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Abstract

Background: Targeted radiotherapies with low-energy ions show interesting possi-
bilities for the selective irradiation of tumor cells, a strategy particularly appropriate
for the treatment of disseminated cancer. Two promising examples are boron neutron
capture therapy (BNCT) and targeted radionuclide therapy with α-particle emitters
(TAT). The successful clinical translation of these radiotherapies requires the imple-
mentation of accurate radiation dosimetry approaches able to take into account the
impact on treatments of the biological effectiveness of ions and the heterogeneity in
the therapeutic agent distribution inside the tumor cells. To this end, biophysical mod-
els can be applied to translate the interactions of radiations with matter into biological
endpoints, such as cell survival.
Purpose: The NanOx model was initially developed for predicting the cell survival
fractions resulting from irradiations with the high-energy ion beams encountered in
hadrontherapy. We present in this work a new implementation of the model that ex-
tends its application to irradiations with low-energy ions, as the ones found in TAT
and BNCT.
Methods: The NanOx model was adapted to consider the energy loss of primary
ions within the sensitive volume (i.e. the cell nucleus). Additional assumptions were
introduced to simplify the practical implementation of the model and reduce compu-
tation time. In particular, for low-energy ions the narrow-track approximation allowed
to neglect the energy deposited by secondary electrons outside the sensitive volume,
increasing significantly the performance of simulations. Calculations were performed
to compare the original hadrontherapy implementation of the NanOx model with the
present one in terms of the inactivation cross sections of human salivary gland (HSG)
cells as a function of the kinetic energy of incident α-particles.
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Results: The predictions of the previous and current versions of NanOx agreed for
incident energies higher than 1 MeV/n. For lower energies, the new NanOx imple-
mentation predicted a decrease in the inactivation cross sections that depended on the
length of the sensitive volume.
Conclusions: We reported in this work an extension of the NanOx biophysical model
to consider irradiations with low-energy ions, such as the ones found in TAT and
BNCT. The excellent agreement observed at intermediate and high energies between
the original hadrontherapy implementation and the present one showed that NanOx of-
fers a consistent, self-integrated framework for describing the biological effects induced
by ion irradiations. Future work will focus on the application of the latest version of
NanOx to cases closer to the clinical setting.

KEYWORDS

NanOx, biophysical model, cell survival probability, targeted radionuclide therapy,
boron neutron capture therapy, α-particles, low-energy ions
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1 Introduction

The number of new cancer patients will continue to increase worldwide in

the near future1. It is estimated that more than half of cancer patients

will undergo radiotherapy at some point2,3. Many recent developments in

radiotherapy have focused on exploiting the interesting energy deposition

features of high-energy ions in the context of hadrontherapy, mainly through

the use of proton and carbon ion beams to achieve a more conformal dose

to tumors, a better normal tissue sparing and an increased relative biological

effectiveness (RBE) compared to photon beams. Hadrontherapy is considered

particularly advantageous for the treatment of deep-seated and radioresistant

local tumors, though further investigation is still needed to confirm that its

dosimetric advantages translate into clinical benefits over conventional X-ray

radiotherapy4,5.

On the other hand, innovative radiotherapy techniques involving the internal

targeted irradiation of tumors with low-energy ions have reemerged in recent

years. The two best-known examples are boron neutron capture therapy

(BNCT) and targeted radionuclide therapy with α-emitters (also known as

targeted alpha therapy, TAT). In contrast to hadrontherapy, the systemic

and targeted nature of these approaches makes them attractive for treating

patients with metastatic disease.

In BNCT, a non-radioactive boron
(
10B

)
compound having a high specificity

for tumor cells is injected into the patient. Then, the tumor is irradiated with

an external source of epithermal neutrons. The thermalized neutrons interact

with the boron nuclei, triggering the 10B(n,α)7Li neutron capture reaction,

with a high cross section6. The latter reaction emits 1.77 MeV α-particles

and 1.02 MeV 7Li ions at a branching ratio of 6.3%; and 1.47 MeV α-particles,

0.84 MeV 7Li ions and 0.478 MeV photons at a branching ratio of 93.7%7.

These ions have very high linear energy transfer (LET), between 175 and 190

keV/µm8 or between 357 and 380 keV/µm9 for α-particles or 7Li ions, respec-

tively. This characteristic is accompanied by very short ranges in water of

less than 9 µm9–12, which limits damage within the diameter of a single tumor
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cell, largely sparing surrounding healthy tissues13. In addition, other nuclear

reactions may also occur with the nuclei of elements commonly present in

tissues, e.g., hydrogen and nitrogen: 1H(n,n)p, 1H(n,γ)2H and 14N(n,p)14C.

These reactions will contribute to the total absorbed dose through the gener-

ated photons and protons and must be considered in treatment planning7,14.

Some of the factors leading to a renewed interest in BNCT in the last decades

are the development of boron compounds with high specificity, accelerator-

based neutron sources, and treatment planning software12,14–16. To date,

BNCT has been investigated in phase I/II clinical trials in a variety of dis-

ease sites, including glioblastoma multiforme, head and neck cancers, hepa-

tocellular carcinoma and melanomas17. Altogether, these advances make the

transition from experimental reactor-based facilities to hospitals more feasi-

ble, reinforcing the need to provide tools capable of predicting the BNCT

treatment efficacy including the great complexity of the dose contributions

even at microscale.

Besides, TAT is a cancer treatment modality in which a radiopharmaceu-

tical, consisting of an α-emitter coupled to a suitable carrier molecule by

means of bifunctional chelating agents, is injected into the patient. The car-

rier molecule (e.g., a monoclonal antibody, a peptide or an oligonucleotide)

is able to target the tumor cells or the tumor microenvironment to closely

irradiate the tumor, effectively killing malignant cells while minimizing the

absorbed dose to healthy tissues. The α-particles emitted in radioactive de-

cays have energies ranging from about 4 to 9 MeV, short path length (<

100 µm, equivalent to a few cell diameters) and high LET (60–230 keV/µm).

