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Abstract

In the domains of medicine and space exploration, refining risk assessment models for protecting
healthy tissue from ionizing radiation is crucial. Understanding radiation-induced effects requires
biological experimentations at the cellular population level and the cellular scale modeling using
Monte Carlo track structure codes.

We present MINAS TIRITH, a tool using Geant4-DNA Monte Carlo-generated databases to study
DNA damage distribution at the cell population scale. It introduces a DNA damage location module
and propose a method to convert Double-Strand Breaks (DSB) into DNA Damage Response foci. We
evaluate damage location precision and DSB-foci conversion parameters.

MINAS TIRITH’s accuracy is validated against y-H2AX foci distribution from cell population
exposed to monoenergetic neutron beams (2.5 or 15.1 MeV) under different configurations, yielding
mixed radiation fields. Strong agreement between simulation and experimental results was found
demonstrating MINAS TIRITH's predictive precision in radiation-induced DNA damage topology.

Additionally, modeling intercellular damage variability within a population subjected to a specific
macroscopic dose identifies subpopulations, enhancing realistic fate models. This approach advances
our understanding of radiation-induced effects on cellular systems for risk assessment improvement.

State of the Art

Radiation protection aims to minimize exposure to ionizing radiation as much as possible.
Although some of exposures are unavoidable in certain contexts such as space exploration or in
enclosed areas with high radon concentration, ionizing radiation can have beneficial applications in
medicine. Radiation therapy, for example, is a non-invasive treatment that can reduce tumor growth.
However, its success depends on a delicate balance between destroying cancer cells and preserving
surrounding healthy tissue, known as the therapeutic window [1, 2]. To quantify potentially harmful
side effects, risk models have been developed. However, to improve the quality of treatment, it is
essential to have a thorough understanding of the effects of ionizing radiation on healthy tissues [3].
This understanding requires fundamental knowledge of the induction of these effects and biological
mechanisms they generate [4]. In this context, the DNA molecule has been identified as a critical
target of radiation-induced effects [5]. In particular, the DNA double strand break (DSB) has been
identified as the critical and more deleterious damage to the cell [4, 6, 7]. Various studies have linked



this type of DNA damage to biological endpoints such as chromosomal aberration [8] or clonogenic
death [9] in cell populations that have been irradiated in vitro.

Monte-Carlo track structure codes have been pointed out as essential tools to quantify radiation
effects and thus improve risk models [10]. Following this idea, modelling tools for calculating
radiation-induced DNA damage have been developed [11-14]. Nevertheless, these models are limited
to the mean response at the scale of the cell nucleus and therefore are not able to characterize
phenomena distributions occurring on a cell population scale. Thus, the description of the damage at
the cell population scale is necessary for a better comparison between simulated and experimental
results [15], since the correlation between the population response and the variability of imparted
energy has been previously highlighted [16]. In this context, the MINAS TIRITH tool has been
proposed in order to model the distribution of radiation-induced DNA damage at the scale of a cell
population [17]. This tool is based on databases generated by Monte Carlo simulation with the
Geant4-DNA tool [18-21] coupled to realistic nucleus geometries [22-24]. The new damage
distribution method enabled by MINAS TIRITH allows access to a higher spatial scale in the
description of radiation-induced damage compared to the track structure codes typically used.
MINAS TIRITH simultaneously considers the variability of the energy imparted in an irradiated
population and the variability of the induced damage. To date, the damage distribution method
implemented in MINAS TIRITH has only been validated by comparison to Geant4-DNA simulation but
not yet experimentally.

Generally, the experimental validation of simulation codes involves comparing simulated DNA
DSBs with observation of foci such as y-H2AX as it has been shown that histone H2AX
phosphorylation (y-H2AX) follows the induction of DNA DSBs [25,26]. This comparison is often made
in terms of mean number of DNA DSBs per Gray or per ionizing particle and mean number of y-H2AX
foci per cell for a given absorbed dose or number of ionizing particles [27-29]. However, this
comparison may be biaised [30], since the relationship between the number of induced DNA DSBs
and the number of y-H2AX foci observed is not always straightforward [28, 29]. In some studies,
correction factors are proposed to convert the induced DNA DSB to observed focus [29, 31]. For
instance, the method proposed by Barbieri et al. models the y-H2AX foci signaling based on DNA
DSBs clustering and its spatial distribution. On the other hand, Ingram et al. propose a code that
simulates the y-H2AX signaling from the DNA DSBs topology taking into account several
experimental mechanisms like the microscope resolution or the relative distance between the DSB
and the histone [32].

