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Mapping neutron biological
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We present new developments for an ab-initio model of the neutron relative biological effectiveness
(RBE) in inducing specific classes of DNA damage. RBE is evaluated as a function of the incident
neutron energy and of the depth inside a human-sized reference spherical phantom. The adopted
mechanistic approach traces neutron RBE back to its origin, i.e. neutron physical interactions with
biological tissues. To this aim, we combined the simulation of radiation transport through biological
matter, performed with the Monte Carlo code PHITS, and the prediction of DNA damage using
analytical formulas, which ground on a large database of biophysical radiation track structure
simulations performed with the code PARTRAC. In particular, two classes of DNA damage were
considered: sites and clusters of double-strand breaks (DSBs), which are known to be correlated with
cell fate following radiation exposure. Within a coherent modelling framework, this approach tackles
the variation of neutron RBE in a wide energy range, from thermal neutrons to neutrons of hundreds
of GeV, and reproduces effects related to depth in the human-sized receptor, as well as to the receptor
size itself. Besides providing a better mechanistic understanding of neutron biological effectiveness,
the new model can support better-informed decisions for radiation protection: indeed, current neutron
weighting (ICRP)/quality (U.S. NRC) factors might be insufficient for use in some radiation protection
applications, because they do not account for depth. RBE predictions obtained with the reported
model were successfully compared to the currently adopted radiation protection standards when the
depth information is not relevant (at the shallowest depth in the phantom or for very high energy
neutrons). However, our results demonstrate that great care is needed when applying weighting
factors as a function of incident neutron energy only, not explicitly considering RBE variation in the
target. Finally, to facilitate the use of our results, we propose look-up RBE tables, explicitly considering
the depth variable, and an analytical representation of the maximal RBE vs. neutron energy.

Neutrons are indirectly ionizing radiation, since they carry no charge and therefore cannot interact with atomic
electrons in matter via Coulomb force, which is the dominant energy loss process for charged particles. For this
reason, e.g. a neutron in the MeV energy range may travel through biological matter several centimeters without
any energy loss or change in direction. Neutron interactions occur with atomic nuclei of the target material: as
a result, the neutron can be totally absorbed, with the emission of secondary radiation, or significantly change
its energy or direction!. The mixed radiation field generated by neutron interactions consists of photons and
charged particles, produced via neutron-induced nuclear reactions, and target recoiling nuclei that gain energy
via neutron collisions. The relative probability (cross-section) of a specific nuclear reaction, thus of the production
of a specific secondary radiation, is strongly dependent on the neutron incoming energy. This deserves special
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attention, in particular for its biological implications: the amount of energy deposited by radiation is generally
quantified in terms of physical absorbed dose, i.e. energy deposited per unit mass. However, it is well known
that equal doses of different radiation qualities produce different biological effects, and this is mainly due to the
different energy deposition pattern at the microscopic/nanoscopic scale?.

The relative biological effectiveness (RBE) is a quantity introduced in radiation biology to compare biological
effects of different radiation qualities. It is defined as the ratio between the doses of a reference and a test
radiation needed to produce the same biological effects. Low-LET radiation, in particular from °Co ~-rays or
250 kVp X-rays, is generally chosen as the reference. From its definition it is clear that the RBE of a test radiation
depends (among other factors) on the biological effect (endpoint) considered. Experimental RBE measurements
provide information for the definition of the so-called radiation weighting factors wg, which are used in
radiation protection to convert physical absorbed dose into equivalent dose, thus accounting for the differences
in biological effectiveness of different radiation qualities. Radiation weighting factors have been established and
are constantly being revised by the International Commission for Radiation Protection (ICRP). Their values are
agreed upon by the Commission and the radiation protection community to be representative of the maximal
RBE of the test radiation in inducing stochastic effects at low-doses®*. As explicitly stated by the ICRP, wr
should be intended only for radiation protection purposes but not for risk assessment, since, for the sake of
simplicity, they are provided irrespective of endpoint, dose rate, tissue etc. Ideally, the determination of wr
values would be predominantly based on RBE data from in-vivo investigations related to stochastic effects. In-
vitro studies with cells provide important mechanistic understanding, but RBE values obtained in these studies
might not be clearly correlated with carcinogenesis in humans. However, only limited data are available from
animal studies (and from epidemiological studies) in the range of radiation qualities of interest. The strategy to
establish weighting factors is therefore based on obtaining a quality factor dependence on LET (Q(L)), mainly
based on in-vitro experiments, then used to calculate a mean Q value for the human body, which in turn is
used to estimate weighting factors. This is especially the case for protons, heavy ions, and, to some extent, for
neutrons*,

In light of the above discussion, it is clear that neutron RBE, and therefore radiation weighting factors wg,
depend on neutron energy. This is a direct consequence of the strong dependence of the secondary mixed
radiation field, generated by neutron interactions through matter, on neutron incoming energy. This aspect,
together with the examination and inclusion of new available experimental data, represents the reason why the
adopted radiation protection standards for neutrons undergo steady reviewing. As a relevant example, neutron
wr’s have been re-evaluated from ICRP Publication 60, published in 1991,3 to ICRP Publication 92 in 2003°: the
original values were obtained translating the results from in-vivo mice experiments to humans without properly
taking into account the increased photon component of the neutron dose, when low-energy neutrons interact in
alarger size receptor. Indeed, particular attention should be paid to the target dimensions: large target sizes might
result in neutron moderation, which in turns implies a change in energy and hence in biological effectiveness.
In ICRP Publication 92 the previously given discontinuous function of neutron energy was also substituted with
a continuous analytical parameterization of wr: this better reflects the characteristics of experimental setups
used to obtain radiobiological data, as neutron sources are never strictly monoenergetic, and becomes more
practical for radiation protection implementations, as folding of energy distributions with wr functions might
be needed. Going from ICRP Publication 92 to ICRP Publication 103%, wpg, values for neutrons above 1 GeV have
also been further reduced and set to an asymptotic value, based on theoretical expectations, as experimental
radiobiological data for neutrons of such high energies are basically impossible to obtain.

When comparing ICRP neutron weighting factors to the analogous U.S. NRC neutron quality factors®,
adopted in the US radiation protection system, it is clearly noticeable how radiation protection standards are
also dependent on the experimental data-set selected for their evaluation’. While the two standards agree on
biological effectiveness of neutrons being maximal at energies around 1 MeV, the corresponding absolute values
of weighting and quality factors differ by a factor of two. Furthermore, in the U.S. NRC standard, a second peak
of effectiveness for neutrons around 20 MeV is considered, which is absent in the ICRP data. Finally, and most
importantly for the application of results presented in this work, current radiation protection standards for
neutrons do not explicitly take into account the depth in the exposed human subject, as weighting or quality
factors are established as a function of incident neutron energy only. As such, they might be insufficient for use
in many relevant radiation protection scenarios, as the possible RBE variation in the target is not properly taken
into account.

In this framework, theoretical approaches aiming at tracing back neutron biological effectiveness to primary
neutron interactions can be of great help. Thus far, few neutron RBE models exist in the literature, some related
to neutron therapy applications®’, up to a recent RBE model for the DNA damage induction!. A first model
based on a fully mechanistic approach was proposed by Baiocco et al.'!, to determine the energy dependence
of neutron RBE for DNA damage, specifically considering as damage endpoint clusters of double-strand breaks
(at least 2 DSBs within a genomic lenght of 25 bp). In recent works'>!3, a similar approach has been used to
model the neutron RBE for the induction of DNA damage, showing a substantial agreement in the RBE energy
dependence, though generally lower RBE values with respect to those found in Baiocco et al.!!.