The latter makes α-emitters very effective in inducing complex DNA dam-

age, leading to a higher cytotoxicity than with γ and β-emitters, irrespec-

tive of the presence of oxygen. Moreover, while the short path length of

α-particles is considered particularly advantageous for the treatment of sys-

temic disease and micrometastases, their therapeutic benefit may be extended

to macroscopic lesions via off-target effects (i.e., bystander effect and immune

responses)18,19. As with BNCT, the concept of TAT has been investigated for

many years. To date, however, only one α-emitter, radium-223
(
223Ra

)
has
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been approved for clinical use. A few others have been investigated in pre-

clinical studies and clinical trials such as astatine-211
(
211At

)
or actinium-225(

225Ac
)
20. Clinical evaluation of TAT has been performed for different types

of cancer, including leukemia, lymphoma, melanoma, neuroendocrine tumors

and various metastatic cancers21,22. Among the major challenges faced by the

scientific community for the translation of TAT to the routine clinical setting,

one can mention the requirement of appropriate dosimetry approaches and

imaging techniques to monitor treatment efficacy18.

Accurate dosimetry poses a major challenge in both BNCT and TAT because

of the possible heterogeneous distribution of 10B or the α-emitter within the

tumor. This issue may be specially problematic in BNCT because of the

subcellular path length of the emitted radiations. Moreover, the underly-

ing biological mechanisms triggered by low-energy ion irradiations are not

yet fully understood. In particle therapy, biophysical models are often em-

ployed to estimate the RBE of ions for treatment optimization23–30. However,

most of the existing biophysical models have been devised for high-energy ion

beams, e.g., for hadrontherapy applications. The translation of models for

high-energy ion beams to BNCT and TAT is not straightforward as there

is a need to consider the heterogeneity of dose deposition at the micro- and

nanometer scale31–33. A macroscopic dose is not sufficient to explain the

observed biological effects. Several biophysical models are being developed

to address this constraint, and some will be described in the Discussion.

Moreover, RBE is a function of many parameters, like the microdistribu-

tion7, the deposited dose and the ion’s range, especially at the end of this

range34. This means that the energy lost by ions when traversing the bio-

logical targets should be taken into account to model the variations of LET,

cell damage and RBE depending on the type of ion and its kinetic energy.

When this kind of biophysical model is not used, RBE is sometimes consid-

ered constant and equal to RBEmax
35,36. However, RBE calculated for TAT

and BNCT may range from 1 to 6, depending on the theoretical framework

used37–40. Finally, Treatment Planning Systems (TPS) like Raystation41 or

NeuMANTA42 are including workflows for BNCT. They would benefit from
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those improved biophysical models. Our research team originally developed

the NanOx (NANodosimetry and OXidative stress)30 biophysical model for

hadrontherapy applications. NanOx may be used to estimate the cell survival

probability after exposure to ionizing radiations. NanOx calculations consider

the stochasticity of energy deposits down to the nanometric scale, including

the impact of the oxidative stress triggered by primary radical species. The

general formalism of the NanOx model43 and its implementation in hadron-

therapy44 were recently described in detail. The purpose of this paper is to

show how the NanOx model can be adapted to irradiations with low-energy

ions, which will be relevant for future applications in BNCT and TAT. The

paper is structured as follows. We will first provide an overview of the general

aspects of the NanOx model and introduce the approximations and simpli-

fications required for applying the model to radiotherapies with low-energy

ions. Then, we will describe the approach followed to validate these approxi-

mations and compare the hadrontherapy and low-energy implementations of

NanOx. The positioning of NanOx within the wider literature on biophysical

models and the perspectives for future improvements will be presented in the

Discussion.

2 Methods

The general mathematical formalism of the NanOx model and its application

to hadrontherapy have been described in detail in several papers30,43,44. For

this reason, we provide in Section 2.1 only a brief summary of the principles

and assumptions behind the model. The additional approximations required

for implementing the model in the context of BNCT and TAT are introduced

in Section 2.2. Two types of Monte Carlo (MC) simulations, developed for

validating these approximations, are then presented in Section 2.3.

2.1 Summary of the NanOx biophysical model

NanOx is a biophysical model used to predict the cell survival probability

following exposure to ionizing radiations. The model considers the stochas-
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tic nature of radiation interactions down to the nanometric scale, covering

the physical, physico-chemical and chemical stages of radiation action by

means of MC simulations45. Radio-induced damage results from the energy

deposited in the sensitive volume(s) of cells. In this work we will consider a

single sensitive volume: the cell nucleus. Furthermore, cell survival depends

on two types of events, assumed to be independent: the “local” and “global”

lethal events.

Local events can be interpreted as complex DNA damage. They are evaluated

in targets of nanometric dimensions uniformly distributed in the sensitive

volume. The inactivation of one of such targets leads to cell death. This is

described in NanOx by introducing the effective number of local lethal events

(ENLLE), given by:43,44:

ci,ckn∗ = − ln (1− f(ci,ckz)) , (1)

where the indices ci and ck represent the configuration of a local target i in

the sensitive volume and that of the radiation track k, respectively; f(ci,ckz) is

the probability of inactivating the target i when the radiation track k deposits

the restricted specific energy ci,ckz in the target i. Let us recall that z, as

defined within NanOx, includes only the processes and energy transfers that

may be translated into biological effects. This is reflected through the ratio

of the energy deposited by the considered processes to the total energy lost

by radiation (η ≈ 0.8)43.