Experimental validation of the simulation codes allows the adjustment of the model parameters
and thus a better acuity of the latter. This process is essential in model development [33] as a good
agreement between the models and the experiments allows to use the model for predictive
purposes. As far as MINAS TIRITH is concerned, its experimental validation in terms of the
distribution of radiation-induced damage will ensure its use as a reliable input for developing repair
models based on the identification of cell subpopulations linked to a biological effect observed
experimentally.

For the validation of MINAS TIRITH, the simulated DSBs are compared to the experimental results
obtained in terms of distribution of foci per cell in populations irradiated by monoenergetic neutrons
in four different irradiation configurations. To do so, simulated DSBs attributed to each cell are first
localized within the cell nucleus and then converted into y-H2AX foci. The methods developed for
damage location and conversion to y-H2AX foci are presented in the following study. It will also be
shown that, for this goal, an accurate dosimetry of the four irradiation configurations is needed as
well as a good knowledge of the analysis method of the experimental results.






Materials and Methods

1. Damage location method with the MINAS TIRITH tool
1.1. The damage location data base

The MINAS TIRITH tool [17] is based on two databases. The first database is made of
microdosimetric spectra to model the track distribution in the cell population and the second is made
of DNA damage spectra to associate a damage yield to each track, considering its microdosimetric
characteristics. These databases were built for different monoenergetic particles sampled between
10 keV and 20 MeV for protons, 10 keV and 21 MeV for alphas and 1 keV and 1 MeV for electrons. To
constitute the second database, a Geant4-DNA [14] nanodosimetric simulation chain was used,
coupled to isochore cell nucleus geometry [24]. This simulation chain [14] allows the calculation of
the topology of radiation-induced DNA damage at the nuclear scale. To extend the second database
of MINAS TIRITH to damage location, the location of each radiation-induced damage (DSBs and
SSBs) is recorded. The coordinates of the entry and the stop or exit points (P;, and P,,;) of each
track in the nucleus are also extracted (the nucleus being centered on the origin point). The number
of simulated particles for each energy bin of the data base was chosen to have enough statistical
power: 25,000 for electrons, 1,500 for alphas and between 1,500 and 10,000 for protons depending
on the LET. Concerning the irradiation geometry, the particles are emitted from the surface of the
nucleus, in an isotropic way.

The data from the damage simulation chain were processed as follows. For each damage (DSB or
SSB), the quantities //Damage,,. and *Damage,,. are defined. Ppamage being the position of the
damage in the cell nucleus:

”PmPDamage”
|| P Pouc|

//Damageloc = COS(PmPDamage' PmPout)

J_Darnageloc = Sin(PLnPDamagev PmPout) ”PmPDamage”

Thus, //Damage,,. represents the projection of the damage position onto the line formed by the
entry point and the stop (or exit) point of the particle that generated the damage normalized by the
chord length of the track. tDamage,,. represents the distance between the damage position and
the line formed by the entry point and exit point of the particle that generated the damage. Thanks
to these data, spectra in terms of //DSB,,., *DSB,yc, //SSBj,cand ~SSB,. (denoted F(//DSByy.),
F(*DSByy) , F(//SSByyc) and F(+SSBy,.)) are constructed for each sampled energy of the data
base following the same method that those presented in [17] : spectra are spline-smoothed and
scaled into 1909 points with ordinates between 0 and 1.

1.2. Determination of the damage location with MINAS TIRITH

Based on the method presented in [17], each distributed track in an irradiated cell nucleus at an
absorbed dose D is described with a particle type (p), an initial kinetic energy (E), an entry position
(P;y,), a direction (W), a chord length (CL) and an imparted energy (&). Based on all these criteria, a
number of damage events is sampled for each track contributing to the total energy deposit. To
locate each of these damages, the following method is proposed:

i. The F(p/’/EDamageloc) spectrum is reconstructed from the database of
/ —_—

F(//Damage,,.) spectra. This is done by spline interpolating the value p,EDamagelock



from the values //Damagelock for the K ordinates (K = 1909) of the database. The

same process is followed to reconstruct F(pj'; Damageloc) spectrum.
ii.  Thetwo values p{beamageloc and pramageloc are calculated by inverse sampling of
the F (p,/éDamageloc) and F(pramageloc) spectra.

iii.  The rotation matrix M,.,; between unitary vector u, and the direction of the track Diris
calculated.
iv.  Arandom angle @y is sampled on the [0; 2] interval.