The work presented here follows and updates the modelling strategy proposed in Baiocco et al.'!, coupling
the capabilities of different simulation approaches: the Monte Carlo transport code PHITS' has been used
characterize neutron interactions inside a biological target of a human size. The characterization of energy
deposition by secondary species in the neutron-induced mixed field has been conducted at the sub-cellular level
with a microdosimetry approach. Such information has then been used to predict the DNA damage as a function
of neutron energy, using analytical functions that capture how yields of DSB sites and clusters depend on the
linear energy transfer at the cell nucleus scale'. These functions were derived from a large database of Monte
Carlo track-structure simulation results obtained with the code PARTRAC!®"!8, Neutron RBE values for the
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induction of different classes of DNA damage have finally been evaluated, comparing predicted neutron effects
to those due to a reference radiation.

With respect to the previous model, the spatial variation of neutron RBE has now been fully mapped in
a large-sized receptor, allowing in perspective for the correlation between predicted DNA damage endpoints
and associated biological consequences at different depths (hence, organs) in an exposed subject. The neutron
energy range for RBE evaluation has also been extended, both below the thermal energy of ~ 25 meV and in
the high energy region, up to 100 GeV. Refined and more accurate analytical formulas of DNA damage vs. linear
energy transfer in the cell nucleus have been used. DSB sites have been included as a relevant class of DNA
damage, as their simulated yields as a function of LET show the typical behaviour of the RBE for cell killing,
with ion-specific peaks in the range 100-200 keV/um, thus reproducing the so-called overkilling effect. DSB
clusters are still considered: the relevance of clustered DNA damage is well recognised within the radiation
biology community'®-!, and the induction of this kind of damage also leads to the maximal RBE, which is of
interest for radiation protection applications. Overall, these new developments widen the possible scenarios to
obtain neutron RBE predictions, with a full mapping of the dependence on energy and depth in a human-sized
receptor, also reproducing the dependence on the receptor size. To facilitate the use of our results, look-up tables
of neutron RBE values, explicitly considering the depth variable, and an analytical representation of the maximal
RBE vs. incident energy are finally proposed. This model can provide predictions to be benchmarked againts
experimental radiobiological data, with the potential, in perspective, to inform RBE—risk correlations and the
work of radiation protection commissions.

Methods

We adopted the strategy presented in Baiocco et al.'!, based on the coupling of radiation transport and track-
structure simulations, with the introduction of refinements, specifically concerning the spatial mapping of
neutron-induced DNA damage yields and RBE in the full geometry of the human-sized receptor, and the use of
new analytical functions to predict DNA damage.

Neutron transport calculations with PHITS in a human-sized phantom

Simulations were performed using the Monte Carlo radiation transport code PHITS (Particle and Heavy Ion
Transport code System, v. 3.22)'4, able to deal with the transport of all particles over wide energy ranges, using
several reaction models and data libraries?>?*. The so-called Event Generator Mode?*, calculating event-by-
event quantities using cross-sections from the evaluated nuclear data library JENDL-4.0, was used for neutron
incident energies below 20 MeV. For higher neutron energies, JAM and JAMQMD models are implemented to
simulate particle-induced reactions up to 3 GeV and nucleus-nucleus collisions, respectively.

We simulated the exposure of an ICRU sphere to monoenergetic and isotropic neutron sources (see panel
(a) of Fig. 1) in the energy range 10™5-10° MeV. All neutron energy values E,, are listed explicitly in Table 1.
Neutrons are emitted using the isotropic source option available in the PHITS source input (dir = iso), directly at
the phantom external surface. The ICRU sphere is a simple but commonly adopted reference phantom, made of
ICRUA44 soft tissue? and with radius R = 15 cm, representative of the human trunk. In this work, the sphere has
been further divided into 15 isocentric shells, 1 cm thick, considered as different scoring regions. The spherical
shell geometry is chosen to take into account the depth in the phantom, considering the phantom symmetry and
the isotropy of the radiation field. All quantities of interest have been calculated for each shell, thus obtaining a
full set of results as a function of the depth. The thickness of the layer has been set to 1 cm, particularly to provide

(a) (b)

r]eUtror.

Fig. 1. Panel (a): illustration of the irradiation geometry of the ICRU sphere phantom (in pink), in an isotropic
monoenergetic neutron field (blue circle as the neutron source surface, corresponding to the phantom external
surface, and arrows as neutron directions). Panel (b): three-dimensional view of the spherical phantom
software implementation in PHITS, with a cut-away section to show the inner structure with 15 isocentric
shell regions. Representative regions referred to in the text as the outermost (#1, average depth: 0.5 cm),
intermediate (#8, average depth: 7.5 cm) and innermost (#15, average depth: 14.5 cm) ones are also indicated
in the Figure. The elemental composition of the ICRU-44 tissue is: H(10.2%) + C(14.3%) + N(3.4%) +
0(70.8%) + Na(0.2%) + P(0.3%) + S(0.3%) + C1(0.2%) + K(0.3%).

shell #:
1: outermost
8: intermediate
15: innermost
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neutron RBE (DSB clusters)

shell § [mean depth (cm)]

En(MeV) | 1[0.5] | 2[1.5] | 3[2.5] | 4[3.5] | 5[4.5] | 6[5.5] | 7[6.5] | 8[7.5] | 9[8.5] | 10[9.5] | 11[10.5] | 12[11.5] | 13[12.5] | 14[13.5] | 15[14.5]
10~8 4.1 2.9 2.5 2.3 2.0 1.9 1.8 1.7 1.6 1.6 1.5 1.5 1.4 1.5 1.6
10~7 3.4 3.0 2.6 2.4 2.2 2.0 1.9 1.8 1.7 1.6 1.5 15 1.4 1.4 13
10~6 3.0 3.0 2.8 2.6 23 2.1 2.0 1.8 1.7 1.7 1.6 1.6 1.5 1.6 1.6
0.0001 24 2.8 2.8 2.7 2.5 2.3 22 2.0 1.9 1.8 1.7 1.7 1.6 1.6 15
0.001 2.0 2.6 2.7 2.7 2.5 24 22 2.1 2.0 1.9 1.8 1.7 1.7 1.6 1.9
0.01 2.3 23 2.5 2.6 2.5 24 23 2.2 2.1 2.0 1.9 1.8 1.8 1.8 1.7
0.1 10.0 6.7 4.6 3.5 2.9 2.6 24 23 2.1 2.1 2.0 1.9 1.9 1.8 1.8
0.2 14.5 11.0 8.3 6.0 4.5 35 29 2.6 24 2.2 22 2.0 1.9 1.9 2.2
0.5 16.1 14.7 13.1 11.3 9.4 7.8 6.4 53 4.5 3.8 35 3.0 2.7 2.7 2.8
0.8 14.2 13.8 13.2 12.2 11.2 10.1 8.9 7.8 7.1 6.3 5.7 53 4.9 4.6 39
1 13.8 13.6 13.1 12.3 11.4 10.3 9.2 8.3 7.3 6.7 59 55 5.0 4.8 4.3
2.5 7.6 8.0 8.2 8.3 8.4 8.5 8.4 8.4 8.3 8.1 8.2 8.0 8.1 7.9 8.0
5 6.0 6.2 6.3 6.4 6.5 6.6 6.6 6.6 6.7 6.6 6.7 6.6 6.5 6.6 6.7
7.5 5.6 5.6 5.7 5.7 5.7 5.8 5.8 5.8 5.8 5.8 5.8 59 5.7 5.7 5.7
10 7.1 7.0 6.9 6.8 6.8 6.8 6.6 6.6 6.6 6.8 6.5 6.5 6.5 6.3 6.4
15 8.7 8.4 8.3 8.1 8.1 8.0 8.1 7.8 7.9 7.8 7.8 7.7 7.5 7.8 7.9
17.5 10.3 10.0 9.9 9.6 9.5 9.4 9.4 9.2 9.1 9.1 9.2 9.1 9.0 9.0 8.8
20 11.0 10.4 10.4 10.2 10.1 10.1 10.0 10.1 9.6 9.8 9.7 9.7 9.7 9.7 11.0
22,5 8.9 8.5 8.5 8.4 8.4 8.3 8.3 8.3 8.2 8.2 8.2 8.2 8.2 8.3 8.2
25 8.4 8.2 8.1 7.9 8.1 7.9 7.9 8.1 8.0 7.9 7.8 7.7 7.4 7.6 8.2
50 6.6 5.9 6.0 6.0 6.0 6.1 6.0 59 6.0 5.9 59 6.2 6.0 6.2 5.4
100 52 4.6 4.4 4.3 4.3 43 4.3 4.3 4.4 4.2 4.3 4.2 4.2 4.5 4.9
500 3.9 35 3.4 33 32 3.1 3.1 3.1 3.0 3.0 3.0 3.0 3.0 3.0 3.1
1000 3.4 3.1 3.0 2.9 2.8 2.8 2.8 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7
10000 2.6 2.5 24 2.4 2.3 2.3 2.3 23 22 2.2 22 2.2 2.2 22 2.3
100000 2.1 2.0 2.0 2.0 2.0 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 2.0
neutron RBE (DSB sites)
shell §f [mean depth (cm)]