The average ENLLE induced by the configuration ck of a radiation track

k in a sensitive volume containing N targets with configuration cN may be

written in an integral form as follows43:

cN ,ckn∗ =

∫ +∞

0

cN ,ck[dP
dz

]
F (z) dz , (2)

where
cN ,ck[dP

dz

]
is the density of probability for the radiation track configu-

ration ck to deposit the restricted specific energy ci,ckz in a local target i; and

F (z) is an effective local lethal function (ELLF) characterizing the response
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of a cell line46. In the following we will use the indices ti and tN to indicate

the average response of a target i and that of the N local targets in the

sensitive volume, respectively. The cell survival fraction to local events for a

configuration cK of K radiation tracks is then given by44:

tN ,cKSL = exp
(
−tN ,cKn∗

)
. (3)

On the other hand, global events result from the accumulation of sublethal

lesions and the oxidative stress produced by free radicals. For a radiation

track k with configuration ck, the concentration of primary reactive chemical

species is given by43:

ckY =
Gr

η
· ckZ̃ =

ckG

η
· ckZ , (4)

where Gr,
ckG are the chemical yields for the reference radiation and the ra-

diation of interest, respectively; and ckZ̃ is called the chemical specific energy.

The cell survival fraction to global events for a configuration cK of radiation

tracks is given by43:

cKSG = exp
(
−αG

cK Z̃ − βG
cK Z̃2

)
, (5)

where αG and βG are characteristic of the cell line and are obtained from cell

survival curves for reference radiation.

2.2 Extension of the NanOx model to low-energy ion irradiations

In this section, we present the approximations and simplifications considered

in NanOx to model irradiations with low-energy ions.

2.2.1 Characterization of the radiation tracks and the sensitive volume

In hadrontherapy, the high energy of ion beams allows the assumption of

track-segment conditions, i.e. the primary projectile moves in a straight line

and its energy (and LET) remains constant while crossing the target. By

contrast, BNCT and TAT use low-energy, short-range ions which may lose a
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great amount of energy while traversing micrometric volumes, e.g., subcellular

structures. In consequence, the modeling of low-energy ions has to consider

the evolution of the ion’s energy and trajectory across the sensitive volume.

Approximation 1 (Narrow radiation tracks)

The energy of the ions is low enough to consider the radiation tracks as

narrow. The latter implies that the energy deposited by the secondary elec-

trons outside the sensitive volume that the ion is traversing is assumed to be

negligible. We shall consider in the following that this approximation holds

whenever the proportion of energy deposited by secondary electrons beyond

a radius of 100 nm around the ion’s track is ≲ 1% (see Sections 2.3.1 and 3.1).

Approximation 2 (Charge equilibrium)

The energy deposited in the sensitive volume is equal to the difference of the

ion’s kinetic energies at the entry (Ei) and exit (Ef) points:

∆Edep = Ei − Ef . (6)

As it is demonstrated later, the aim of this approximation is to greatly reduce

computation time and storage by working with only two energy values instead

of hundreds of thousands of energy transfers describing the tracks. The limit

of this approximation is directly related to the equilibrium of charged parti-

cles. For low-energy ions, the depth of equilibrium is less than 10 nm, which

is small compared with the cell geometry.

Simplification 1 (Same sensitive volume for local and global events)

As in hadrontherapy44, we assume that local and global lethal events take

place in the same sensitive volume, the cell nucleus.

2.2.2 Calculation of local and global lethal events for low-energy ions

2.2.2.1 Local lethal events

Let us now consider an ion track of configuration ck and a track segment TS

of length (∆ℓ)TS along which the ion moves in a straight line and loses the
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energy ∆ckE (see Figure 1):

∆ckE = E − E ′ , (7)

with E and E ′ the energy of the ion at the beginning and end of the track

segment TS, respectively.

Figure 1: Schematic representation of the trajectory of an ion entering and leaving the
sensitive volume. The track segment TS satisfying the conditions listed in the text is repre-
sented by the solid red line.

In addition, we consider that the following conditions hold.

Condition 1 (Small energy loss along (∆ℓ)TS)

The energy loss ∆ckE along (∆ℓ)TS is small enough so that:

∆ckE

E
= ε , ε≪ 1 (8)

Condition 2 (Charged-particle equilibrium)

(∆ℓ)TS is larger than the range R of the δ-rays:

(∆ℓ)TS > R . (9)

Condition 3 (Track segment much larger than the nanotarget

length)

(∆ℓ)TS is much larger than the nanotarget length, that is:

(∆ℓ)TS ≫ Lt , (10)

where Lt is the length of the nanotargets considered in the calculations (10

nm).
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We can then write (∆ℓ)TS as:

(∆ℓ)TS = ∆ckE ·
(
dE

dx

)−1

= ε · E ·
(
dE

dx

)−1

, (11)

Moreover, we can then associate a surface of influence ΣTS, a volume (∆V )TS
and a mass (∆m)TS to the track segment, such that:

(∆V )TS = ΣTS · (∆ℓ)TS =
(∆m)TS
ρw

, (12)

with ρw the density of water. The surface of influence ΣTS is chosen to be

large enough so that any ion generated outside the volume of influence will

have no chance of depositing energy in the sensitive volume. We then define

the ENLLE for an ion track ck as:

tN ,ckn∗ =
∑
TS

(
∆tN ,ckn∗

)
TS
, (13)

Introducing the energy loss ∆ckE, we have:

(
∆tN ,ckn∗

)
TS

=
tN ,ck(∆n∗

∆E

)
TS

∆ckE , (14)

Where the term
tN ,ck(∆n∗

∆E

)
TS

is given by:

tN ,ck(∆n∗

∆E

)
TS

=
(∆V )TS
Vs

· 1

∆ckE

∫ +∞

0

ti,ck[dP
dz

]
TS

tNF (z)dz , (15)

where Vs is the sensitive volume. Furthermore, as the track is narrow, we can

apply the same approximation made for the core volume of an ion’s track

in the application of the NanOx model to hadrontherapy44, but for a track

segment TS.

