monte Carlo Damage
Neutron capture therapy Simulation (MCDS) is presented to support the design and analysis of experiments for the evaluation of gado-
High LET linium (Gd) based agents in neutron capture therapy (NCT). Monoenergetic neutrons (0.025 eV-15 MeV) and
xggg polyenergetic neutron beams from NEUTRA, ICON (PSI, Switzerland), and HK1 (LVR-15, Czech Republic) were
Microdosimetry used to estimate the relative biological effectiveness (RBE) of NCT for the biologically critical endpoint of DNA

RBE double strand break (DSB) production relative to ®°Co y-rays. Moreover, microdosimetric spectra of protons,
electrons, alpha particles and heavy recoils were determined for the aforementioned neutron beams, to enhance
the interpretation of energy deposition in subcellular structrures. The proposed, hybrid model and methodology
builds on well-validated dosimetry and biophysical models at different spatial scales to create a versatile and
generalized framework to estimate dosimetric parameters and RBE. This approach facilitates comparisons be-
tween NCT and low linear energy transfer (LET) radiation alternatives.

1. Introduction

Neutron capture therapy (NCT) uses high Linear Energy Transfer
(LET) radiation from secondary particles to target tumors at a cellular
level. NCT involves a two-step process: first, the patient is injected with a
drug containing a stable isotope with a high neutron capture cross sec-
tion, that selectively accumulates to the tumor. Next, the tumor is
irradiated with neutrons, which penetrate in tissue and are captured by
the stable isotope, generating high LET secondary ions with a large

potential to damage tumor cells. Currently, clinical applications of NCT
are limited to Boron Neutron Capture Therapy (BNCT). In BNCT, a
thermal neutron capture reaction with 10g (3,837 b cross section) is used
to produce recoil “He and 7Li nuclei (Dymova et al., 2020). As an
alternative to 1OB, 157G4 (15.65 % abundance in natural Gd) has been
proposed as a promising candidate for NCT because of its very high
thermal neutron capture cross section of 254,164 b (Shih and Brugger,
1992; Ho et al., 2020; Deagostino et al., 2016; Enger et al., 2013; Cerullo
et al., 2009; De Stasio et al., 2005; Goorley et al., 2004; Miller et al.,
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1993; Brugger and Shih, 1989; Allen et al., 1989). Moreover, Gd com-
pounds, such as Gd-diethylenetriaminepentaacetic acid (Gd-DTPA) have
been widely used clinically as contrast agents for Magnetic Resonance
Imaging and have shown high uptake by tumor cells in the brain (Yasui
et al., 2008; Ho et al., 2022).

In Fig. 1, a summary of the '%”Gd neutron capture reaction (Q = 7.94
MeV) and its decay routes are presented. More specifically, 99 % of the
energy released is emitted as prompt-y radiation, with average energy
2.4 MeV and with the most intense y-rays being at 79.5 and 181.9 keV.
The remainder 1 % of the energy is released through internal conversion
(IC) and consequently as characteristic X-ray or Auger/Coster-Kronig
electrons emission. The IC electrons are produced with a 0.69 total
yield and 66.5 keV average energy. In addition, five Auger electrons
with 0.85 keV average energy and 0.84 X-rays with 12.77 keV average
energy are produced per capture during >®Gd* de-excitation (Ali et al.,
1994; Van Delinder et al., 2020; Sakurai et al., 2002). More details on IC
and Auger electron energies from °’Gd capture are given in refs.
(Harms et al., 1974; Coghlan et al., 1973; Schultz et al., 2010). Although
most of the excitation energy of 1°3Gd is mainly released as gamma
radiation, IC and Auger electrons are anticipated to have an important
role in Gadolinium NCT, since the released electrons have a high LET
(300 keV/pm) and a short range in tissue (0-150 nm) and therefore, can
effectively deposit their energy at cellular and sub-cellular level
(Golshani et al., 2022).

This study presents a detailed macro- and micro-scale dosimetry and
biophysical model for the NCT irradiation of cell cultures. The model
was developed to support a series of experiments evaluating novel
gadolinium (Gd) agents proposed for neutron capture therapy (NCT).
The primary objective of the current study is to investigate a priori
whether the introduction of Gd might enhance the cell-killing effec-
tiveness of neutron beams under specific irradiation conditions.