En(MeV) | 1[0.5] | 2[1.5] | 3[2.5] | 4[3.5] | 5[4.5] | 6[5.5] | 7[6.5] | 8[7.5] | 9[8.5] | 10[9.5] | 11[10.5] | 12[11.5] | 13[12.5] | 14[13.5] | 15[14.5]
10~8 1.4 1.2 1.2 1.2 1.2 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
10~7 13 1.3 12 12 1.2 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
10~6 1.3 1.3 1.2 1.2 1.2 1.2 1.2 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
0.0001 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.1 1.1 1.1 1.1 1.1 1.1
0.001 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.1 1.1 1.1 1.1 1.1 1.1
0.01 1.3 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.1 1.1 1.1 1.1 1.1
0.1 2.0 1.7 1.5 1.4 1.3 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.1 1.1 1.1
0.2 23 2.0 1.8 1.6 14 13 1.2 1.2 1.2 1.2 1.2 1.2 1.1 1.1 1.2
0.5 24 2.3 2.1 2.0 1.8 1.7 1.6 1.5 1.4 1.3 1.3 12 1.2 1.2 12
0.8 23 23 2.2 2.1 2.0 1.9 1.8 1.7 1.6 1.5 1.5 1.5 1.4 1.4 1.3
1 23 2.2 2.2 2.1 2.0 1.9 1.8 1.7 1.7 1.6 1.5 1.5 1.4 1.4 14
2.5 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 1.9 1.9 1.9 1.9 1.9 1.9 1.9
5 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8
7.5 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
10 1.6 1.6 1.6 1.6 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
15 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6
17.5 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.7 1.6 1.6 1.7 1.6
20 1.6 1.6 1.7 1.7 1.7 1.7 1.7 1.7 1.6 1.7 1.7 1.7 1.7 1.7 1.7
225 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6
25 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6
50 1.5 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.5 1.4 1.5 14
Continued
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neutron RBE (DSB sites)

shell f [mean depth (cm)]

En(MeV) | 1[0.5] | 2[1.5] | 3[2.5] | 4[3.5] | 5[4.5] | 6[5.5] | 7[6.5] | 8[7.5] | 9[8.5] | 10[9.5] | 11[10.5] | 12[11.5] | 13[12.5] | 14[13.5] | 15[14.5]
100 14 |13 |13 |13 1.3 1.3 1.3 13 (13 |13 13 1.3 1.3 13 13
500 13 (13 |13 |12 |12 |12 |12 |12 |12 |12 12 12 12 12 12
1000 13 |12 |12 |12 |12 12 |12 |12 J12 |12 12 12 12 12 12
10000 12 12 |12 |12 1.2 12 |12 |12 |11 11 11 11 1.1 11 11
100000 1.1 1.1 1.1 1.1 11 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1

Table 1. Model results for the neutron RBE for DSB cluster (upper Table) and DSB site (lower Table)
induction for all tested neutron incident energies (E,) and shells in the phantom. The average depth (in radial
coordinate) for each shell is also reported.

reasonably detailed binning while limiting the simulation cost, and based on other considerations critically
commented in the “Discussion” section. A three-dimensional view of the phantom and inner shells is shown in
Fig. 1 (panel (b)); the tissue composition is also reported in the figure caption.

We characterized with PHITS the secondary mixed charged-particle field, generated by neutron interactions
inside the phantom at the cellular and sub-cellular scales (of note, tertiary electrons account for secondary
photon energy deposition in the simulations). To this aim, we used the microdosimetric tally available in
PHITS: analytical functions implemented in the transport code give probability densities of microdosimetric
quantities, defined in micrometric sensitive sites, in any general macroscopic target volume?®. Specifically, the
dose distribution of the lineal energy has been obtained to describe the energy deposition of neutron-induced
secondary species. For a single event, the lineal energy y is defined as the ratio of the deposited energy in a sensitive
site (here chosen with a diameter of 1 um, roughly corresponding to the linear dimensions of chromosome
domains) to the mean chord length of the site?”-*. The dose distribution of the lineal energy d(y) represents the
probability that the dose d is deposited in the sensitive site with a lineal energy between y and y + dy. The first
moment of the d(y) distribution is referred to as the dose mean lineal energy, Yp: as the expectation value of the
dose distribution of y, this quantity can be interpreted as the single lineal energy value at which, on average, the
dose is deposited to the target.

Within this simulation setup, for each secondary charged particle species s in the neutron-induced mixed
field, we calculated:

o the relative contribution to the total neutron dose Dy, disclosing the relative importance of each species in
delivering dose to the target;

« the dose mean lineal energy yp ,, correlated with its effectiveness in inducing biological (DNA) damage.The
values of such two quantities for different species strongly depend on the neutron incident energy and the po-
sition inside the target. When available for all species, they fully describe the neutron field: the total neutron
dose is the sum of all the dose contributions Dy, and the resulting neutron dose mean lineal energy, yp,,, is
given by the weighted average of yp, values, using as weights the relative dose contributions D.

Throughout this paper, all quantities extracted from PHITS simulations are expressed as a function of neutron
incident energy, regardless of the change in energy with the interactions inside the phantom.

Simulation results are always obtained with a statistics of at least 10° neutrons per run (2000 neutrons per
batch, with 500 simulation batches per neutron energy studied), in order to reduce statistical fluctuations and
keep the relative error under ~10%. Here, statistical uncertainty was considered as given by the PHITS code,
i.e. by the standard deviation of batch results. Uncertainty related to model selection, cross-section database etc.
was not considered.

