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Abstract

Background: Relative biological effectiveness (RBE) is a key quantity for the descrip-
tion of radiobiological effects induced by charged-particle irradiation in the context

of ion-beam cancer therapy. Since RBE is a complex function that depends on differ-
ent physical, chemical, and biological parameters, a fundamental understanding of
radiobiological effects becomes increasingly important for clinical applications. The
phenomenon-based multiscale approach to the physics of radiation damage with

ions (MSA) provides a tool for a molecular-level understanding of physical and chemi-
cal mechanisms of radiation biodamage and allows for quantification of macroscopic
biological effects caused by ion irradiation. This study reports the first application of the
MSA for the analysis of RBE of ion beam:s.

Results: As a case study, we quantify the response of human and rodent normal cells
to carbon-ion irradiation at different values of linear energy transfer (LET). Clonogenic
cell survival as a function of dose, RBE at a 10% survival level as well as other radiobio-
logical parameters, such as the cross section of cell inactivation, are analyzed and com-
pared with experimental data. The MSA is used also to evaluate RBE at high values of
LET where RBE decreases due to the “overkill” effect. In this regime, the dose needed to
achieve a given biological effect is deposited by only a few ions and the RBE becomes
inversely proportional to LET.

Conclusions: Good agreement with a large set of experimental data on clonogenic
cell survival, inactivation cross section, and RBE emphasizes the predictive power of the
MSA. In the high-LET regime, the fact that a given number of ions may produce more
damage than needed for a given biological effect leads to a significant (up to 20%)
variation in RBE. Consideration of this effect in the analysis of experimental data on
irradiation with high-LET ions may lead to re-evaluation of RBE in this regime.

Keywords: lon-beam cancer therapy, Multiscale approach, Relative biological
effectiveness, Cell survival, Overkill effect

Background

Ion-beam cancer therapy (IBCT), also known as hadron therapy, is an emerging, rap-
idly developing treatment technique (Schardt et al. 2010; Jakel et al. 2008; Loeffler and
Durante 2013; Mohamad et al. 2017). IBCT provides advances in cancer treatment
due to the possibility of high dose localization in the tumor region. This allows maxi-
mizing cell killing within the tumor whilst simultaneously minimizing the radiation
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damage to surrounding healthy tissue. IBCT is therefore appealing for the treatment
of tumors that are radioresistant against conventional photon treatments or anatomi-
cally located next to critical and radiosensitive structures. In particular, it has been
applied in clinic to treat different head and neck cancers (e.g., base of skull tumors,
malignant salivary gland tumors), pancreatic and prostate cancers [see the review
(Jensen et al. 2011) and references therein]. As of March 2019, there are 92 hadron
therapy facilities in operation in 20 countries around the world, including 12 cent-
ers where carbon ions are used (Particle Therapy Co-Operative Group, https://www.
ptcog.ch/index.php/facilities-in-operation). Other 45 facilities are currently under
construction and should start operation within the next several years (Particle Ther-
apy Co-Operative Group https://www.ptcog.ch/index.php/facilities-under-constructi
on).

The advantages of IBCT over conventional radiotherapy with photons stem from
the fundamental difference between the energy deposition profiles for heavy charged
projectiles and photons (Schardt et al. 2010; Surdutovich and Solov’yov 2014). The
energy deposited by the latter rises at shallow penetration depths and then decreases
exponentially as photons are absorbed by tissue. On the contrary, the profile for ions
is characterized by a plateau region followed by the Bragg peak—a sharp maximum
in the depth-dose curve close to the end of ions’ trajectories (Hall and Giaccia 2018).
The position of the Bragg peak can be precisely adjusted to the desired depth by
changing the kinetic energy of incident ions. Typical depths for carbon ions range
from about 2.5 to 28 cm corresponding to the initial energy of ions ranging from 100
to 430 MeV/u (Schardt et al. 2010; Surdutovich and Solov’yov 2014).