XDamage Xin
v.  The damage location Ppgmage » With Ppamage = | Ypamage |, Py = | Yin |, Dir =

ZDamage Zin

Xpir
<}’Dir>, is calculated according to the following formula:

Zpir
Xpamage Xin Xpir cos(pgr)
Ypamage | = | Yin | + pl/éDamageloc * CL * | Ypir | + pramageloc * Myor * | sin(pg)
Zpamage Zin Zpir 0
Vi.  If Ppamage is inside the cell nucleus, the location is kept. Else, the steps ii. to v. are

performed again until the condition is accepted.

The method proposed here allows to locate each type of damage associated to each track in all
nuclei of the cell population. To validate this method, the reconstruction of the spectra described in
steps i. and ii. has been evaluated. For this purpose, the same process of mathematical evaluation of
the reconstruction by interpolation as described in [17] was used and the mean absolute percentage
error (MAPE) was used as indicator [34]. The approach used leads to an overestimation of the error
for the reasons described in [17]. The method for determining the saving calculation time was taken
from the previous study [17] but including the location of the damage. The time-saving factors of the
damage calculation by track was therefore compared between the simulation by a Monte Carlo
method using the Geant4-DNA toolkit and the MINAS TIRITH tool including this new damage location
module.

2. Cellirradiation experiments performed to validate the MINAS TIRITH tool

The experiments carried out consisted in the irradiation of HUVEC cells grown in monolayers by
mono-energetic neutrons of 2.5 or 15.1 MeV on the IRSN’s AMANDE facility [35] followed by the
study of the topology of the resulting y-H2AX foci at 30 minutes post-irradiation. Four different
irradiation configurations (15.1 MeV-IR1, 15.1 MeV-IR2, 2.5 MeV-IR1 and 2.5 MeV-IR2) were defined
depending on the positioning of the SlideFlask on the water phantom (IR1 or IR2, see Figure 1) and
the neutron energy (2.5 MeV or 15.1 MeV). The irradiation time was 10 min, as this corresponded to
a trade-off between substantial dose delivery and y-H2AX foci formation kinetics after irradiation.
The dosimetry corresponding to each configuration is explained in section 3. The SlideFlask with
primary HUVEC cells, filled with pH- and temperature-equilibrated growth medium, was attached to
the water phantom using elastic rubber bands. The SlideFlask was positioned as close as possible to
the neutron source at a fixed distance of 5.3 cm due to the source-cooling cannula. The SlideFlask
was perpendicular to the incident neutron beam.
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Figure 1: Schematic description of the experimental set up corresponding to two different
irradiation configurations for a given energy of the neutron source (2.5 or 15.1 MeV). On the
left, the IR1 configuration with the cells in the Slideflask directly in front of the incoming beam
and on the right, the IR2 configuration with cells positioned on the PMMA bloc side.

After irradiation, the SlideFlask was placed back into the incubator. Thirty minutes post-
irradiation, a specific immunofluorescent protocol was performed in order to reveal, in situ y-H2AX
foci and the cell nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI).

The images were acquired using an inverted IX83- microscope (Olympus) equipped with a LED
light source SpectraX (Lumencor) and a UPLSAPO 100XO oil immersion objective lens (Olympus), then
analyzed thanks to a high-throughput imaging software (Olympus, ScanR, v3.3). Detection of cell
nuclei and y-H2AX foci was based on an edge segmentation algorithm and cell nuclei in Go/G; phase
of the cell cycle were selected assessed by a “flow cytometry like” analysis [16, 28]. Distributions of y-
H2AX foci formation were examined from at least three identical experiments (replicates) for each
irradiation configuration and ~4000 cells analyzed for each sample [27]. Sham-irradiated SlideFlasks
were handled in the same way as the test cultures in the irradiation hall, left under the cooling flux,
but were not exposed to neutrons.