DNA damage predictions at the cell-nucleus scale

The Monte Carlo track-structure code PARTRAC has been extensively used in previous works, producing
simulation results for the induction of a variety of DNA damage endpoints by different charged particles in a
wide range of initial energies'®"!%. In particular, the more recently published database of simulation results'>!®
considers a lymphocyte-like cell nucleus in its GO/G1 cell cycle phase, containing a software representation of a
6.6 Gbp genetic makeup. The database includes the yields of specific DNA damage classes due to different light
ions: 'H, “He, 7Li, 9Be, !B, 12C, 14N, 160 and ?°Ne, in an energy range from 0.5 GeV/u down to stopping.
DNA damage is simulated both as direct damage, from the energy deposition of radiation to the DNA molecule,
and indirect damage, simulating the production and diffusion of radical species and their attack to the DNA (in
particular, explicitly considering ®*OH radical-mediated damage). As common in radiobiological studies, the
DNA damage yields are analyzed as a function of radiation quality, choosing as indicator an estimation of the
average linear energy transfer in the cell-nucleus volume. More specifically, the simulation setup consists in a 10
pum-diameter spherical cell nucleus, irradiated with ions originating from a tangential circular 10 pm-diameter
source plane. The orientation of the source with respect to the nucleus in the simulation coordinate frame is
changed randomly in each simulation run, thus resulting in an isotropic irradiation. For each simulation run,
the fluence of particles F (number of particles fired per unit surface of the source) and the dose deposited to the
cell nucleus D are stored, so that the average linear energy transfer in the cell nucleus % can be derived from
the following equation:
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where the factor 1.6 - 10~ comes from the chosen units. The application of Eq. (1) provides an estimation of
arestricted LET = “E indicator in the cell nucleus. Its validity is however limited to particles that have enough
initial energy to traverse the whole volume used for the dose evaluation. If particles stop in the cell nucleus, only
the portion of the nucleus traversed by such particles (a spherical cap, whose thickness is given by the particle
range) is considered for the dose and LET estimate in Eq. (1). Of note, this quantity is called LET here and in
previous publications, for the sake of simplicity, though its definition remains specific to this simulation setup.

In Kundrét et al.'>, DNA damage results are given as a function of this LET indicator, and analytical functions
and best-fit parameters (dependent on the class of DNA damage and on the type of particle) are given. These
functions allow a quick evaluation of the expected radiation-induced DNA damage in a cell nucleus, once known
the average linear energy transfer of the kind of charged particle under study in the same cell nucleus volume. In
this work, they are applied to derive the damage induced by charged particles produced by neutron interactions,
finally obtaining neutron-induced DNA damage, as later discussed.

In particular, two specific classes of DNA damage are considered here, both based on the definition of a
double-strand break (DSB), i.e. two strand breaks appearing on opposite DNA strands within a genomic length
of 10 basepairs (bp). We considered: DSB clusters, defined by the presence of at least two DSBs not separated by
more than 25 bp (similar to the definition of DSB++ previously proposed by Nikijoo et al.?*3°). If two or more
DSBs are present within such short genomic length, the damage site is counted as 1 DSB cluster, and, when
scoring clusters, only such complex damage sites are considered; DSB sites, scoring both isolated DSBs and their
clusters, counted as 1 DSB site irrespective of their internal complexity. These definitions have also been adopted
in the previous works, and provide a framework to characterize the overall chromatin breakage as well as local
DSB complexity. The yields of these kinds of damage are described by their dependence on the LET estimated in
the cell nucleus, given by the expression!®:

Yield = (p1 + (p2LET)?®)/(1 + (p4LET)??), (2)

where Yield is per Gy per Gbp (Gy~*Gbp™1), LET in keV/um, and p1-ps are best-fit parameters depending
on the damage considered and on the radiation quality. Best-fit parameters for DSB clusters and sites to be used
in Eq. (2) and the corresponding functions are shown and discussed in detail in Kundrét et al.!>. Parameters
for H were used in this work to estimate the yields of DNA damage induced by deuterons and tritons (only
mild deviations for DNA damage induced by different H isotopes were observed in Kundrat et al.’!), and by
electrons, positrons and pions as well (with low linear energy transfer values, as those reached by high energy
protons). These analytical functions were derived to be applicable in the whole energy range investigated in
PARTRAC simulations, neglecting hooks in the damage damage yields appearing at very low energies in the
distal Bragg peak regions. In this work they are applied to neutron-induced charged secondary products in the
whole neutron energy range explored, as later discussed. The statistical uncertainty of the simulations as well as
the deviations of analytical fits from the simulation results are always below a few percent®.

Coupling neutron transport in the human-sized phantom to the cell-nucleus scale
The previously adopted strategy'! to couple PHITS results on neutron transport (in particular, the microdosimetric
characterization of the secondary charged-particle field induced by neutrons) to the results obtained with
PARTRAC on charged-particle induced DNA damage relies on the assumption that the dose mean lineal energy
calculated by PHITS in a 1 um-diameter sensitive site and averaged on a macroscopic region is an appropriate
indicator of the average linear energy transfer in cell nuclei, as calculated in PARTRAC simulations with Eq. (1).
This assumption has been tested with dedicated PHITS simulations, reproducing the cell nucleus and
irradiation geometry implemented in PARTRAC. The results are presented as Supplementary Material to this
work. We tested the assumption for protons, as the charged particle with the largest contribution to the neutron
dose, and for a heavier ion, namely oxygen, as the most abundant heavy element in the tissue. For both protons
and oxygen, the LET calculated with PARTRAC and yp calculated with PHITS in the cell nucleus are compared
as a function of particle initial energy in Fig. 1S. The largest differences between such two quantities are found
at initial energies higher than ~ 10 MeV/u. However, the associated DNA damage always becomes smaller with
increasing energy (decreasing LET and yp values). In Supplementary Material, Fig. 2S, these differences are
translated into differences in DNA damage yields when analytical functions from Kundrét et al.'® are queried
using LET or yp as independent variables to calculate the yields of DNA damage. Based on the results of these
test simulations, the assumption holds as an approximation, and is used in further modelling steps.

Neutron DNA damage and RBE model

Using the analytical functions from Kundrat et al.!®, the DNA damage yield associated to each charged secondary
species s in the neutron-induced mixed field can be estimated, given the dose mean lineal energy of such species
in the region of interest, yp ,. The sum of all the damage yields, each weighted by the relative contribution of the
secondary species to the total neutron dose Ds, corresponds to the total DNA damage associated to neutrons
Yield,, namely:
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Yield, = Y D.Yield,(y5.) (3)

s

Once the neutron-induced DNA damage is calculated, the model can be developed to calculate the corresponding
RBE. The RBE is defined as the ratio of the dose of a reference radiation, typically low-LET photons, to the dose
of a test radiation required to produce the same effect. It is therefore dependent on the choice of the reference
radiation and on the biological endpoint considered. The ab-initio neutron RBE model refers to and it is based
on the induction of different classes of DNA-damage. The fact that the damage depends on the energy of the
incident neutron makes it necessary to analyze the final RBE dependence on the neutron energy.

When the classes of damage under study are linear with the radiation dose, as is the case for doses up to
hundreds of Gy**~3%, the RBE can be conveniently expressed as the ratio of the damage yield following neutron
irradiation to the damage yield following a low-LET reference radiation, at the same dose. In this work (as also
done previously in Friedland et al.'®), we did not perform dedicated simulations with photons as the reference
radiation, but we instead derived the damage yield following low-LET radiation applying the condition LET
— 0 to Eq. (2), which gives the parameter p;. The assumption underling this approach is that high energy
ions (protons) induce very similar DNA damage patterns and yields as the reference photon radiation does.
This holds true when °Co ~y-rays (or, more generally, photons in the MeV energy range) are used as reference
radiation, while possible adjustments that might be necessary when using kV X-rays as a reference are critically
commented in the “Discussion” section. From these considerations, it follows that the neutron RBE is fully
determined by the damage yield following neutron irradiation Yield,, appropriately rescaled to the damage
yield of the chosen reference radiation. Therefore, the neutron RBE for a particular kind of damage, RBE,,, can
be finally evaluated as:

Yield,
P

RBE, =

(4)

where p; is the parameter entering the analytical expression for that damage class as a function of LET: 6.8 and
0.07 Gy~ GBp ™!, respectively for DSB sites and clusters. The RBE calculation has been performed for each of
the 15 isocentric shells of the phantom, thus mapping its variation as a function of the depth inside the phantom,
allowing to study, in perspective, the correlation of RBE values to possible effects and risk for tissues/organs
located at the corresponding depth inside the human body.