There is an abundance of experimental evidence that irradiation with energetic ion
beams results in enhanced cell killing as compared to photon irradiation at the same
dose. The concept of relative biological effectiveness (RBE) has been introduced to
account for this effect (IAEA 2008). RBE is defined as the ratio of a dose of photons
to a dose of ions (or, in general, of any other radiation modality) leading to the same
biological effect,

d
RBE = P, (1)

ion

This expression allows to calculate, for a given ion dose absorbed, the isoeffective photon
dose and thus estimate the biological effect of ion irradiation on the basis of the well-
known response to a reference photon beam (Karger and Peschke 2018). Despite being
a simple concept, RBE depends on many physical [e.g., radiation type, energy, linear
energy transfer (LET), radiation dose, dose rate, fractionation scheme], chemical (e.g.,
oxygen concentration in the target), and biological (biological endpoint, intrinsic radio-
sensitivity of a given cell line, cell cycle phase, proliferation rate, etc.) parameters (Surdu-
tovich and Solov’yov 2014; Karger and Peschke 2018; Paganetti 2014).

RBE can be determined for different biological endpoints. The effects of ion beams
have been studied mostly in biological systems in vitro with clonogenic cell survival
being a commonly used endpoint. In this case, irradiations with photons and ions are
considered to be isoeffective if the dose-dependent survival fractions measured in the
clonogenic assay are the same.
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Different radiobiological models have been developed to describe experimental out-
comes and understand how physical parameters of irradiation impact the biological
response of cells and tissues (Bodgi et al. 2016). The most widely known approaches
are the Local Effect Model (LEM) (Schardt et al. 2010; Scholz et al. 1997; Elsisser et al.
2008; Friedrich et al. 2012) that is used for treatment planning in ion-beam centers in
Europe, Microdosimetric Kinetic Model (MKM) (Hawkins 1996, 2003) as well as the
modified MKM (MMKM) (Inaniwa et al. 2010; Kase et al. 2011) which is used clinically
in Japan. The LEM describes biological effects of ion beams on the basis of amorphous
track structure in combination with the known dose-response curves for photon radia-
tion. The MKM and MMKM rely on microdosimetric concepts and on the estimation of
the stochastic energy deposition into volumes of micrometer dimensions (Kelleler 1985).
Several other approaches have been developed to explore radiation-induced DNA dam-
age and repair and to relate these phenomena to cell inactivation. These approaches can
be grouped into phenomenological models such as the Lethal-Potentially Lethal (Curtis
1986), Repair-Misrepair-Fixation (Carlson et al. 2008; Frese et al. 2012) or Repairable-
Conditionally Repairable (Lind et al. 2003; Brahme and Lind 2010) models, and track
structure based biophysical models (Cucinotta et al. 1999; Friedland et al. 2012, 2017)
that provide a more detailed description of the passage of radiation through matter and
its stochastic nature.

In the aforementioned approaches the radiobiological effect of ions is commonly
quantified by means of an empirical linear-quadratic (LQ) model,

—InTl = ad + Bd?, 2)
where I is a surviving fraction of cells exposed to a given dose of radiation d. The coef-
ficients « and B, which characterize the response of biological systems to ion radiation,
are usually derived using the photon dose-response curves. It should be noted that
when tissue is exposed to x-rays, the dose distribution in the plane perpendicular to the
beam axis on the cellular (10 pm) scale is uniform. Therefore, a model for determining
the probability of cell survival can be built on a single physical quantity such as dose.
With ions, the above picture changes since the radial distribution of dose varies on the
nanometer scale and the dose on the cellular and sub-cellular scales becomes a probabil-
istic function of a number of ions traversing a given target (Surdutovich and Solov’yov
2014). In this case, physical parameters, such as number density of reacting species or
their fluence, describe radiation damage in a more straightforward way.

The LEM and MMKM models are currently used in clinical practice for the dose opti-
mization and treatment planning. However, recent studies observed a systematic dis-
crepancy between the predictions of different versions of LEM (including the clinically
used LEM I model) and in vivo experimental data (Saager et al. 2018). Therefore, despite
a successful application of these models in clinic, there is a need for further improve-
ment of the current therapy protocols and for the development of novel radiobiological
models. Being based on an empirical Eq. (2), the existing models cannot answer many
questions concerning the molecular-level mechanisms of radiation damage with ions.
The understanding of radiation biodamage on a fundamental quantitative level may
bring IBCT planning to a higher scientific level in order to design the new generation of
radiotherapy protocols.
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The empirical level of the earlier concepts triggered formulation of the multi-
scale approach to the physics of radiation damage with ions (MSA) (Surdutovich and
Solov’yov 2014; Solov’yov et al. 2009; Solov’yov 2017). It has been developed specifi-
cally for ions to construct an inclusive scenario of processes leading to radiation damage
with the ultimate goal of its quantitative assessment. The key phenomena and processes
addressed by the MSA are ion stopping in the medium, production of secondary elec-
trons and free radicals as a result of ionization and excitation of the medium, transport
of these species, the interaction of secondary particles with biomolecules, the analysis of
induced biodamage, and the evaluation of the probabilities of subsequent cell survival. A
unique feature of the MSA that is absent in other radiobiological models is the analysis
of thermo-mechanical damage due to nanoscale shock waves that are induced by high-
LET ions traversing a biological medium (Surdutovich and Solov’yov 2010). A compre-
hensive description of different aspects of the MSA was given in earlier publications
(Surdutovich and Solov’yov 2014; Solov’yov 2017). The predictability of cell survival by
the MSA was tested on a variety of cell lines with different values of LET and oxygena-
tion conditions (Verkhovtsev et al. 2016). Another recent achievement of the MSA is
formulation of a recipe for solving a problem of variable cell survival probability along
the spread-out Bragg peak (Surdutovich and Solov’yov 2017).