Approximation 3 (Negligible fluctuations from a configuration ck to

another)

The fluctuations in the term
tN ,ck(∆n∗

∆E

)
TS

may be seen as negligible from a
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configuration ck to another, so it is possible to take the average over a large

number of particles of the same type tk and energy Ek. We use the index tk
to denote this approximation:

tN ,ck(∆n∗

∆E

)
TS

=
tN ,tk(∆n∗

∆E

)
TS

. (16)

And thus we can rewrite Equation (15):
tN ,tk(∆n∗

∆E

)
TS

=
(∆V )TS
Vs

· 1

∆ckE

∫ +∞

0

ti,tk[dP
dz

]
TS

tNF (z)dz , (17)

At this point we will consider for practical purposes a mesoscopic scale be-

tween the nanometric scale of the targets and the microscopic scale of the

radiation tracks. The latter hypothesis will allow us to work with a differen-

tial formulation of the problem:
tN ,tk(∆n∗

∆E

)
TS

=
tN ,tk(dn∗

dE

)
. (18)

Then, ignoring any boundary effect, we can write:

tN ,tkn∗ =

∫ tkEf

tkEi

tN ,tk(dn∗

dE

)
(−dE) =

∫ tkEi

tkEf

tN ,tk(dn∗

dE

)
dE = ϕ(tkEi)−ϕ(tkEf ) ,

(19)

where ϕ is a primitive of
(

dn∗

dE

)
and tkEi,

tkEf denote the energy of the ion

at the beginning and end of the track in the sensitive volume, respectively.

The beginning of this track may correspond to the entry of the ion into the

sensitive volume or to the creation of this ion within the sensitive volume.

The end of the track could be the point at which the ion leaves the sensitive

volume. Alternatively, it may correspond to the full stopping of the ion

(tkEf = 0), or to the production of a nuclear process. Moreover, for each

track there may be several entries and exits.

2.2.3 Global events

For global events, it is also possible to take benefit of the narrow-track ap-

proximation. The concentration of primary reactive chemical species may be
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written as (from Equation (4)):

tkY =
1

ms

∫ tkEf

tkEi

tkG(E)(−dE) =
1

ms

∫ tkEi

tkEf

tkG(E)dE =
Gr

η
· tkZ̃ , (20)

with ms the sensitive volume’s mass and:

tkZ̃ =
η

ms

[
ψ
(
tkEi

)
− ψ

(
tkEf

)]
, (21)

with ψ a primitive in E of
tkG
Gr

.

It is worth emphasizing that in this paper all calculations regarding the low-

energy NanOx implementation were based on the integration of local lethal

events and global events (yields of reactive chemical species) along the ions’

path in the sensitive volume (Equations (19) and (21)).

2.3 Validation of approximations and test of the low-energy
NanOx implementation

2.3.1 Validation of the narrow-track approximation

To verify the validity of the narrow-track approximation, the proportion of

energy deposited outside the core volume of the ion’s track was calculated by

means of MC simulations. The core volume is the region marked by a high

density of energy-transfer points around the ion’s track44. In this work, we

modeled the core volume as a cylinder of radius 100, 200 or 300 nm centered

around the ion’s track. Helium ions of 7.5 MeV (maximum energy of the

α-particles emitted by 211At
)
were shot in a water cube, big enough for the

ions to fully stop in it. The energy deposited inside and outside the cylinder

was then tallied. These MC simulations were performed with Geant4-DNA47,

using the option 2 physics constructor.

2.3.2 Validation of the charge equilibrium approximation

Approximation 2 (Equation (6)) was also validated through MC simulations.

The Geant448 simulation toolkit, version 11.1, was used with the standard

electromagnetic and DNA47 physics lists. The objective was to calculate the
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relative difference between (Ei − Ef) and ∆Edep in respect of their average:

σE = 2 · (Ei − Ef)−∆Edep

(Ei − Ef) + ∆Edep
. (22)

The irradiation with α-particles was simulated with Geant4, mimicking a

TAT application. A cell geometry consisting of 2 concentric spheres with a

cell radius of 7.1 µm and nucleus radius of 5.2 µm was considered to model the

human salivary gland (HSG) cell line49. α-particles were generated isotrop-

ically in the cell cytoplasm, with the initial kinetic energy varying from 0.1

to 50 MeV/n. The ions were tracked until their energy reached 1 keV. For

each ion track, Ei, Ef and ∆Edep were collected. For each configuration, 108

ions were sent. The errors were calculated as the standard deviation divided

by
√
N , with N the number of events.