Analytical fit to RBE model results
RBE predictions obtained for the DSB cluster endpoint in the outermost scoring region of the phantom were
fitted via the following expression:
RBE(En) = q1 + g2 exp(—g3(In(Enqa))?)
+ g5 exp(—qs(In(Engr))?)
+ gs exp(— qg(ln( Eng10))?) %)

q11 q
Jr
(In(Enqi3))? + ¢35

+ q1a exp(—q15(In(En exp(qie)))?)

In addition to a constant q1, this is a sum of four Gaussian peaks and a Breit-Wigner peak in logarithmic scale
of neutron energy Eyr; In denotes natural logarithm. The functional form was selected to faithfully reproduce
the simulation results: the main peak around 0.5 MeV, the minor sharp peak around 20 MeV, a basis underlying
these two peaks, and a broad low-energy peak; plus one Breit-Wigner peak to modulate the minor sharp peak
around 20 MeV. The formula does not represent a mechanistic model of neutron RBE, but merely an analytical
formula capturing the results of the performed mechanistic simulations, without aiming to use parameters with
clear physical or biological interpretation or to limit the number of parameters used. The parameters were fitted
with MATLAB, version R2022a%, using a non-linear fitting model (function nlinfit), starting from an educated
guess of their values. Best fit parameter values are: g1 = 2.0384, g2 = 2.041, g3 = 0.0712, g4 = 0.0087, g5 =
14.1637, qs = 0.3131, g7 = 2.5404, gs = 3.1439, qo = 0.611, qi0 = 0.0383, q11 = 4.2598, q12 = 0.2139, qu3 =
0.0538, q14 = 3.1486, 15 = 0.0099 and g6 = 25.0623.

Results

Neutron-induced mixed field: analysis of the energy deposition

The full information on the neutron energy deposition can be summarized in two main pieces of information for
each of the secondary species s of the mixed field produced by neutron interactions inside the human tissue. As
previously discussed, these are the relative dose contribution, D, and the dose mean lineal energy, yp, (1 um),
both derived starting from PHITS calculations. Only charged species have been considered here: the secondary
photon component has been included in the electron contribution, scoring the energy deposited by tertiary
electrons produced by the secondary photon interactions. All quantities are always presented as a function of the
incoming neutron incident energy. Such energy might correspond to the energy of neutrons at interaction only
for the most external shells and/or for energies associated to a long neutron mean free path with respect to the
shell dimension. As the phantom is immersed in an isotropic neutron field, it has not to be forgotten that dose
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to a given shell can be delivered by secondary particles produced elsewhere in the phantom, also from neutrons
coming from all possible directions.

The PHITS simulations provided the total dose D, as well as the contributions of each of the secondary
species D;. The relative dose contribution associated to each species is simply given by the ratio D/ D,,. Panels
(a)-(c) of Fig. 2 show the relative dose contribution as a function of the neutron energy for three representative
positions inside the phantom: the outermost shell (shell #1, panel (a)), an intermediate one (shell #8, panel (b))
and the innermost one (shell #15, panel (c)). Considering charged species up to Z=8, the dose contributions are
virtually exhaustive of the total neutron dose up to neutron energies of 100 MeV, and they still sum up to 95-96%
of the total neutron dose at the highest tested neutron energy.
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Fig. 2. Left panels: relative dose contribution of the secondary charged species in the neutron-induced mixed
field, as simulated with PHITS. Results are shown as a function of the incident neutron energy E,,, for three
representative shell regions of the phantom at different depths: the outermost (shell #1, (a)), the intermediate
one (shell #8, (b)) and the innermost (shell #15, (c)). All neutron energy values E,, are listed explicitly in Table
1. Right panels: relative dose contributions associated to electrons (d) and protons (e) as a function of the
incident neutron energy for all the 15 shell regions of the phantom. Lines are drawn to guide the eye.
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The largest contribution to the neutron dose is given by secondary protons and tertiary electrons generated
by interactions of secondary photons. The dominant process for low-energy neutrons in biological tissues is the
neutron capture on the H nuclei, denoted as p(n,y)d. The neutron is absorbed by a proton, with the production
of a deuterium nucleus and the emission of a v photon of 2.2 MeV, corresponding to the deuteron binding
energy; subsequently, this photon undergoes further interactions, liberating and accelerating tertiary electrons.
The neutron capture cross-section decreases as the neutron energy increases, which translates into a drop of
the relative dose contribution of electrons. This is clearly visible in panel (d) of Fig. 2, where the relative dose
contribution of electrons is shown as a function of the neutron energy E,, for all the 15 shell regions of the
phantom. Moving towards the innermost shell, neutrons have the chance to be moderated upon traversing a larger
tissue thickness, and thus the neutron capture probability increases for higher initial neutron energies: the E,,
value, at which the electron dose contribution drop occurs, increases. The relative dose contribution associated
to deuteron, the recoil product of neutron capture on proton, follows the same behaviour as the electron dose,
but it is several orders of magnitude lower (not shown). After the drop, the deuteron dose contribution starts to
increase again, as new reaction channels open, where d nuclei can be produced. Hence, deuteron contribution
is visible in Fig. 2 (panel (a)) for neutron energies above 20 MeV only. A similar increase happens for electrons,
but to a lesser extent (see Fﬁg 2). The proton dose component for low-energy neutrons originates from neutron
capture on N, "*N(n,p)"*C, with the acceleration of a 14C and a proton, sharing 626 keV of energy gained in
the process. Such process has itself a larger cross section than p(n,y)d capture reactions, but a lower importance
due the relatively low N percentage in the tissue. For both no-threshold neutron capture processes on N and on
protons, the cross-sections decrease with increasing neutron energy. These are the two dominant processes for
low-energy neutrons, responsible for nearly 100% of dose deposited below 10~" MeV. Interestingly, for neutron
energies up to &~ 10~° MeV, neutron capture on 4N and the associated proton component of the neutron dose
show an increasing trend for the outermost shell but decreases in other shells. o particles are seen depositing
dose only above a given threshold for their production, ~ 5 MeV.

For high neutron energies, neutron scattering becomes the dominant process and the neutron can transfer, in
a single collision, a significant amount of energy to target nuclei in the tissue. Due to the kinetics of the process,
the most “efficient” collision happens with H nuclei, where the neutron can transfer all its energy to the target'.
The energy of the accelerated proton will therefore increase with the neutron energy. Panel (e) of Fig. 2 shows
how the proton contribution starts dominating the neutron dose at around E,, ~ 1 MeV. The importance of
heavier elements in depositing dose increases with increasing neutron energy and depends on several factors
such as the relative abundance of the given element in human tissues, its inelastic scattering cross-section with
neutrons and the reaction threshold.

For the highest tested neutron energies, reactions such as electromagnetic showers are possible, and the
relative dose contribution of pions is one of the most relevant.

The second quantity extracted from the PHITS simulations is the dose distribution of the lineal energy, d(y),
for secondary species up to Z=8, in dependence on neutron initial energy. Ions with Z>8 were neglected, due to
their above-discussed small contribution to the neutron dose. As previously discussed, the expectation value of
d(y) is the dose mean lineal energy yp, which can be seen as the average lineal energy at which most of the dose
is deposited. The dose mean lineal energy values of all the species considered as a function of the neutron energy
are shown in Fig. 3 for the same three representative shells in the phantom.