In this paper the MSA methodology is applied to evaluate RBE of ion beams. As a case
study, we analyze the response of human and Chinese hamster normal tissue cell lines to
single-fraction carbon-ion irradiation. We consider different values of LET in the range
from several tens of keV/pm up to about 100 keV/um, which corresponds to the LET
range of interest for clinical applications of carbon ions.! Clonogenic cell survival curves,
RBE at different doses and survival levels as well as the cell inactivation cross section are
analyzed and compared with experimental data for HE, NB1RGB, HFL-III, M/10, and
V79 cell lines available in the literature and compiled in the Particle Irradiation Data
Ensemble (PIDE) database (Friedrich et al. 2013b). A good agreement with experimen-
tal results illustrates the capability of the MSA to quantitatively describe RBE and other
radiobiological parameters. Finally, the MSA is used to evaluate RBE at high values of
LET (above 100 keV/um) where RBE for carbon ions is known to decrease due to the
“overkill” effect (Linz 2012). The fact that a given number of high-LET ions may produce
more damage than needed for a given biological effect leads to a significant variation of
RBE. Normal cell lines are chosen as an illustrative case study because their proliferation
is highly organized as compared to tumor cells. This allows us to test further the MSA
methodology and justify the choice of its key parameters, e.g., the genome size which
remains almost constant in normal cells but may vary greatly in different tumor cells
(Kops et al. 2005).

! The clinically relevant LET range in IBCT is several orders of magnitude larger than that in photon irradiation. In the
latter case the LET varies from approx. 2 keV/um for 200-kV x-rays down to 0.2 keV/um for 22-MV x-rays (Interna-
tional Commission of Radiation Units and Measurements 1970).
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The MSA methodology

The assessment of RBE for ions within the MSA starts from the calculation of survival
curves for a given type of cells irradiated with a given type of ions at given conditions.
This requires establishing of the relation between the above-described physical effects
and radiation damage. In regard to irradiation with ions, the key assumption adopted
in the MSA, following Ward (1995), Amaldi and Kraft (2005) and Malyarchuk et al.
(2009), is that the leading cause of cell inactivation is the complexity of nuclear DNA
damage.

The criterion for lethality of damage suggested in Surdutovich and Solov’yov (2014)
is based on the well-established hypothesis that among different DNA lesions caused
by the interaction with secondary electrons and other reactive species (e.g., free radi-
cals and solvated electrons) the multiple damaged sites with sufficient complexity
may not be repaired (Ward 1995; Sage and Harrison 2011; Malyarchuk et al. 2009). In
the formulated recipe for the assessment of biodamage, it was postulated that a com-
plex lesion combined of a double-strand break (DSB) and at least two other simple
lesions such as single-strand breaks (SSBs) within two DNA twists is lethal for a cell
(Surdutovich and Solov’yov 2014). In our previous study (Verkhovtsev et al. 2016) this
criterion was justified and applied successfully to a number of cell lines.

The multiple damage sites contain several lesions, each of which is caused by inde-
pendent agents, such as secondary electrons, free radicals, or solvated electrons
(Surdutovich et al. 2011). The MSA calculates the probability of such a site to be
formed at a distance r from an ion’s path; then the space averaging is applied. Details
of this methodology are given below.