Due to the lack of electronic equilibrium for the proposed experi-
mental design, measuring or calculating the absorbed dose within the
target cell volume is very challenging. An accurate evaluation of dose
requires Monte Carlo simulations for specific, macro-scale experimental
designs. The presented model evaluates dose and relative biological
effectiveness (RBE) in a monolayer cell culture geometry, along with the
surrounding medium. The dose delivered to cell cultures is calculated at
the level of a 2 pm-diameter sphere, representing the cell nucleus.

The simulations aim to generate microdosimetric spectra for sec-
ondary electrons, protons and heavy (Z > 1) particles produced by
monoenergetic neutron beams spanning an energy range from 0.025 eV
to 15 MeV. The study also simulated the polyenergetic neutrons relevant
to a specific NCT experimental setup. This approach enables the analysis
of secondary particle energy deposition at the microscopic level for a
wide variety of irradiation geometries and neutron sources. Addition-
ally, the RBE for DNA double strand breaks induction is evaluated for a
proposed experiment and facility-specific design.
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2. Simulations
2.1. Neutron beams

Simulations were carried out using the MCNP 6.1 code (MCNP6
Release Overview). Monoenergetic neutron beams were modelled at the
energy range from 0.025 eV to 15 MeV. Moreover, the neutron spectra of
interest comprise the NEUtron Transmission Radiography (NEUTRA)
(Lehmann et al., 2001) and the Imaging with Cold Neutrons (ICON)
(Kaestner et al., 2011) instruments at the Swiss Spallation Neutron
Source (SINQ) of the Paul Scherrer Institut (PSI), as well as the HK1
beam line at the LVR-15 reactor at Research Centre Rez (Marek et al.,
2014). The respective neutron energy spectra considered for the simu-
lations are shown in Fig. 2.

2.2. Irradiation geometry

The simulated irradiation geometry for a single well of 6 x 3 well-
plate holder (ibidi™) for the proposed cell culture experiments is
shown in Fig. 3. The well-plate is composed of polyethylene with a thin
entrance window of 180 pm thickness. In the well, a cell monolayer 20
pm thick with a 4.3 mm water layer is modelled. The cell monolayer
volume is filled either with soft tissue equivalent material (ICRP
composition, see Table 1) with density 1 g/cm3, (ICRP) or with soft
tissue loaded with "Gd. The cell monolayer is modelled as an
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Fig. 2. Neutron spectra (in arbitrary units) of ICON (black line), NEUTRA (red
line) instruments and HK-1 beam line (red line) used in the MCNP simulations.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 1. '’Gd neutron capture products.
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Fig. 3. MCNP simulated cell culture geometry (not to scale). The scoring volume (shown in red) is the 20 pm cell monolayer, which is modelled as a lattice consisting
of an array of 2 pm in diameter successive spheres representing individual cell targets. (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)

Table 1
ICRP soft-tissue composition, with density 1 g/cm®.

Element Atomic number Fraction by weight
H 1 0.104472
C 6 0.232190
N 7 0.024880
(0] 8 0.630238
Na 11 0.001130
Mg 12 0.000130
P 15 0.001330
S 16 0.001990
Cl 17 0.001340
K 19 0.001990
Ca 20 0.000230
Fe 26 0.000050
Zn 30 0.000030

orthogonal lattice containing 2 pm in diameter successive spheres,
representing the cell target. The spherical volumes used as scoring tallies
to perform the microdosimetry calculations are described in the next
section. Neutron scattering from adjacent materials and photons origi-
nating directly from the reactor core or photons produced by neutron
interactions with shielding and beam modifying materials and the
irradiation room are not taken into account.

2.3. Libraries and energy cut-offs

The default cross section library of the MCNP 6.1, ENDF-VII.1 was
used for all simulations, however the EPRDATA12 (Electron-Photon-
Relaxation DATA) was invoked by using the “.12p” cross section iden-
tifier on material cards, in order to enable photoatomic cross sections
that allow for the transmission of photons and electrons at energies
below 1 keV. A cut-off energy of 0 eV was used for neutrons. A cut-off
energy of 50 eV was used for photons and electrons. The lowest
possible cut-off energy allowed in MCNP of 1 keV was used for protons
and heavier (Z > 1) ions. Moreover, the thermal neutron treatment was

implemented for hydrogen in HpO (“Iwtr.60t”) and in polyethylene
(“poly.60t™), respectively.