The yp associated to electrons has a low and almost constant value, virtually independent of the neutron
energy and thus of the position in the phantom. Deuteron contribution is constant as well for low E,,, as long
as deuterons are the recoil products of neutron capture on protons, and then it varies as E,, increases and d is
produced via different mechanisms. For E,, lower than roughly 1 MeV, the proton dose mean lineal energy
value is virtually constant and quite high (~60 keV/um, though higher local values, considering smaller
microdosimetric sensitive sites, should be possible), as protons are recoiled with low energies, and then it
decreases as the neutron energy increases (hence, when protons are accelerated at higher energies). o particles
can be observed also in Fig. 3 only over their production threshold, and their yp contribution decreases with
the increasing neutron energy, when the alpha particles are accelerated to higher energies, thus reducing their
stopping power. For heavier species, when they have a low contribution to the total neutron dose (e.g. in the
highest energy neutron range), some fluctuations can be observed also in the dose mean lineal energy values,
due to the poor statistics of associated neutron-induced events.

The neutron dose mean lineal energy, Yp,,, is obtained as the average value of the yp associated to secondary
species, each one weighted by its relative dose contribution. Figure 4 shows yp,, as a function of the incident
neutron energy for the three representative depths in the phantom. A double-peak structure can be observed for
the outermost region of the phantom (in red). The first peak, around E,, ~1 MeV; is due to the high value of the
proton dose mean lineal energy combined with the maximum of the proton relative dose. Such a peak, in more
internal regions of the phantom, becomes lower and shifted toward higher incident neutron energies, resulting
therefore in not being clearly discernible. The second peak, around E,, ~ 20 MeV and visible in all the regions
of the phantom, is due to the rapid increase in the dose mean lineal energy of heavier elements (C, N and O),
coupled to a maximum of their relative dose contribution. It is worth noting that, in the neutron energy region
of the second peak, Y, reaches values higher than 100 keV/pm, which is possible only for low-energy Z>2 ions.
It means that the dose mean lineal energy contribution of slow recoiling nuclei or nuclei produced via nuclear
reactions plays a key role in determining the overall neutron dose mean lineal energy in the high neutron energy
range. In the outermost shell, 75,, shows an increasing trend for neutron energies decreasing from 10™° MeV
down to the thermal neutron region: this is due to the increase in the proton relative dose contribution with
respect to the secondary photon one, and to their associated higher yp.
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Fig. 3. Dose mean lineal energy of the secondary charged particle species composing the neutron-induced
mixed field included, results from PHITS simulation. The Jp contributions are shown as a function of the
incident neutron energy E,,, for three representative shell regions of the phantom: the outermost (shell #1,
panel (a)), the intermediate one (shell #8, panel (b)) and the innermost (shell #15, panel (c)). Lines are drawn
to guide the eye.

Prediction of the neutron-induced DNA damage

The yields of DSB clusters and DSB sites have been calculated with Eq. (2) for each secondary species s. The dose
mean lineal energies yp, values, calculated with PHITS, were assumed representative of the restricted LET at
the cell nucleus scale calculated with PARTRAC (see “Methods” and Supplementary Materials, Figs. 1S and 2S),
and used in Eq. (2) with appropriate ion-dependent p:-ps parameters.

The initial DNA damage yields as a function of neutron energy are presented in Fig. 5 (right vertical axis
scale) for the three representative depths in the phantom. In the energy region considered for the present work,
10™® — 10° MeV, damage yields for the two DNA damage classes vary in the intervals: 0.1-1.1 DSB clusters
Gy~ !Gbp~* and 6.9-16.1 DSB sites Gy~ *Gbp L. For both cases, the maximum value of the damage yield is
associated to an initial neutron energy of 0.5 MeV when considering the outermost shell region of the phantom,
where such value of the incident neutron energy is expected to correspond roughly to the actual energy at
interaction. In this region, as in the most external ones, neutrons in the energy range 0.1-20 MeV are the most
effective in inducing DNA damage. For the internal regions of the phantom, such maximal effectiveness is
reduced, both in absolute values of damage yields, and in the neutron energy range. Of note, when moving from
the yp,, vs. neutron energy representation to the evaluation of damage, the relative height of the two peaks at 0.5
MeV and 20 MeV changes: this is due to the shape of the functions given by Eq. (2), reproducing DNA damage
yields vs. LET. These functions, particularly for ions heavier than He, have a marked non monotonic behaviour,
with a decrease in damage yields after reaching a maximum at /= 500 keV/pm and 200 keV/pm for DSB clusters
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Fig. 4. Neutron dose mean lineal energy, ¥p,, as a function of the incident neutron energy in three
representative shell regions of the phantom: the outermost (shell #1, in red), a intermediate one (shell #8, in
blue) and the innermost (shell #15, in green). Lines are drawn to guide the eye.

and sites, respectively. This behaviour, generally referred to as “overkill effect” in the literature, lowers the weights
of high lineal energy components in the secondary radiation field in the overall neutron-induced damage. This
effect is more relevant at neutron energies where high lineal energy components play a major role in determining
the overall neutron biological effectiveness, i.e. at around 20 MeV.

Evaluation of neutron RBE for DSB cluster and DSB site induction

The neutron RBE for the induction of DSB clusters and DSB sites was calculated with Eq. (4). RBE values are
shown as a function of neutron initial energy in Fig. 5 (left vertical axis scale), for the three chosen shells as
representative of different depths in the phantom. Since RBE values are obtained by scaling the damage yields
by a constant factor (p1 in Eq. 4), considerations analogous to those discussed in the previous paragraph hold.
Specifically, the double-peak structure characteristic of the yp,, energy dependence translates into a double-
peak RBE function: this is clearly evident for DSB clusters, and much less for DSB sites, for which the first peak
heavily dominates. In terms of absolute values, the higher complexity of DSB clusters with respect to DSB sites
corresponds to a lower absolute number of clusters. However, this translates into a much higher neutron RBE
values, due to the much lower capability of the low-LET reference radiation to induce com%)lex damage at the
same dose (p1 values for DSB clusters and sites are 0.07 Gy~ 'Gbp~" and 6.8 Gy~ *Gbp ™! respectively'®). In
the outermost shell, neutron RBE increases with neutron energy decreasing from 1 keV towards 10 meV, i.e.
when approaching the thermal energy region, for both damage classes.

Figure 6 offers a visual representation of our RBE results for a better interpretation of how the biological
effectiveness of a fixed initial neutron energy varies, when moving from the outer surface of the phantom to its
center: as previously commented, in the most external regions the initial neutron energy might correspond to
the actual energy at interaction, while at increasing depths, towards the center of the phantom, this is not the
case, as incoming neutrons are slowed down. Considering the DSB cluster induction, particularly eye-catching
is the mapping of the RBE of E,= 1 MeV neutrons, which explores a wide range of values inside the phantom:
the biological effectiveness of 1 MeV neutrons in inducing clusters of double-strand breaks has its highest
possible values in the external regions and then significantly decreases, reaching 1/3 of its initial value in the
most shielded area. The same happens for neutrons of 0.1 MeV, but covering a narrower range of RBE values.
On the contrary, neutrons with the energy of 20 MeV are rather effective throughout the phantom, with limited
variations with the penetration depth. Table 1 reports the complete set of RBE results obtained in this work,
both for DSB clusters and DSB sites, for all tested neutron incident energies and shells in the phantom. An
average depth for each shell is also reported, allowing to quickly query the Table to obtain an estimate of neutron
RBE when one is interested in biological effects to shallower or deeper-seated organs in a human subject (see
Supplementary Material, Table 1S, for organ-depth correlations, later commented in the “Discussion” section).

A comparison between the neutron RBE for DSB clusters in the outermost scoring region of the phantom
(hence, of the maximal neutron RBE) and the current standards for radiation weighting factors, displayed in
Fig. 7, shows a good qualitative agreement.

In Fig. 7, panel (b), we finally show the analytical function given by Eq. (5), fitting the same maximal RBE
model results as a function of neutron energy.