3. Dosimetry of the experiments
The dosimetry for each of the irradiations was done according to the following protocol:

i In a first step, AMANDE experimental devices allow a direct time reconstruction of the
fluence of primary neutrons emitted in the beam axis at a given distance from the
emission source. The fluence values at five meters from the source are measured by a
long counter named PLC. The measurement method and reconstruction of the fluence
has been detailed in [36]. For each irradiation, the fluence at the entrance of the
SlideFlask (three centimeters from the emission source), on the beam axis, integrated
over the 10 minutes of irradiation is reconstructed.

ii. In parallel, thanks to a succession of Monte Carlo simulations described in [17], the
conversion factors, one for each irradiation configuration, are obtained as shown in Table
1. The scoring volume for the absorbed dose in the population corresponds to the surface
experimentally analyzed of dimension 2.08 cm x 0.1 cm by the typical thickness of the
monolayer cell population (0.2 um), centered on the SlideFlask.



Table 1: Conversion factor expressed in 10" Gray per primary neutron at the fluence
reconstruction distance from the source (3 cm).

Configurations | Conversion factor (10"? Gy/primary neutron)
15.1 MeV - IR1 37.51
15.1 MeV - IR2 20.13
2.5 MeV - IR1 17.47
2.5 MeV - IR2 8.98

ii. The fluence, the energy and the incidence of the beam of primary neutrons are
homogenous on the area of the analyzed cells in all the irradiation configurations. For
each configuration, three independent irradiations were performed, thus, the mean dose
delivered to the analyzed cells for the twelve irradiations (4 configurations x 3 replicas)
according to the fluence, reconstructed from PLC counting, during each irradiation is
presented in Table 2.

Table 2: Measured fluences and corresponding calculated absorbed dose in the experiments.
In the middle column, the fluences reconstructed at 3 cm, from PLC counting, from the beam
for each irradiation expressed in 10° primary neutrons per cm’ with the associated
measurement uncertainty. In the right column, the absorbed dose delivered to the analyzed
cells of the irradiated population.

Configurations | Fluence (10° neutron/cm?) | Absorbed dose (mGy)
2.04+/-0.27 76.52+/-10.13
15.1 MeV - IR1 3.18+/-0.44 119.28+/- 16.50
3.05+/- 0.42 114.41+/- 15.75
2.07+/-0.28 41.67+/-5.64
15.1 MeV - IR2 3.29+/-0.45 66.24+/-9.06
3.04+/-0.42 61.20+/- 8.46
4.10+4/-0.53 71.65+/-9.26
2.5 MeV - IR1 4.01+/-0.52 70.07 +/- 9.09
4.16+/-0.55 72.69+/-9.61
4.06+/-0.53 36.48+/-4.76
2.5 MeV - IR2 4.07+/-0.53 36.57+/-4.76
4.16+/-0.55 37.38+/-4.94

4. Damage modeling

In order to validate the MINAS TIRITH tool, the topology of the radio-induced DNA damage for the
different irradiation configurations has been simulated. To do this, a simulation of each of the
irradiation conditions was made for the experimentally delivered absorbed dose. As input to these
simulations, the energy and incidence spectra of secondary charged particles at the surface of the
cell nuclear volumes in the four irradiation configurations were used. These spectra were acquired
according to the method described in 2.ii and in [17]. Then, the topology of the cell-by-cell radiation-
induced DNA damage for each irradiated population (4 configurations x 3 replicas = 12 irradiated
populations at absorbed doses given in Table 2) was simulated. This modeling was limited to the DNA
DSB distribution, as the DNA SSB distribution is not observed in the experiments. As an example,
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Figure 2 shows the distribution of tracks and DSBs, visualized in 2D using a visualization tool
developed on Matlab, for 12 cells for the first replica of the 2.5 MeV-IR1 configuration.

Step i bis : 3D visualisation

Cell population

Step i : DSB mapping in 2D

— Track

cluster
Simulated focus

Figure 2: Example of damage calculated at population level and visualized for 12 cells out of
15,0000 in two dimensions. Focusing on one cell, we illustrate the method of forming simulated
foci from DSB topologies.

In order to have a more direct comparison of the experimental and simulated results, the
simulated DSB topology has to be converted into y-H2AX foci topology. However, in sham-treated
samples, a significant number of cells in the Gy/G; phase of the cell cycle harbored foci. Thus, in order
to include the y-H2AX foci noise in the simulation, the following protocol was applied for each
simulated configuration and each step is illustrated in Figure 2:

The DSB topology is collapsed in 2D, in the plane perpendicular to the beam axis. This
allows to reproduce the observation configuration in which the experimental images are
acquired.