2.3.3 Comparison of predictions using the hadrontherapy and low-energy im-
plementations of NanOx

To compare the NanOx implementation described in this paper and the one

applied in hadrontherapy44, the chosen quantity was the inactivation cross

section σ. It corresponds to the efficiency of an ion to kill a cell. It is

calculated as43:
tkσ = ΣTS · (1− tk⟨S1⟩) , (23)

where ΣTS denotes the chosen surface of influence; tk⟨S1⟩ is the average sur-

vival when one particle is sent to the volume of influence, computed over a

large number of configurations. We remind that, in this study, the sensitive

volume is the cell nucleus. MC simulations were performed to obtain the

results for the low-energy NanOx implementation, using the geometry pre-

sented in figure 2 and the standard electromagnetic physics list of Geant4

(option 4). The sensitive volume and the volume of influence consisted of

coaxial cylinders of equal length, measured along the z-axis. Different simu-

lations were performed to evaluate the effect of modifying the length of the

cylinders. The number of nanometric targets in the sensitive volume remained

constant, regardless of its length. This choice was made for facilitating the
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Figure 2: Geometry used in the simulations to calculate the inactivation cross sections.
The inner cylinder is the sensitive volume, namely the cell nucleus; the outer cylinder is the
volume of influence. The straight lines represent α-particles with their secondary electrons.
comparison between the inactivation cross section curves in a wide energy

range. The geometry was chosen to reproduce the MC simulation conditions

of NanOx, depicted in figure 2 of Alcocer-Ávila et al. (2022)44. The radius

of 7 µm for the sensitive volume was chosen to match the reference value of

the HSG nucleus radius reported in Monini et al. (2019)50. The radius of

the volume of influence was 14 µm. All ions were sent at the entrance of

the volume of influence. If the sensitive volume was hit, the cell survival was

calculated. Otherwise, its value was equal to 1. The parameters of the ELLF,

F (z), and the values of αG and βG (Equation (5)) are those formerly reported

for the HSG cell line44. For the hadrontherapy application the results were

extracted from our previous studies44,50.

The NanOx model does not take into account elastic nuclear interactions. At

very low kinetic energies, the nuclear stopping power of α-particles in water

may not be negligible compared to electronic stopping power, according to

the NIST ASTAR database8. Furthermore, under 100 keV/n the model does

not provide the density of local and global lethal events per energy. Without

experimental data to evaluate the impact of such low energies, hypotheses
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have to be made. Three will be compared. First, the α coefficient was

considered equal to zero below 100 keV/n. Second, α was set to zero at a

kinetic energy equal to zero, and a linear interpolation was made between

zero and the last known value of α, i.e. the one at 100 keV/n. Third, α

was considered constant and equal to the value at 100 keV/n, for all energies

below 100 keV/n.

3 Results

In this section, we report the results of our MC simulations performed to

validate the narrow-track and charge equilibrium approximations used in the

low-energy NanOx implementation. In addition, we compare the predictions

of the hadrontherapy and low-energy NanOx implementations, showing that

there exists a region of intermediate energies in which both implementations

overlap, leading to the same predictions.

3.1 Validation of the narrow-track approximation

When the core volume was modeled as a cylinder of 100, 200 and 300 nm ra-

dius, the proportion of energy deposited outside of it was 1.28%, 0.22% and

0.05%, respectively. These values are averaged over the whole ion’s track.

Table 1 presents the results obtained for the core volume of 100 nm radius,

when considering 10 µm slices along the full path of the helium ion (∼ 70

µm).
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Axial position on
the ion’s track

Energy deposit outside
the core volume

0 - 10 µm 4.33%
10 - 20 µm 3.32%
20 - 30 µm 0.76%
30 - 40 µm 0.41%
40 - 50 µm 0.06%
50 - 60 µm 0.0%
60 - 70 µm 0.0%

Table 1: Proportion of energy deposited outside a cylinder of 100 nm radius representing
the core volume of a 7.5 MeV helium ion track. The ion’s path was divided in slices of 10 µm
to explore non-averaged effects.

For the cylinders of 200 and 300 nm radius, the proportion of energy deposited

outside the core volume was always below 1%.

3.2 Validation of the charge equilibrium approximation

We present in this section the results that allowed us to validate the charge

equilibrium approximation. Figure 3 presents the relative difference σE as

defined in Equation (22), expressed in percentage as a function of the initial

kinetic energy of α-particles.
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Figure 3: The relative difference σE (Equation (22)) is shown as a function of the initial
kinetic energy of α-particles in MeV/n. Ions are emitted isotropically from the cytoplasm of
spherical cells. The solid lines are plotted for visualization purposes only. Statistical errors
are contained within the data points.

The standard electromagnetic physics list option 4 is compared to the Geant4-

DNA option 2 physics list. The first one is the most precise standard physics

list at low energy, and all generated electrons were tracked down to 1 keV.

The second one has a more precise tracking of electrons in water, tracked

down to about 7 eV. Below 1 MeV/n, the relative difference observed is

approximately equal to 0. Differences of 1% show up at 8 MeV/n. They

continue to increase up to 40 MeV/n, where there are differences of 6%. No

important differences were noted between the two physics lists.

3.3 Comparison of predictions using the hadrontherapy and low-
energy implementations of NanOx

Figure 4a represents the inactivation cross section (in cm²) as a function of

the initial kinetic energy of α-particles (MeV/n). The length of the cylin-

drical targets was varied between 1 and 14 µm in the low-energy NanOx

implementation, 14 µm corresponding to the mean diameter of the nucleus

for the HSG cell line. In the hadrontherapy implementation, the energy lost
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by ions is not considered, hence the length of the target has no influence.
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(a)

(b)

Figure 4: (a): Inactivation cross section (cm²) as a function of the initial kinetic energy
of α-particles (MeV/n). The solid circles are the results obtained with the hadrontherapy
implementation. The results of the low-energy implementation are represented by the right-
pointing triangles, the up-pointing triangles, and the stars for the 1, 7, and 14 µm target
thicknesses, respectively. The shaded areas correspond to the range of variation of σ for
the three previously described hypotheses about the behavior of the α coefficient below 100
keV/n (see Section 2.3.3). (b): number of lethal events per keV (solid line, left axis), LET
(dotted line, right axis), and number of lethal events per µm (dash-dotted line, right axis)
as a function of the incident kinetic energy of α-particles. The number of lethal events per
µm is the product of number of lethal events per keV and the LET.
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Good agreement is observed in the inactivation cross sections (σ) computed

with the two implementations of NanOx for kinetic energies between 1 and

50 MeV/n, irrespective of the target geometry.

Below 1 MeV/n, the low-energy implementation results in smaller σ values.