Discussion

We have proposed a computational model to determine the neutron relative biological effectiveness (RBE) in
inducing particular classes of DNA damage as a function of neutron incident energy and of depth inside a
human-sized tissue phantom. The approach is fully ab initio, starting from neutron physical interactions in the
biological tissue. It is based on the coupling of Monte Carlo radiation transport simulations, for the exposure
of an ICRU44 tissue spherical phantom to monoenergetic isotropic neutrons, and of analytical functions of
linear energy transfer in the cell nucleus reproducing the charged-particle induced DNA damage yield, based on
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Fig. 5. Model results for the neutron RBE (left vertical scale) and damage yield Y (right vertical scale) for the
induction of DSB clusters (panel (a)) and DSB sites (panel (b)), as a function of the incident neutron energy for
three representative shell regions of the phantom: the outermost (shell #1, in red), a intermediate one (shell #8,
in blue) and the innermost (shell #15, in green).

radiation track-structure simulation results. The strategy adopted is analogous to the one proposed in Baiocco et
al.'! with the following new developments: the test of a wider neutron energy range, down to the thermal region
and up to 100 GeV (10~8-10° MeV); the use of new refined analytical functions for the DNA damage estimate,
including the class of DSB sites; the definition of a different geometry of the phantom scoring regions, allowing
for a finer and full mapping of the RBE as a function of depth.

The Monte Carlo transport code PHITS has been used to characterize the radiation mixed field generated
by the neutron interactions inside the phantom. To take into account depth in the phantom in an isotropic
irradiation geometry, the phantom has been built in concentric spherical shell regions. The choice of 1 cm-thick
regions is based on the following considerations: thinner layers would have led to the need of a higher number
of neutron transport simulation runs and to a much higher computational time, due to the fewer interactions.
If the layer thickness is set to 1 cm instead, an acceptable statistical uncertainty on simulation results can be
maintained; also, ideally, layers shall be selected so that they may be associated with the average depth of organs
of interest in the human trunk, and most organs have linear dimensions in the cm to a few cm’s range. In
the Supplementary Material, we report two sets of results to justify this simplified simulation geometry. First,
we performed a test simulation with a phantom divided into 30 isocentric shells (each 0.5 cm thick), whose
results are fully compatible to an interpolation of results obtained with the standard 15 shells. A lower resolution
binning was also tested, with the phantom divided into 10 shells only (each 1.5 cm thick), also giving compatible
results with the chosen 1 cm binning. Results are shown in Fig. 3S. Moreover, we calculated the average depth
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(a) Neutron RBE for DSB clusters
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Fig. 6. Visual representation of the RBE (in color scale) for the induction of DSB clusters (panel (a)) and DSB
sites (panel (b)) as a function of the depth in the phantom, i.e. in all the 15 shell regions, for chosen fixed values
of the initial neutron energy E,,.

of different organs using the Geant4*>*” mathematical phantoms (male and female). These depth values (from
the phantom surface) are obtained when organs in the trunk of the phantom (ideally corresponding to the ICRU
sphere) are reached by externally impinging particles in an isotropic irradiation geometry. As such, they can
be associated to different phantom shells. The realistic human phantom is shown in Fig. 4S, and average depth
values are reported in Table 1S. As an example, the heart is found at an average depth of ~ 15 cm for both the
female and the male mathematical phantoms used in the simulations: this suggests the use of the RBE for the
innermost shell of the spherical phantom when one is interested in the biological effect of neutron exposure
to the heart of a subject. Of note, due to the isotropic irradiation scenario, shallow organs can be reached by
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Fig. 7. Panel (a): qualitative comparison between the neutron RBE for DSB cluster induction, as calculated

in this work in the outermost region of the phantom (in red), and the two current standard for radiation
weighting factors: ICRP (analytical function in black) and U.S. NRC (dots connected by a line). For the RBE
values and U.S. NRC quality factors, lines are drawn to guide the eye. Panel (b): analytical fit (see Eq. 5) of RBE
results for the DSB cluster endpoint in the outermost region of the phantom (maximal RBE model, red dots).

particles coming from all sides of the phantom, which results in a large average depth with respect to what can
be expected (e.g. ~ 8 cm for testicles and ~ 11 cm for breast, in the male and female phantom respectively). Full
information on depth values for other organs of interests and on the procedure to obtain such results are given
in the Supplementary Material. Other approaches for the development and application of the new RBE model to
human phantoms with a realistic geometry and elemental composition are currently being developed.

For the purpose of the model, an exhaustive description of energy deposition in each spherical shell is provided
by only two quantities for each of the secondary species composing the mixed field: the relative contribution to
the total deposited dose and their dose mean lineal energy. This latter quantity, as calculated by PHITS in the
phantom scoring regions using a 1 um-diameter sensitive site, is chosen as an indicator of the average linear
energy transfer in cell nuclei calculated with PARTRAC. This assumption is discussed in the Supplementary
Material, with the inclusion of a set of dedicated simulations to verify the approximation (Fig. 1S and Fig. 2S).
Such proposed coupling scheme between neutron-transport and charged-particle track structure simulations is
presented as a first-step approximation, which heavily simplifies the simulations compared to a more detailed
approach, e.g. generating energy distributions of each charged particle species produced/accelerated by neutrons
with PHITS, and starting them in PARTRAC track-structure simulations. Alternative approaches of this kind
are currently being developed for further comparison to the results presented in this work.

Resorting to microdosimetry we also facilitate the comparison of our RBE results to predictions of other
models: of note, different radiobiological models use microdosimetric quantities to characterize radiation
quality®®. These are often calculated in a 1 pm-diameter sensitive site, as this length scale is roughly corresponding
to the linear dimension of chromosome domains. Dose mean values of microdosimetric quantities are often
chosen, as they are strongly correlated to the biological outcome: e.g. the dose mean lineal energy represents the
lineal energy value at which, on average, the dose is deposited. The indicator of the average linear energy transfer
in cell nuclei calculated with PARTRAC, called LET here and in previous works for the sake of simplicity, is
less of a macroscopic quantity and bears similarity with a fluence-mean lineal energy in the 10 um sphere
representing the cell nucleus, thus also making microdosimetry as the ideal framework for the development of
this RBE model.

The predictions of the DNA damage pattern as a function of neutron energy have been obtained, for all
the secondary charged species, through analytical functions of the LET reproducing the results of PARTRAC
track-structure simulations of the initial DNA damage induction for ions from H to Ne in a wide energy range.
In particular, two classes of damage have been considered for this work: clusters and sites of double-strand
breaks. The LET dependence of DSB site yields correlates well with that of cell survival, and the importance of
complexity in DNA damage is well-recognized by the radiation biology community'*-2!. For all charged species
reaching high linear energy transfer (or, equivalently, lineal energy) values in the cell nucleus, the trend of DNA
damage gradually increases with increasing LET up to a maximum, then decreases with further increasing LET
(so-called “overkill effect”). Of note, this avoids the need of a phenomenological saturation correction to high y
values, often applied in other radiobiological models based on microdosimetry®. The damage yield associated
to neutrons is given by the sum of the yields of each secondary species, weighted by its relative contribution to
the neutron dose.