3. Microdosimetry calculations

The stochastic distribution of the energy deposition of all primary
and secondary particles at cellular and subcellular level was assessed.
The basic microdosimetric quantities: specific energy, z(Gy), and lineal
energy, y(keV /um), i.e. the stochastic analogs of dose and linear energy
transfer (LET), respectively (Santa Cruz, 2016; Tung, 2015) are given by
the following expressions:

_e(J) _ energy imparted by one or more events in a site of mass
“mkg) mass

2(Gy)
€h)

€ (keV) _ energy imparted in one event

y(keV / ym) = 1 (um) mean chord length

(2)

where the mean chord length (I) in a sphere of diameter d is given by:
1=2+*d/3 3)
The frequency distribution of the lineal energy, f(y), that corre-
sponds to the probability that a measurement will have a lineal energy
between y and y + dy is given by:
n;
fo)=

X m

where n; is the number of events depositing the same energy per pm. The
non-stochastic quantity called “frequency-mean lineal energy, yr”, is
given by:

4

o Z}'i n; 1000 Zsi(MeV) n;
Yr(keV m:/ dy = - == i 5)
Yelkev /pum)= | yfly)dy Snlm T

The y value that contributes the most to the energy released in the
sampling volume is the “dose-mean lineal energy, yp™:
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where d(y) is the lineal energy distribution of absorbed dose. The most

common way to graphically represent the absorbed dose, d(y), is to plot D Egeposited ("gf’—i") 1.6 x 10713 (ﬁ—ﬂf) I

y d(y) in a logarithmic scale. To estimate it using MCNP, three scoring Z— o = Cdposited 4 @ 10710
(tally) cards were used, namely those for: i) the neutron flux (f4:n), ii) @ 4 <ﬁ> 101W (%> ? ’

the energy deposition (f6 for protons, heavy ions and electrons) and iii) ©

the pulse height (f8) coupled with f6, along with an anticoincidence
pulse height card (ft8 phl) for counting single-event of imparted energy
in the targets, 2 pm in diameter. Additionally, an e8 card was used (e8
0.0 0.00001 0.0006 250log 60), so that 250 logarithmic lineal energy
bins are defined, including 50 bins per decade from 0.45 to 45000 keV/
pm. In order to plot the microdosimetric spectra, y d(y) is calculated by
the following formula:

&Ny 1

yidly) = D€ <lOg(5i/5i—1)) @
where n; was substituted by the output of the {8 tally combined with the
anticoincidence pulse height card and the sum was performed for i up to
250 and for each particle type taken into account in the simulations
(electrons, protons, alpha particles, heavy ions).

The single collision KERMA factor to the specific target can be
determined by:

-13 ( Joule _
oo MeV) 1(um) (Mev)

. (kgg o (s2) o(ds) Vien) | > Tom)

&=

8

where @ is the beam flux impinging on the sampling volume (in neu-
trons/cm? per source particle), p the material density (in g/cm®), V the
volume (in cm®) and 102 the conversion factor from Gy to cGy.

The absorbed dose is determined by:

5 LR RZS | SRS ) | LR R L ) e R RS LRI 2 0
- = -0.025 eV
protons 10 keV
4 J 100 keV
—-=-1MeV
—————— 10 MeV
34 i
2 protons
2 protons
2] L heavy ions
protons - ’;‘.,-‘i
” SleChons ¥ | heavyions + alphas
ROV ATR
v e
0] ! 2 (i TR . e .
il ¢ L | L | i | B e
10° 10' 10° 10° 10*
y (keV/um)

K
n; 10 >3 (cGy cm?)

where Egeposiced i the energy deposition in MeV/g per source neutron
calculated via the +f6 tally in the MCNP code, which takes into account
all the particles of the simulation (Antoni et al., 2019).

The aforementioned method was applied to monoenergetic neutron
beams as well as to the three beamlines of interest for the present study.
As examples, the y d(y) versus y graphs are given in Fig. 4(a) for mon-
oenergetic 25 meV, 10 keV, 100 keV, 1 MeV and 10 MeV neutron beams.
The observed spectral peaks include electrons, protons, alpha particles
and heavy ions. The primary contributors to the microdosimetric
spectra, across all neutron beam energies, except for 25 meV neutrons,
are recoil protons from elastic scattering in hydrogen, 'H(n,n’)'H. Other
reactions for proton production are 160(n,p)16N, 14N(n,p)”C, N(n,
n’p)13C and 16O(n,n’p)lSN. In the case of 25 meV neutrons, the proton
contribution is much lower than the electron one and therefore, it can
not be distinguished in the y d(y) versus y graphs in Fig. 4.