Each DSB forms a circular y-H2AX focus with a diameter Dy, initially equal to a chosen
parameter D, ster and a barycenter located at the DSB location. The assumption is
made that all induced DSB are signaled at the time of experimental observation of the y-
H2AX foci topology. This assumption is made because the experimental data were
acquired at the post-irradiation time on which the maximum of signal is observed, i.e. 30
minutes post-irradiation [28].

If two foci partially overlap or intersect, the two foci are clustered into a single focus with
a barycenter juxtaposed to the barycenter of all the DSB that composed each of the two
foci. This new focus is also considered as circular, with a radius equal to the distance

between the focus barycenter and the most far DSB location added to W. This

operation is repeated until all foci within a cell are distinct.

D 2
The area of each focus is estimated to be equal to (%) .



V. Finally, A background number of foci generated by random sampling based on the

distribution of (pooled) sham data shown in Figure 3 is randomly added to each cell in the
simulation. This step aims at simulating the y-H2AX foci background that cannot be

differentiated from the radio-induced foci experimentally.
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Figure 3: Distribution of the number of y-H2AX foci per cell for non-irradiated populations. Error
bars represent the mean error on each bin of the distribution induced by variability between
pooled shams.

The value of the clustering distance D, stor has a strong influence on the distributions of the
number of foci per cell in the cell population. A study of the impact of this parameter was carried out
over a range of values from 0.2 to 0.8 micrometers. As the form of simulated foci distributions is
linearly dependant of the value of the D, sterr Parameter, only the results obtained with the limit
values (0.2 and 0.8 micrometers) and the selected value (0.4 micrometers) are presented. In the
results section, a comparison between experimental and modeled results is presented for the four
irradiation configurations.

Results

1. Evaluation of the reconstruction of spectra by interpolation
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Figure 4: MAPE indicator values when reconstructing F (p,é/z DSBZOC) (blue) and F (p.f/:"/z SSBIOC)

(red) spectra for each p (electrons, protons, and alpha particles) and E; (x-axis) in the database.
Note: scales of each graph are different.

Evaluation of the interpolation reconstruction error of the F(p

/DSBiyc ) and F (

/¢S
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spectra shown in Figure 4 was performed using the MAPE indicator. For protons and alpha particles,
the indicator is less than 5% over the entire energy range for SSB and DSB. For electrons, the

indicator is less than 5% over the entire energy range for SSB, except for the F (e-_3 ke/‘;SSBloc)
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spectrum for which it is around 6%, and less than 10% for DSB, except for the F (e_’65 ke/‘fDSBlOC)

spectrum for which it is around 11%. It is important to remember that the method used to evaluate
the quality of the reconstruction by interpolation of the spectra represents a conservative value of
the error for the whole energy range, as explained in [17].

Figure 5: On the first line, MAPE indicator values when reconstructing F(,, £:DSBy,.) (blue)

and F (p_ ELISSBZOC) (red) spectra for each p (electrons, protons, and alpha particles) and E; (x-
axis) in the database. On the second line, the mean values of *DSB,,. and +SSB,,. on the
whole energy range. Note: scales of each graph are different.

For electrons, a MAPE indicator around 5% is observed for F(e—,ELlSSBlOC) on the entire energy
range, except for F(e—’3 ke#SSBloc) spectrum for which it is around 25%. The same tendency is
observed for F(e—‘EllDSBlOC) with a MAPE indicator lower than 15% on the whole range and a very

high value (up to 100%) for F(e—,3 keﬁDSBloc). For protons and alpha particles the MAPE indicator
value is globally less than 20% overall E; except for some specific points

F( 1 03 mevSSBuoc ) F( 1 03 wevDSBroc )» Fa35 merSSBroc) and F((g3.5 metDSBioc)- Al the
points for which the MAPE indicator value is high are around the inflexion point of the mean of
1Damage,,. curves. For all the points with high MAPE highlighted in this paragraph, the absolute
value of the *Damage;,. remains below 20 nanometers, as it can be seen in the second row of
Figure 5.
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2. Time saving factor allowed by MINAS TIRITH in comparison to Geant4-DNA damage simulation
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Figure 6: Time saving by MINAS TIRITH including damage location compared to the Geant4-
DNA based simulation chain over the whole energy range and for each particle type.