Transport of secondary particles
Secondary electrons produced following the ion’s passage propagate in the medium on
the femtosecond time scale (Surdutovich and Solov’yov 2015). They react with DNA
molecules producing lesions such as SSBs, DSBs, base damages, etc. The typical range
for most of secondary electrons is within several nanometers from the ion’s path and
the diffusion mechanism describes their transport adequately. Less abundant §-electrons
(which are kinematically allowed to form in the plateau region of a Bragg curve) may
induce damage sites several hundreds of nanometers away from the ion’s path.
Mechanisms of transport of reactive species depend on the ion’s LET. If the LET
is relatively small (corresponding to the entrance channel or the plateau region of a
Bragg curve), free radicals and solvated electrons are formed in rather small num-
bers on a picosecond time scale and diffuse away from the ion’s path reaching their
targets on the way. The lifetime of these species is limited by their interactions with
each other and with other components of the medium and, provided their num-
ber densities are small enough, can be rather long, up to 107* s (von Sonntag 1987;
Alpen 1997). Such long times may largely increase the distances the reactive species
could propagate. However, as the reactive species diffuse out, their number density
decreases and may fall below the minimum density required for the formation of a
lethal lesion. Such a condition of the required minimum number density becomes the
limiting factor for the effective range of reactive species propagation.
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The condition of the required minimum number density is introduced as a logical
consequence of the introduction of the criterion for lesion lethality and the under-
standing that the formation of a complex lesion requires a certain number of agents.
The introduction of this condition is natural in the framework of the MSA. As the cri-
terion itself is understood better the condition can be correspondingly modified. This
is another reason why the MSA raised the interest to physical mechanisms of forma-
tion of lesions such as DSBs trying to understand how many secondary electrons or
reactive species are required for their production.

At higher values of LET (corresponding to that in the Bragg peak region), the reactive
species are produced in larger numbers. The high reaction rates for interactions of reac-
tive species may lead to their recombination and not allow them to leave a few-nm ion
track. A different physics, namely the predicted ion-induced shock waves (Surdutovich
and Solov’'yov 2010), steps in the scenario of radiation damage. The collective radial
flow induced by these waves carries the reactive species, hence reducing their number
densities and saving them from recombination (Surdutovich and Solov’yov 2015). This
process happens on a picosecond time scale, and the radial range to which the reactive
species can propagate is determined by the strength of the shock wave. This effect is
complex and can be studied by means of advanced molecular dynamics simulations (de
Vera et al. 2018; Surdutovich et al. 2013; Fraile et al. 2019). The most up-to-date review
of the effects induced by shock waves in relation to IBCT can be found in the paper by
de Vera et al. (2019) in the same topical series.

Analytical considerations show that the effective range of reactive species propagation
by the shock wave-induced collective flow is linear in the first order with respect to LET
(Surdutovich et al. 2017). Indeed, as it was shown (Surdutovich and Solov’yov 2010) the
pressure on the front of the shock wave is given by

1 B*Se

P(r) = ﬁ o 2 3)
where S, is the LET, y = Cp/Cy =~ 1.2 is the heat capacity ratio for water molecules,
B = 0.86 is a dimensionless constant, and r(¢) « /¢ is the radius of the wave front. As
the shock wave propagates in the radial direction away from the ion’s path, it causes a
rarefaction in its wake and a cylindrical cavity of the radius ri, < r is formed. The radius
of the wave front increases as the pressure drops; this happens until the force inside the
cavity (due to surface tension pressure «/riy with « being the coefficient of surface ten-
sion) equilibrates the tearing force (Surdutovich et al. 2017). The condition for saturation
of the radial propagation of the shock wave-induced collective flow can be estimated by
equating the pressure force acting on a fragment of the wave front and the force due to
surface tension on the inner surface (Surdutovich et al. 2017),

——— —2nrl = E27rrl, (4)
r r

where r is considered to be the same on the left- and right-hand sides since the thickness
of the wave front is much smaller than r. The hydrodynamic phase, roughly described by
this equation, ends when the pressure becomes uniform again. As a result of this phase,
the reactive species are expected to be uniformly distributed within the range R. After
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the hydrodynamic equilibrium is achieved the reactive species propagate further due
to the diffusion mechanism, but this stage is only of interest to us if the hydrodynamic
range is smaller than that given by the required minimum number density. The linear
dependence of R on LET follows from Eq. (4), however the numerical value of R from
that equation depends on the choice of k, which is an uncertain quantity at the medium
conditions arising in the shock wave. Comparison of this analysis with the molecular
dynamics simulations (de Vera et al. 2016, 2018) show that shock waves decay on much
shorter distances than it follows from Eq. (4) evaluated at ambient conditions. The range
of propagation of reactive species by the shock wave and its dependence on LET are
currently under more thorough investigation using the molecular dynamics simulations
with reactive force fields (Sushko et al. 2016).