1.6 x10°8
= Z&‘i n; ®)

As shown in Fig. 4(a), the centroids of the proton y d(y) peaks of 10
keV to 1 MeV neutron beams shift to higher y values with increasing
energy. In the case of 10 MeV beam, the peak becomes wider with the
centroid towards lower lineal energy values. This behavior is attributed
to the fact that the range of some secondary particles at this higher
energy do not deposit all of their energy in the monolayer. For example,
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Fig. 4. Microdosimetric spectra for protons, electrons, alpha particles and heavy recoils, scored at the 2 pm diameter spheres inside the 20 pm thick cell monolayer
containing soft tissue for some of (a) monoenergetic neutron beams, (b) ICON, NEUTRA and HK1 beams.
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Fig. 5. KERMA factor (K/®), absorbed dose (D/®) with respect to neutron
beam energy, for monoenergetic neutrons in monolayer cell cultures composed
of soft tissue. The ratio of absorbed dose over KERMA (D/K) (y-axis) is shown to
highlight the impact of charged particle equilibrium.

Table 2

KERMA (K/®), absorbed dose (D/®) and ratio of absorbed dose over KERMA
(D/K) for cell monolayer containing soft tissue and for the HK1, NEUTRA and
ICON facilities.

Neutron K/® (cGy cmz) D/® (cGy sz) Ratio D/K

Spectrum

ICON (2.92 + 0.05) x (2.13 £ 0.07) x 0.73 (3.6
102 102 %)

0.025 eV (1.93 + 0.01) x (1.44 + 0.02) x 0.75 (1.3
1072 101 %)

NEUTRA (2.19 £ 0.01) x (2.03 £ 0.01) x 0.93 (0.6
107 107 %)

HK1 (3.87 £ 0.01) x (3.67 £ 0.01) x 0.95 (0.4
107 101 %)

the range of 3 and 8 MeV protons is about 7 and 40 times larger than the
thickness of the cell monolayer, respectively. Note that for energies
above 1 MeV, heavy ions and alpha particles are also significant. The
former include mainly N and O recoils, from 16O(n,n’p)lﬁN and 16O(n,
n’)160 reactions as well as C nuclei produced by 14N(n,p)14C, 12C(n,
n’)lZC, 160(n,0)'3C and 16O(n,n’a)lzc reactions in soft tissue. The last
two reactions are the ones responsible for the alpha particles production,
for neutron energies above the reaction thresholds at 2.36 MeV and 7.61
MeV, respectively (QCalc).

In Fig. 4(b), microdosimetric spectra for the three neutron beams of
interest are presented. In the case of cold neutrons (ICON), there is a
wide peak centered at low y values (mainly 0.5-15 keV/pm), which is
attributed to electrons that are produced either via knock-on reactions,
Compton scattering, atomic deexcitations (internal conversion and
Auger electrons), while the proton contribution from 14N(rl,p)MC reac-
tion is much lower and therefore can not be identified. For HK1 and

Table 3

Comparison of the absorbed dose calculated for 0 and 1000 ppm concentration
of "™Gd in soft tissue inside the cell monolayer and the corresponding ratio
values.

Neutrons  D/® (cGy cm?) Ratio
0 ppm "™*Gd 1000 ppm "'Gd Dose 1000 ppm/Dose 0
ppm
ICON (2.12 £ 0.02) x (2.33 £ 0.02) x 1.095 (1.4 %)
10—12 10—12
0.025 eV (1.44 + 0.02) x (1.50 + 0.02) x 1.039 (1.6 %)

10—12 10—12

Applied Radiation and Isotopes 226 (2025) 112233

NEUTRA neutron beams, protons are dominant with peak centroids at
70 and 110 keV/pm, respectively.

The single collision KERMA factor (K/®, Eq. (8)) and the absorbed
dose (D/®, Eq. (9)) for simulations with the cell monolayer, are pre-
sented in Fig. 5 with respect to the neutron beam energy for mono-
energetic neutrons. The corresponding values for the neutron beams of
interest are summarized in Table 2.