These differences are visible below 0.25, 0.5 and 1 MeV/n for the 1, 7 and 14

µm target thicknesses, respectively. Differences become larger as the kinetic

energy of the α-particles decreases. The maximum difference with respect

to the results obtained with the hadrontherapy implementation was found

at 0.125 MeV/n for the 14 µm length cylinder, with a 9-fold smaller cross

section.

The choice of the hypothesis to describe the behavior of the α coefficient

below 100 keV/n had no influence on the inactivation cross sections for ki-

netic energies between 1 and 50 MeV/n. For 0.125 MeV/n, changing the

hypothesis leads to ± 65% difference in σ, for the 7 and 14 µm thick targets

(shaded areas in Figure 4a). For the target of 1 µm, the hypothesis that

lowered the most the α coefficient led to a −44% decrease in σ. The higher

the kinetic energy of α-particles, the lower the impact of the hypothesis on

the inactivation cross section.

Figure 4b shows, on the left axis, the density of lethal events per keV, dn∗

dE , for

α-particles calculated with NanOx. On the right axis is the LET in keV/µm,

with data taken from the NIST ASTAR database8, and the number of lethal

events per µm, dn∗

dx . All are plotted against the initial kinetic energy of α-

particles.

The density of lethal events per keV and the LET exhibit a similar trend as

a function of energy, but the peak of the LET curve is shifted towards lower

energies: the maximum density of lethal events per keV occurs at 1 MeV/n;

in contrast, the maximum LET is found at approximately 0.18 MeV/n. Be-

low 1 MeV/n, the density of lethal events per µm is between 0.35 and 0.43

µm−1.

Finally, let us note that when we consider the case of intermediate-energy

ions, it is possible to find an expression relating directly dn∗

dE and the radiobi-
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ological α coefficient (see Appendix B).

4 Discussion

4.1 Narrow-track and charge equilibrium approximations

To study the biological effects of low-energy ions, precision at the micromet-

ric scale is needed. Previous applications of the NanOx model considered

the track-segment approximation: no energy was lost by ions when travers-

ing the sensitive volume (i.e. the cell nucleus). As the energy of ions de-

creases, alternative assumptions must be made to accurately describe the

energy deposition at the cellular scale. This is the rationale for introducing

a low-energy NanOx implementation in this paper. To simplify calculations,

the narrow-track and the charge equilibrium approximations were introduced

(Section 2.2.1).

The verification of the first approximation was made by mimicking in the MC

simulations the separation of an ion’s track in core and penumbra volumes,

as usually considered in NanOx43. At the beginning of an ion’s track, the

emitted secondary electrons are more energetic than at the end. These ener-

getic electrons may easily escape the core volume, hence there is more energy

deposited outside the core volume at the beginning of the track (see Table 1).

The energy of the α-particles considered for this test was the highest that

can be encountered in TAT or BNCT, which represents the case with the

greatest probability of secondary electrons escaping from the core volume.

Overall, however, we have shown that the proportion of energy deposited in

the penumbra volume remains small for low-energy ions. In this case, the use

of the narrow-track approximation is justified and calculations are simplified

by removing the distinction between core and penumbra.

The charge equilibrium approximation is linked with the previous one: they

are both due to the relatively short range of the secondary electrons pro-

duced by low-energy ions. The validation of the resulting approximation

(Equation (6)) was made with a distribution of α-particles that is likely to

be found in TAT, which is not favorable for our approximation. The closer
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the α-particles are emitted to the nucleus, the greater the probability that

their secondary electrons will escape from it. However, the approximation

considers that the generated secondary electrons deposit all their energy in

the nucleus. In TAT, the energy of α-particles will never be higher than

2.5 MeV/n51. In our simulation study, the relative difference between the de-

posited energy and the ion’s kinetic energy variation in target (Equation (22))

was < 0.1% for kinetic energies below 2.5 MeV/n. This validates the use of

the approximation in this paper for targeted radiotherapies involving low-

energy ions. Therefore, electrons do not need to be precisely tracked in

the simulations. Thanks to this approximation, the calculation time of our

Geant4 simulations was divided by 3, and the storage needed for the output

files was divided by more than a million.

4.2 Application of NanOx to low-energy ions

The agreement of the low-energy NanOx implementation with the hadron-

therapy one is surprising. On the one hand, between 1 and 50 MeV/n, no

important difference can be found between the two implementations of the

model. The differences could have come from energetic, long-range δ electrons

that are considered in the hadrontherapy implementation and not within the

narrow-track approximation of this paper. However, in the energy range con-

sidered here, δ electrons do not contribute enough to energy deposits that

could induce biological effects. Above 10 MeV/n, the energy lost by an ion in

a nucleus is negligible compared to its initial kinetic energy (see Appendix A).

The low-energy implementation has no bearing in this case because the mi-

crometric precision in the description of the energy deposition process is no

longer needed. These high energies are beyond the scope of the low-energy

NanOx implementation presented in this paper, so no further investigation

was made in that respect. On the other hand, differences between the imple-

mentations become obvious when plotting the inactivation cross sections for

α-particles with energies below 1 MeV/n. The relative difference between Ei

and Ef gets high enough to justify the importance of considering the ion’s

energy loss in the sensitive volume.
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We observe on Figure 4a that for the highest energies the inactivation cross

sections obtained with the hadrontherapy and low-energy implementations

are identical, as expected, since the track-segment approximation is valid

over the whole cell at these energies. Moreover, inactivation cross sections

decrease as the ion’s energy increases because of the LET reduction. The

behavior at energies lower than 1 MeV/n is more complex:

• For the hadrontherapy implementation, a saturation is observed, which

is coherent with the dn∗

dx plot (Figure 4b). The number of lethal events per

impact is dn∗

dx · 1 µm, because the LET is constant with the track-segment

approximation. We could expect the inactivation cross section to be

equal to the geometrical one. However, this is not the case, probably

because of the saturation of the NanOx lethal function.