Figure 6 shows the time saving factor for damage calculation with location for a single track with
the MINAS TIRITH tool compared to the simulation time with the complete Monte Carlo simulation
chain developed at the IRSN. MINAS TIRITH offers a time saving factor upper than 1,000 for most of
the energy range for protons and alphas. For electrons, this time saving factor is between 100 and
1,000 for most of the energy range (upper than 1,000 around 10 keV and lower than 100 at 1 keV).

3. Influence of the clustering distance on foci number
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Figure 7: Proportion of cells in the population (y-axis) with a given number of foci per cell (x-
axis) for different clustering distances (0.2 um in yellow, 0.4 um in blue and 0.8 um in green) for
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the four irradiation configurations. Error bars represent the mean error on each bin of the
distribution induced by variability between the three simulated doses (replicas).

The distribution of cell nuclei is plotted as a function of the number of simulated foci they contain
for different clustering distances in Figure 7. Each bin of these distributions is obtained taking the
mean of the three simulated replicas of a given irradiation configuration. The associated
uncertainties plotted represent the error on the mean. As expected, the proportion of cells without
foci does not depend on the clustering distance. On the other hand, for each irradiation
configuration, the proportion of cells with one or two foci increases with clustering distance.
Consequently, the proportion of cells with three or more foci decreases with the clustering distance.
From a more global point of view, as the clustering distance increases, the mean number of foci per
cell decreases. This decrease results in a change in the shape of the distribution of the number of foci
per cell in the population. Furthermore, it is important to note that with respect to the uncertainties
presented in Figure 7, the differences in the distributions of the number of foci are significant for the
2.5 MeV-IR1 and 2.5 MeV-IR2 configurations. This is not the case for the differences observed in the
distributions of the 15.1 MeV-IR1 and 15.1 MeV-IR2 configurations.

4. Comparison of foci distribution and areas between experimental and simulated data
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Figure 8: Comparison of cell proportion in the population (y-axis) with a given number of foci
per cell (x-axis) between y-H2AX experimental data (in red) and simulation data obtained using
MINAS TIRITH tool (in blue), with clustering distance equal to 0.4 um, in the four irradiation
configurations.

Percentage of cell nuclei with n foci

The experimental and simulated distributions of foci per cell for the four irradiation configurations
are compared in Figure 8. Each bin of these distributions is obtained taking the mean of the three
irradiation replicas either performed or simulated for a given irradiation configuration. The
associated uncertainties represent the errors of the mean. These uncertainties for the experimental
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data are larger at 15.1 MeV than at 2.5 MeV for either the IR1 or IR2 configurations. This is also the
case for the simulated data. For the four configurations, the uncertainties are smaller in simulation
than in the experimental data. Moreover, an excess of cells of cells with only one focus is observed in
simulation compared to the experimental data. In the same way, we observed a lower proportion of
cells having no foci in the simulated data than in the experimental data. The proportions of simulated
cells with two or more foci are very close to the experimental data in the four irradiation
configurations.

Table 3: Mean foci areas for experimental (Exp.) and simulated with clustering distance equal
to 0.4 um (Sim.) data. Mean errors for the simulated data are lower than 0.01 um?.

Configuration | Exp. mean areas of foci (um2) | Sim. mean areas of foci (um?)
15.1 MeV - IR1 0.77 £0.13 0.26
15.1 MeV - IR2 0.69 £0.14 0.20
2.5 MeV - IR1 0.54 +£0.20 0.25
2.5 MeV - IR2 0.53 +£0.22 0.24

Table 3 presents the mean foci areas for the simulated and the experimental data. The mean foci
areas in the experimental data are significantly higher than the foci areas obtained with the
simulation in all four irradiation configurations. Those are the result proximity of the simulated DSBs
and the chosen clustering distance to convert DSBs into simulated foci. For the configurations at 2.5
MeV, the mean foci areas for both IR1 and IR2 configurations are very close, and this is well
reproduced in the simulation even if the absolute value is lower. For the 15.1 MeV configurations,
the mean foci area is larger in IR1 than in IR2 in both, simulation and experimental data.
Nevertheless, this phenomenon is only a tendency for the experimental data because the difference
is not statistically significant.