As shown in Fig. 5, both KERMA and absorbed dose per unit neutron
fluence in the simulated cellular nuclei increase with increasing neutron
energy up to 5 MeV, while for higher energies, they gradually decrease,
due to the small thickness of the cell monolayer. Moreover, the ratio of
absorbed dose over KERMA is presented with a dotted red line, showing
that there is a sharp decrease of the ratio for energies between 10 and
500 keV (from 0.99 to 0.94), while the decrease is more smooth at
higher energies (from 0.94 at 0.5 MeV to 0.82 at 15 MeV). A value close
to 1.00 means that all of the energy released in the soft tissue is absorbed
in the scoring volume. However, this is not the case for higher energies.
Thus, in case of 10 keV, the maximum value of the absorbed energy can
be found by multiplying the y value corresponding to the right edge of
the microdosimetric spectrum in Fig. 4(a), namely about 8 keV/um, by
the mean chord length 1.33 pm at the cell target.

4. Dosimetric effect of gadolinium

Simulations performed for the same geometry, but for a cell mono-
layer made of soft tissue equivalent material loaded with 1000 ppm of
1Gd, showed differences in absorbed dose only in the case of 0.025 eV
neutrons and for the ICON neutron beams (Table 3). Consequently, for
the tested cell monolayer geometry, the effect of Gd is present only for
very low energy neutron beams. In order to achieve some effect at higher
neutron energies, an appropriate moderating material could be used,
such as heavy water.

5. Calculation of RBE

RBE is defined as the ratio of the absorbed dose of a reference radi-
ation, usually low LET y-rays or high-energy x-rays, to the dose of a
higher LET test radiation, such as the radiation fields that arise in NCT.
Due to the biological significance of processing of DNA double strand
breaks (DSB) into chromosomal aberrations, DSB induction was used as
a surrogate endpoint to assess the biological impact of Gd agents in NCT.
In the present study, the RBE was defined (often denoted as RBEpgg) as
the ratio of the DSB yield (number of DSBs induced per 10° base pairs)
for the radiation of interest in the specific geometry to the DSB yield for
50Co y-rays. The Monte Carlo Damage Simulation (MCDS) software
replicates results from a wide range of experimental studies as well as
the results of single-event Monte Carlo simulations (Semenenko and
Stewart, 2004, 2006; Stewart et al., 2011). The MCDS was combined
with larger-scale MCNP simulations (Stewart et al., 2015) to estimate
the DSB yield for the low-LET reference radiation and for the higher LET
radiation experiments that mimic NCT. The MCDS accounts for direct
and indirect effects of radiation on the formation of clusters of damaged
nucleotides in DNA by various types of ionizing radiation, including
electrons, protons and heavier ions (Stewart et al., 2011). The MCDS has
the ability to simulate cluster induction as a function of O, level, particle
type (Z < 26 ions) and kinetic energies from a few eV for electrons and of
about 1 keV for Z > 1 ions up to kinetic energies in the GeV energy

Table 4
The MCDS predicted ratio of SSB per DSB and total cluster yield for °°Co y-rays under
aerobic and hypoxic conditions.

0, SSB (Gy ! - DSB (Gy ! - TOTAL (Gy ™! -
concentration Gbp’l) Gbp’l) Gbp’l)
20 % (aerobic) 187 8.19 619

0.1 % (hypoxic) 130 3.66 457
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Fig. 6. MCDS calculation of relative biological effectiveness of DSB induction in cells irradiated with monoenergetic protons, alphas and electrons, under (a) aerobic

and (b) severe hypoxic conditions.

range. The MCDS output files provide information about the induced
number of DSB, single strand breaks (SSB) and the total yield of DSB and
non-DSB clusters. MCDS results for clusters, including DSB and SSB, are
normalized per unit absorbed dose (Gy) per 10° DNA base pairs (bp).
Note that the average nuclear DNA content of a diploid human cell is
about 6 -10° nucleotides. The MCDS estimate of the DSB yield produced
by %°Co y-rays is given in Table 4, for hypoxic and well oxygenated cells.
The presented results show an increase of the SSB to DSB yield ratio from
about 23 under aerobic conditions to 35.5 under the studied severe
hypoxic conditions (as in some tumors).

Simulations were performed for monoenergetic charged particles
with energies varying from 100 eV to 500 MeV. The findings for the
studied aerobic and hypoxic conditions are presented in Fig. 6(a) and
(b), respectively. The predicted RBE values for DSB production largely
depend on Zg/ [32, where Z¢s is the effective charge of the ion and  is the
speed of the ion relative to the speed of light (Stewart et al., 2011, 2015).
The RBE for DSB induction approaches an asymptotic value of about 3-4
for large values of Zg/ [32 (low ion kinetic energy) and to 1.0 as (Zeff/ [3)2
approaches unity (large ion kinetic energies). Under hypoxic conditions,
indirect (radical) damage to the DNA is reduced, which also decreases
DNA damage of ®°Co y-ray fields (e.g. Table 4) and higher LET ions.
However, the reduction of the indirects of radiation on DNA damage are
more significant for low LET radiations than for high LET ions. The net
effect of the indirect effect on the induction of low and high LET radi-
ations on DNA damage has a differential and complicated impact on the
RBE for DSB induction, since it depends on the ion type, kinetic energy,
pO> level and local environment (material composition and density).