• For the low-energy implementation, the variation of n∗ as a function of

energy is taken into account. The decrease of inactivation cross sections

is linked to two phenomena. On the one hand, dn∗

dE decreases when the

kinetic energy is decreasing as well. On the other hand, low-energy ions

stop in the nucleus and deposit all their kinetic energy. This means

that decreasing the ion’s energy lead to a reduction of lethal events and

therefore of the inactivation cross sections. Moreover, when the length

of sensitive volume increases, the density of targets decreases (since the

total number of targets is kept constant). Hence, for lower energy ions

that stop in nuclei, a longer sensitive volume induces a smaller number

of lethal events. In the case of ions that cross a cell nucleus without

important energy loss, the number of lethal events stays constant. The

negligible impact of the sensitive volume length was observed for energies

above 1 MeV/n, in agreement with the study of Monini et al. (2018)52.

As mentioned earlier, the scarcity of experimental data on the radiobiological

coefficient α at very low energies lead us to advance several hypotheses about

its behavior below 0.1 MeV/n. This coefficient translates the efficiency of a

particle to kill a cell, and it could be different from zero even for energies

close to zero. Also, an increase of this efficiency could be observed at very low
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energy53,54. The choice of the hypothesis on the α coefficient behavior under

0.1 MeV/n has no major impact in our results for α-particles with initial

kinetic energies above 1 MeV/n, irrespective of the target length (Figure 4a).

The ∼60% differences between the chosen hypotheses, observed around 0.125

MeV/n in the cell inactivation cross sections curves correspond to only a

fraction of energy deposited by the ion. However, in BNCT the energies of

helium and lithium ions are between 0.12 and 0.45 MeV/n. In that context,

careful attention must be paid to the interpretation of the NanOx model

predictions obtained with the present implementation. Indeed, it is likely

that further improvements are needed to adapt the NanOx model to BNCT

applications. In all cases, validation against available experimental data will

be required.

4.3 NanOx within the state-of-the-art biophysical models

The idea behind the NanOx developments is to be as close as possible to the

physical reality. The stochastic nanometric aspect of NanOx, as well as the

consideration of free radicals is designed with this in mind, with the goal of

predicting cell survivals and RBE in a detailed and novel way.

The NanOx implementation described in this paper is built to be coherent

between energy scales: the same lethal function is used for hadrontherapy

applications and for low-energy ion irradiations. Our purpose with NanOx

is to provide a consistent long-term mechanistic approach for describing the

biological effects induced by ionizing radiation. This is in contrast to more

pragmatic approaches, such as the one found in the MIRD recommenda-

tions55. Moreover, instead of assuming cell death when 2 α-particles cross

the nucleus, NanOx can add more precision and granularity in cell survival

calculations. In recent years, other biophysical models offering micromet-

ric resolution in the dosimetry of high-LET radiations have been reported

in the literature. Some notable examples include the stochastic microdosi-

metric kinetic (SMK) model7,26 and the integrated microdosimetric kinetic

(IMK) model56,57. The SMK model takes into account the stochastic nature

of specific energy in the whole cell nucleus, as well as in each microscopic site
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within the nucleus, the so-called domains. The IMK model was developed to

assess the DNA repair during irradiation as well as non-targeted effects after

low-dose acute irradiation. Both models are currently able to include other

aspects of irradiation such as dose rate and oxygen effects in their calcula-

tions. The quantitative comparison of NanOx with other biophysical models

is outside the scope of the present manuscript, and will be explored in another

paper.

4.4 Extending the model to other biological targets

In this study, only one sensitive volume was considered, i.e. the cell nucleus.

In the literature the role of irradiated extranuclear targets on cell’s fate has

been observed and investigated58,59. α-particles can cross several cells before

stopping. Lethal nucleus damage can then be observed as the main contri-

bution to cell death60. However in BNCT, depending on the intracellular

distribution of the boron compound and of the emitted low-energy ions, it

could not be the case. With a range of just a few µm, an important part of

the ions emitted in BNCT might not traverse the nucleus. This part depends

on the solid angle and would be larger if the boron compound did not enter

the cell’s cytoplasm or nucleus. Still, even without depositing energy in the

nucleus, the ions may damage the cytoplasm and the cell membrane, poten-

tially activating pathways leading to cell death or mutation. The modeling of

extranuclear damage within the NanOx framework is currently in progress.
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5 Conclusions

This paper presents the extension of the NanOx model to consider irradiations

with low-energy ions, typical of innovative radiotherapies such as TAT and

BNCT. Some approximations were introduced to facilitate the mathematical

formulation of the problem and to reduce computation time. Comparisons

were performed, in terms of inactivation cross sections, against the previously

reported hadrontherapy implementation of NanOx. The agreement between

the latter and the low-energy implementation of NanOx is consistent in the

energy range in which they are expected to overlap (e.g. for energies above

1 MeV/n), and remarkable for relatively high energies (e.g. 50 MeV/n).

Further work is still needed to validate experimentally the low-energy imple-

mentation of the NanOx model and to extend it to multiple sensitive volumes.
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ports à l’oncologie de la physique, de la chimie et des sciences de l’ingénieur”,

no. 20CP176-00.

Conflict of Interest Statement

All authors declare that they have no conflicts of interest to disclose.