Discussion

The validation of damage distribution simulation in MINAS TIRITH requires the addition of a
damage location module to the tool. In this study, we presented the method developed to this end
that is based on the generation of DNA damage spectra on a cell nucleus using the complete Monte
Carlo simulation chain [14] based on Geant4-DNA. Prior to validating the location of distributed DNA
damage events in MINAS TIRITH by comparing with experimental data, the accuracy of the spectra
reconstruction through interpolation over the energy and particle range of the tool was assessed
using the MAPE indicator. The position of each damage was analyzed by decomposing it into a
parallel and a perpendicular component to the track that caused the damage. Our results
demonstrate that the reconstruction of F(//Damage,,.) spectra is highly reliable with a MAPE
indicator of less than 10%, as shown in Figure 4, across the entire range of the MINAS TIRITH tool.
This indicates that the position of the damage in the parallel component to the track can be sampled
from a reconstructed spectrum with a high degree of reliability. However, the reconstruction of
spectra for the perpendicular component to the track is less reliable, as demonstrated in Figure 5,
with certain energies for each particle, where the MAPE indicator exceeds 100% for electrons and
protons, and 40% for alphas. We attribute this discrepancy in the reconstruction of F(lDa@eloc)
spectra at specific energies for each of these particles to the inflection point of the interpolation
curves over the energy range, which leads to large values of the MAPE indicator for each of them,
induced by the evaluation method of spectrum reconstruction. The removal of these data points
from the analysis of their reconstructions strongly impacts the shape of the interpolation. Moreover,
the value of the perpendicular component (Figure 4) is small compared to that of the parallel
component modulated by the track chord length which is of the order of magnitude of the size of the
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endothelial nucleus. Overall, regarding the accuracy of the reconstruction by interpolation method,
the damage location with MINAS TIRITH is consistent with the damage location obtained at the scale
of a single cell nucleus using the simulation chain based on Geant4-DNA.

The modeling of damage topology with Geant4-DNA has never been directly validated
experimentally in terms of spatial position of the damage. This is primarily due to the limitation that
this observable cannot be measured by direct observation through biological experiments. Pulsed
field electrophoresis enables the quantification of the size of genome segments resulting from
irradiation and allows for the validation of the relative distance between two damage events, but not
their absolute spatial distribution within the cell nucleus. The distribution of y-H2AX foci can be used
to infer the spatial position of the Double Strand Breaks damage, even some limitation must be taken
into account [31]. However, this technique does not allow for the direct observation of the position
of the damage, but instead detects the phosphorylation of the serine 139 of the histone H2AX using
immunoassays which spreads up to 1-2 Mbp away around the DSB. This signal is detected via
microscopic imaging and is expressed as a bright spot on an image. However, this spot is not
punctual, leading to a detection limit in terms of resolution due to the proximity of DSBs. Two DSBs
that are too close spatially will be detected as a single focus in the analysis of experimental results,
mostly in 2D images. Moreover, experimental biases such as the background in terms of y-H2AX
signaling or kinetics of y-H2AX appearance and disappearance according to the quality of ionizing
particles further complicate the interpretation of the detected signal, which may not be entirely
attributable to radiation-induced DSBs. In conclusion, the validation of the spatial position of
damage for modeling damage topology with any Monte Carlo track structure code remains a
challenging task due to the limitations of the available experimental techniques. Other work focusing
on the relative position of foci within cells will be the subject of a dedicated publication.

Aiming to achieve a high level of agreement with biological observations and experimentally
validate the location and number of damages yielded by MINAS TIRITH, the simulated results were
post-processed on a similar way to those presented in Gonon et al. [28] Barbieri et al. [29]. A new
fitting parameter Do Was introduced to simulate the experimental detection limit of distinct
DSBs related to non-punctual signaling by a y-H2AX focus. The impact of this parameter on the
simulated results is analyzed in Figure 7. The results indicate that the D j,ster distance strongly
influences the simulated outcome. Specifically, increasing the D jqter distance resulted in a
decreased mean number of foci per cell, which directly affected the distribution of foci per cell
increasing the proportion of cells with only one nucleus. To validate the MINAS TIRITH tool, the
Dcyster distance was set at 0.4 micrometers. This distance was chosen based on the experimental
data but remains in agreement with what is reported in the literature [29].