In an attempt to estimate the dose-weighted RBE values for the
neutron beams of interest, the MCNP 6.1 code was used to account for
neutron transport, while appropriate correction factors obtained by the
MCDS were used to account for RBE and spatial variation in dose for
each particle type of interest, as outlined in (Stewart et al., 2015). The
dose-weighted RBE is given by:

f6 (dose x RBE)
RBE = £6 (dose) an
where 6 (dose xRBE) is the scoring tally used in MCNP for estimation of
dose (tally f6) corrected by using the parameters mentioned in “RBE x
Dose Tallies in MCNP 6.1” computed using the MCDS (Stewart et al.,
2011) and summarized in (Stewart et al., 2015). The dose-averaged RBE
for DSB induction in Gd-free cells under aerobic conditions of the three
neutron beams of interest and for monoenergetic thermal neutrons are
presented in Table 5. The corresponding results for 1000 ppm Gd con-
centration resulted in almost the same values. As shown in Table 5, the
dose averaged RBE values obtained for the proton dose component from

Table 5
Dose averaged RBEpgp values for secondary protons and electrons for soft tissue
under aerobic conditions, along with the effective RBE values calculated by: ff.

RBE = RBE; x f6(dose); / Zifﬁ(dose)i , where i: protons or electrons.

Neutrons Dose averaged RBEpgg Effective
Protons Electrons RBEpsp
ICON 2.99 £0.85 1.57 £ 0.02 1.58 + 0.02
0.025 eV 2.99 +1.19 1.59 + 0.02 1.60 + 0.02
NEUTRA 2.65 + 0.01 1.60 + 0.04 2.64 +0.01
HK1 3.25 £ 0.01 1.60 + 0.04 3.24 £0.01

0.025 eV neutrons and the ICON beams present large uncertainties,
however, the effective RBE is mostly affected by electrons produced
mainly outside the cell monolayer. In contrast, for HK1 and NEUTRA
spectra, the protons are the primary contributors of the effective RBE. It
should be noted that for alpha particles, only the NEUTRA spectrum
yielded a non-zero dose-averaged RBE (not given in Table 5), but with
high uncertainty. The corresponding dose averaged RBE values calcu-
lated for soft tissue loaded with 1000 ppm "'Gd yield in no significant
difference compared to the RBE in the Gd-free material.

According to ref (Moertel et al., 2004). the calculated RBEpgp for
U-138MG human glioblastoma cells exposed to 5.7 and 7.0 MeV protons
(LET 7.27 and 6.23 keV/pm, respectively) 24 h post-exposure was found
to be 2.63 + 0.07, while the RBE for 10 % survival was 1.78 + 0.09.
This, implies that the biological efficiency for tumor cell killing for other
doses and in vivo will be high as well. This, aligns well with the present
MCDS simulation results, conducted under similar conditions, which
predict comparable DNA damage and RBE values in case of NEUTRA and
HK1 beams, further validating the present results. In the case of
lower-energy secondary protons, clusters of DNA lesions are more
complex (larger number of individual nucleotides damaged per base
pair) and challenging to repair, therefore, these effects may further in-
crease the effective RBE of NCT.

6. Conclusions

A multiscale Monte Carlo model that spans cellular and sub-cellular
microdosimetry in a larger-scale cell culture model is presented to
facilitate the design and interpretation of NCT experiments with and
without Gd as a way to boost potential treatment effectiveness. The
presented model was used to design a series of experiments to evaluate
the cell-killing potential of novel NCT treatments. Although Gd is a
promising candidate for NCT, the loading of Gd into a cell monolayer, as
in the framework of the FRINGE project (FRINGE project), it does not
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yield any substantial enhancement in either the dose or the
RBE-weighted dose. The present study looks at the dosimetry and bio-
logical effects of NCT across multiple scales, ranging from the
sub-cellular to the larger scale details of the specific irradiation condi-
tions for in vitro NCT experiments. The implemented methods are
potentially useful for the design and analysis of many other in vitro and in
vivo experiments.
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