Appendices

A Energy variation in the sensitive volume

Computing the energy lost by ions when traversing the sensitive volume is

interesting for evaluating the effect of geometry (e.g. sensitive volume length)
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in our assumptions and to determine the domain of application of the low-

energy NanOx implementation. To this end, Figure A.1 presents the relative

difference between the energies Ei and Ef as a function of the initial kinetic

energy of α-particles and for different sensitive volume lengths.

Figure A.1: Mean relative difference
Ei−Ef

Ei
as a function of the initial kinetic energy of

α-particles. The simulation conditions were the same as in Section 3.3.

B Link between dn∗

dE and α at intermediate energies

Let us consider a cell irradiated by a parallel and homogeneous beam of mo-

noenergetic ions. For ions of intermediate energies, i.e., energies low enough

to assume that the tracks are narrow, but high enough to assume that ions

follow straight line trajectories with constant velocity when traversing the

sensitive volume, the integration of Equation (19) is easy since the term
tN ,tk

(
dn∗

dE

)
can be approximated as constant. For instance, the order of mag-

nitude of this energy range for an α-particle crossing 1 µm of water would be

between 1 and 10 MeV/n (Figure A.1).

For narrow tracks, the inactivation cross section σ becomes:

tkσ = σs(1− tk⟨S1⟩) , (24)
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where σs is the geometrical cross section of the sensitive volume (i.e. the cell

nucleus). The radiobiological α coefficient is given by:

tkα =
tkσ

a · tkLET
, (25)

where the factor a = 0.1602Gy · keV−1 · µm3 is used to convert units; and

the linear energy transfer in keV · µm−1 is equal to tkLET = tk
(
dE
dx

)
· CPE,

with CPE a factor related to the condition of charged-particle equilibrium.

We currently set CPE = 1.

If one approximates the cell nucleus with a cylindrical geometry and neglects

the fluctuations during the transversal of the cell nucleus, we have from Equa-

tion (19):

tN ,tkn∗ =

∫ tkEi

tkEf

tN ,tk(dn∗

dE

)
dE ≈

tN ,tk(dn∗

dE

)(
tkEi − tkEf

)
, (26)

with: (
tkEi − tkEf

)
≈

tk(dE

dx

)
· Ls , (27)

where Ls is the length of the cylinder representing the cell nucleus.

Similarly, for global events, the integral in Equation (20) is simplified as

follows:
η

ms

∫ tkEi

tkEf

tkG(E)

Gr
dE =

η

ms
·
tkG(E)

Gr
·
tk(dE

dx

)
· Ls . (28)

The number of lethal events for one impact is then written as:

tN ,tkn1 =
tN ,tk(dn∗

dE

)
·
tk(dE

dx

)
· Ls + αG · η

ms
·
tkG(E)

Gr
·
tk(dE

dx

)
· Ls

+ βG ·

[
η

ms
·
tkG(E)

Gr
·
tk(dE

dx

)
· Ls

]2

.

(29)

The survival for one impact is then given by:

tN ,tk⟨S1⟩ = exp
(
−tN ,tkn1

)
. (30)
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From Equations (24), (25) and (30) we can derive the following expressions

for tkσ and tkα:
tkσ = σs

[
1− exp

(
−tN ,tkn1

)]
, (31)

tkα =
σs [1− exp (−tN ,tkn1)]

a · tkLET
. (32)

It can be seen that Equation (32) provides a simple link between the density

of lethal events per keV and the radiobiological coefficient α usually tabulated

for hadrontherapy applications.
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14 W. H. Jin, C. Seldon, M. Butkus, W. Sauerwein, and H. B. Giap, A

Review of Boron Neutron Capture Therapy: Its History and Current

Challenges, Int J Part Ther 9, 71–82 (2022).

15 M. Lamba, A. Goswami, and A. Bandyopadhyay, A Periodic Development

of BPA and BSH Based Derivatives in Boron Neutron Capture Therapy

(BNCT), Chem Commun 57, 827–839 (2021).

16 D. E. Cartelli, M. E. Capoulat, M. Baldo, J. C. S. Sand́ın, M. Igarza-

bal, M. F. del Grosso, A. A. Valda, N. Canepa, M. Gun, D. M. Min-

sky, G. Conti, J. Erhardt, H. R. Somacal, A. A. Bertolo, J. Bergueiro,

P. A. Gaviola, and A. J. Kreiner, Status of Low-Energy Accelerator-

Based BNCT Worldwide and in Argentina, Appl Radiat Isot 166, 109315

(2020).

17 T. D. Malouff, D. S. Seneviratne, D. K. Ebner, W. C. Stross, M. R. Wad-

dle, D. M. Trifiletti, and S. Krishnan, Boron Neutron Capture Therapy:

A Review of Clinical Applications, Front Oncol 11, 601820 (2021).

18 F. D. Guerra Liberal, J. M. O’Sullivan, S. J. McMahon, and K. M. Prise,

Targeted Alpha Therapy: Current Clinical Applications, Cancer Biother

Radiopharm 35, 404–417 (2020).

19 J.-P. Pouget and J. Constanzo, Revisiting the Radiobiology of Targeted

Alpha Therapy, Front Med 8, 692436 (2021).
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28 M. P. Carante, G. Aricò, A. Ferrari, C. P. Karger, W. Kozlowska,

A. Mairani, P. Sala, and F. Ballarini, In Vivo Validation of the BIANCA

Biophysical Model: Benchmarking against Rat Spinal Cord RBE Data,

Int J Mol Sci 21, 3973 (2020).

29 R. D. Stewart, D. J. Carlson, M. P. Butkus, R. Hawkins, T. Friedrich,



P
re
p
ri
nt

ve
rs
io
n

page 32 Alcocer-Ávila et al.
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