Comparison of experimental and simulated data in four different irradiation configurations
showed a very good agreement between the two datasets when the D ;,ster distance is set to 0.4
pm. Simulated foci distributions were found to be very close to the experimentally observed
distributions. However, the simulation systematically exhibited a lower proportion of cells with no
foci and inversely, a higher proportion of cells with a single focus, which could be attributed to the
possibility that cells with low damage (resulting in a single focus), may have repaired their DNA prior
to experimental observation. Additionally, the uncertainty around the simulated distributions was
observed to be larger at 15.1 MeV than at 2.5 MeV. This could be due to the heterogeneity of the
delivered absorbed doses between the three irradiation replicas of each configuration at 15.1 MeV
(Table 2). Furthermore, the larger number of cells analyzed in the simulation (15,000 cell nuclei) than
in the experiments (between 3000 and 15,000 cell nuclei) resulted in reduced statistical
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uncertainties. Overall, the good agreement between the simulated and experimental data in terms of
foci distribution validates the damage location method developed in MINAS TIRITH.

This study provides insights into the accuracy of assumptions made in defining foci in modeling,
specifically with regards to the comparison of the mean area (Table 3) of experimentally observed
and simulated foci. Our findings indicate that the assumptions made to define foci in modeling are
too restrictive as the areas of the simulated foci are smaller. This could be mainly due to the difficulty
of modeling the non-uniform intensity profile of each focus observed experimentally. As a result, two
foci that partly overlap can be differentiated in experimental analysis using specialized software.
Despite this limitation, our simulation faithfully reproduces the experimental observation that the
average foci area is higher in the 15.1 MeV-IR1 configuration compared to the 15.1 MeV-IR2
configuration. Furthermore, the average foci area between the 2.5 MeV-IR1 configuration and the
2.5 MeV-IR2 configuration is almost equal in both simulation and experiment. This suggests that the
clustering of DSBs in the model is done with a realistic distance D j,ster that joins the damage in
larger foci, as observed during experiments. This study highlights the importance of carefully
considering the assumptions made when modeling foci and the limitations of such procedure. To
reach a better comparison between simulated and experimental results, the code proposed by
Ingram et al. could be used [32].

Importantly, MINAS TIRITH provides a significant time saving factor, with simulation times
approximately 1000-fold faster than those based on the Geant4-DNA track structure code, as
presented in Figure 6. This significant reduction in simulation time allows for modeling at a higher
scale and provides a greater understanding of the mechanisms of DNA damage induction. The ability
to model at this higher scale has important implications for the development of new models of cell
fate, considering input data that is closer to reality. Such models will provide more accurate
predictions of cellular responses to radiation, which is critical for applications such as cancer therapy
and radiation protection. Some of these models, such as the Microdosimetric Kinetic Model [37, 38]
or the Local Effect Model [39], take dosimetric distributions or damage calculation as input data. It is
interesting to note that the scale on which these models operate is of the same order of magnitude
as the dimensions on which the formation of foci is calculated in this study. This makes MINAS TIRITH
a good candidate for feeding this type of model.

Conclusion

Our study aimed to assess the ability of MINAS TIRITH to accurately model radiation-induced DNA
damage distribution at the scale of a cell population. Our results demonstrate that MINAS TIRITH
faithfully reproduces the variability of dose distribution and DSBs occurrence, as evidenced by the
comparison of experimental and simulated data. The experimental data taken for the validation are
the foci distributions resulting from monoenergetic neutron irradiations on endothelial cell
populations. The dosimetric characterization of the irradiation is also presented. To perform the
validation, a new parameter for the comparison was introduced to get a simulated result closer than
the one observed experimentally. This parameter represents the minimum distance between two
DSB allowed by microscopic observation. In summary, our findings demonstrate that MINAS TIRITH
is a valuable tool for modeling radiation-induced damage at the scale of a cell population, providing
significant timesaving and enabling the development of models of cell fate considering the
population behavior. This work represents an important step towards improving the accuracy and
validity of models used in radiation research and related applications. To expand upon these findings,
another article in preparation will focus on the biological effect of the neutrons irradiations taking
into account the complexities of mixed-field radiation that enabled MINAS TIRITH to be validated. In

15



this new study, MINAS TIRITH will be used to gain a deeper understanding of the experimental
results analyzed to discuss the different biological effects induced in the different irradiation
configurations.
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