The linearity of the damage with the radiation dose allows to express the RBE as the ratio between
the damage yields of the test radiation and of the reference one at equal dose'!. Instead of performing
simulations with a chosen low-LET reference radiation, in this work we used damage induction in the LET
— 0 limit as predicted by the same analytical functions. This is based on the assumption that, in view of all
other uncertainties, differences in damage patterns and yields by very high energy ions (protons) and reference
photons can be neglected. As it is known that the LET/dose mean lineal energy for photons also varies (in
the few keV/pum range) with their energy, leading to possible differences in the biological effectiveness, this

32-34

Scientific Reports |

(2025) 15:2209

| https://doi.org/10.1038/s41598-025-85879-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

procedure to estimate the RBE gives results that should be compared to other works and/or benchmarked by
experimental radiobiological data obtained using as a reference radiation 6°Co (or, more generally, photons
in the MeV energy range). Instead, should a different reference radiation as 220 or 250 kVp X-ray spectra be
considered, smaller RBE values can be expected, at least from a theoretical point of view: previously performed
PARTRAC simulations of DNA damage following irradiations with photons as a function of their energy*’
indicate indeed an increase of the order of 10% in the DNA damage induced by 250 kV photons vs. °Co
-rays. However, great care is needed, as experimental uncertainties in radiobiological data could easily mask
such difference®!. In light of these considerations, the choice of using the low-LET limit for charged particles as
a reference radiation provides a solid and more general evaluation of the maximal RBE, also in view of radiation
protection applications. Of note, an experimental benchmark of this procedure to calculate RBE for charged-
particle induced DNA fragmentation has been already proposed, and the results are given as a Supplementary
Information to Friedland et al., 20178,

Although initial DNA damage does not comprehensively represent late cellular endpoints, it is a valid
indicator of radiation clustering properties and radiation quality. In particular, a complex DNA damage class
such as DSB clusters likely translates into a high probability of misrepair and carcinogenesis, which underpins
the biological effectiveness. Based on these consideration, the predicted neutron RBE can be discussed together
with the current ICRP and U.S. NRC standards for neutron weighting factors (see Fig. 7), agreed upon by
regulatory commissions on the basis of pooled RBE experimental studies, and intended to set protection values
for stochastic effects of low-dose radiation. As RBE values obtained for DSB clusters have higher values with
respect to those for the induction of DSB sites, and radiation protection standards are set with a conservative
approach using maximal RBE values, the RBE for DSB clusters is chosen for such qualitative comparison. Also,
we have considered the outermost shell of the phantom, where the initial (incident) and the actual (at interaction)
neutron energy values are more likely to correspond. The rise-and-fall trend of our RBE results as a function of
neutron energy confirms the energy dependence established for weighting factors, as well as the height of the
first peak (at around 0.5-1 MeV neutron energy), whose value is in-between the two standards. The second RBE
peak, at around 20 MeV neutron energy, is present also in U.S. NRC quality factors, but not evident in ICRP
weighting factors, possibly indicating how the choice of datasets to establish radiation protection standards can
significantly influence the outcome of the evaluation.

The large variation of our RBE model results with depth in the phantom, particularly for neutron energies
in the range 0.1-2 MeV, also suggests that the establishment of weighting or quality factors as a function of
incident neutron energy only might not be optimal, because it might lead to an overly conservative approach.
This is made even more evident in Fig. 6, where RBE variations for selected given incident neutron energies are
mapped in color scale throughout the phantom. Following ICRP prescriptions, considering e.g. 1 MeV incident
neutrons, one should apply wr =~ 20 to weigh the physical absorbed dose throughout the human body, while
only external tissues (e.g. the skin) would be subject to neutrons bearing such a high effectiveness in inducing
biological damage. A much lower radiation weighting factor should be applied to calculate the equivalent dose
to deeper-seated and more critical organs, as e.g. the bone marrow. This is indeed reflected in ICRP 123%% LET-
dependent neutron quality factors are given as a function of initial neutron energy for different organs, together
with dose-to-fluence conversion factors, for the isotropic exposure of a human reference phantom. These quality
factors are indeed different for different organs for the same initial neutron energy, implicitly including depth
effects in the target (in addition to organ-specific radiosensitivity) for risk assessment. A full implementation
of geometry-dependent weighting factors for radiation protection purposes is certainly less practical than the
existing scheme, but a strategy based on look-up tables, as those proposed in this work (Table 1), might avoid
overly conservative approaches and represent a good compromise. Within the same strategy, average depths
could be associated to different organs of interest, as tentatively done in Supplementary Material, Table 1S.
Procedures of this kind for shell-organ association are currently being developed, including comparison of our
results to neutron fluence-to-dose conversion factors and quality factors (both according to ICRP and NASA
standards) available in ICRP 123*? and derived from simulations with a realistic voxel human phantom.

It is important to recall that, from an experimental point of view, addressing the issue of neutron RBE
energy dependence is very challenging: this is related to difficulties in implementing irradiation setups with
monoenergetic neutron beams, and on the few energies available where this is practically feasible. On the other
hand, basically no real scenario of exposure to monoenergetic neutrons exists. All these aspects make this
modelling approach suitable for predictions of DNA damage and RBE in several cases: in any experimental
setup for neutron radiobiology studies with quasi-monoenergetic beams, and also in any more complex neutron
exposure scenario when used in combination with a definite neutron flux spectrum.

Also, neutron radiobiology studies are performed in vitro, with cell cultures, or in vivo, with animal (generally
mice) exposures. The approach behind our RBE model explicitly considers the specific geometry of the target
and the change in the neutron-induced charged particle field, both with target size and with penetration in a
large-sized target. Of interest, other models*** indicate an increase of quality factors below 10~ MeV, and
in-vitro experimental studies** have reported high RBE for DNA damage (dicentric chromosome assay and
cytokinesis-block micronucleus assay) for thermal neutrons. It has to be recalled however that such increase is
particularly manifested only considering a small target size, as thermal neutron dose to a large-sized receptor is
always largely dominated by the photon component, hence leading to an overall low effectiveness in inducing
damage. The rise of RBE for DNA damage for energies below 10~ MeV is reproduced by our approach when
considering the phantom most external shell. As previously commented, this is due to the proton component of
the neutron dose originating from neutron capture reactions on ** N. These protons, with a range in tissue of
the order of 10 pm, deposit all their energy in a close vicinity of their production. On the other hand, photons
from capture reactions on H have an energy of 2.2 MeV and thus can deliver dose to a given tissue also when
produced far from it. For the same reason, the neutron RBE for DNA DSB cluster induction increases from = 4
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to =~ 12 when a 1 mm-thick spherical tissue shell is exposed to thermal neutrons instead of the whole phantom,
as shown by the results of a dedicated simulation included as Supplementary Material, see Fig. 5S. This result
adds to the solidity of the proposed RBE modelling approach, again calling for a careful consideration of the
target size: experimental studies reporting an increase in thermal neutron biological effectiveness with in-vitro
models (small-sized receptor) shall not necessarily lead to a revision of ICRP or U.S.NRC weighting factors, as
these are intended for radiation protection of a human subject (large-sized receptor).

Besides look-up tables reporting the full set of neutron RBE results obtained in this work as a function of
incident neutron energy and depth in the phantom, we also provide an analytical function accurately reproducing
the maximal RBE vs. energy for DSB cluster induction in the outermost shell of the phantom. This will facilitate
the use of our results, and practical implementations of the maximal RBE model in relevant scenarios. As
an example, in the field of medical radiation exposures, the understanding of mechanisms underlying the
effectiveness of neutrons generated during particle therapy, in particular high-energy proton therapy, remains
of fundamental importance. The knowledge of the neutron RBE and physical absorbed doses at any location
in the patient provides relevant information to reassess the safety of possible radiotherapy alternatives and to
quantify the risk of second primary cancer*®*’. Also, our RBE model can be applied in case of exposure to the
space radiation environment during human space exploration: neutrons are not present as primary radiation in
space, but they are abundantly produced during interactions of primary radiation with e.g. space vehicle walls or
planetary atmosphere or soil. The knowledge of the neutron biological effectiveness is therefore a fundamental
ingredient for the risk assessment for astronauts. Specifically, results from this model can be coupled to estimates
or measurements of the neutron flux in a definite space radiation environment when considering the neutron
component, e.g. on the surface of Mars.

Data availability
the data are available upon request to the corresponding author.
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