The secondary electron contribution to the scenario of DNA damage has been
understood better than that of reactive species. A part of this understanding is that
the damage is caused not by the number density of electrons but rather by the num-
ber of hits of a particular molecular target. Then, the number of electrons incident on
a typical target (i.e., the total average fluence), Fe(r), multiplied by an average prob-
ability of producing a simple lesion (like a SSB) per hit, I'e, gives the total average
number of simple lesions produced at a distance r from the path, Ne(r):

t1
Ne(’") =TeFe(r) = Fe/ De(r,t) dt. (5)
0

The number of secondary electrons incident on a target is calculated as an integral of the
flux of secondary electrons through the target, ®.(r, t), over time. This integral is taken
from zero to the time #; on a femtosecond scale until when the electrons can be treated
as ballistic particles. At the larger time scales, remaining electrons become solvated
and are treated together with other reactive species created in the medium. The flux
®.(r,t) is obtained by solving a three-dimensional diffusion equation (Surdutovich and
Solov’yov 2014, 2015). Explicit analytical expressions for ®(r, t) and Fe(r) can be found
in Surdutovich and Solov’yov (2014).

Even though the transport of reactive species is less understood at the moment, it is
possible to cast it in the same form as that of secondary electrons. Then the complete
picture looks as

N(V) :Ne(r)+M(r) = [eFe(r) + ' Fe(r)

g & ©)
=T / e(r, ) dt + Ty / ®,(r, t) dt,
0 0

where quantities with index ‘r’ represent similar quantities for reactive species. The time
limit £, depends on the physics involved in the transport of reactive species such as the
shock wave-induced collective flow followed by hydrodynamic relaxation and diffusion.
Thus, t; can be on the picosecond or even the nanosecond scale depending on the LET.
In our approach we choose t; on the picosecond scale according to the aforementioned
criterion of the formation of lethal lesions in the vicinity of the track due to the creation
of sufficiently high density of reactive species.
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If the transport of reactive species were understood better, we would not have to dis-
cuss the detail of LET-dependence of quantities in Eq. (6) as the corresponding integrands
would naturally decrease with time and the distance. However, since there is no sufficient
understanding of this transport at the moment, we assume a linear dependence of the range
of propagation of reactive species on LET following from Eq. (4), and take up a conserva-
tive estimate of R ~ 10 nm for carbon ions at their Bragg peak (Surdutovich and Solov’yov
2014). Within this range, the density of reactive species is high enough to ensure the pro-
duction of lethal DNA lesions as discussed above. Furthermore, following Surdutovich and
Solov’yov (2014) and Verkhovtsev et al. (2016), the average number of lesions due to reac-
tive species at a distance r from the path is taken as

Ne(r) = Ny O(R(Se) — 1), (7)
where 6 is the Heaviside function and R = 10 nm x S./Se,cpp with Se,cpp being the LET
of carbon ions at their Bragg peak. The value of N, was estimated as 0.08 from the com-
parison of the experimental results (Dang et al. 2011) for plasmid DNA dissolved in pure
water and in a scavenger-rich solution. Further work is however needed to obtain more
detailed dependencies of Ny and R on LET.

Evaluation of the number of lethal lesions and cell survival probability

After N/(r) is obtained, the probability of production of a lethal lesion at a distance r from
the path, Pj(r), can be calculated according to the criterion of lethality determined in Surd-
utovich and Solov’yov (2014) and Verkhovtsev et al. (2016),

© AT
Py =23 P e v, ®

Vv
v=3

where v is the number of simple lesions in a clustered damage and N (r) was defined in
Eq. (6). The sum starts with v = 3, which makes the minimum order of lesion complex-
ity at a given site equal to three. The factor A is the probability that one of the simple
lesions is converted to a DSB. This implies that in the current model the DSBs occur via
SSB conversion but other mechanisms can also be taken into account (Surdutovich and
Solov’yov 2012). The introduction of 4 relies on experimental findings (Huels et al. 2003;
Sanche 2005) that the DSBs caused by electrons with energies higher than about 5 eV
happen in one hit. In this case, the subsequent break in the second strand of the DNA
is due to the action of debris generated by the first SSB. In the cited works it was shown
that if a single electron causes a SSB, the same electron causes a DSB with a probability
of about 0.1-0.2 of that to create a SSB. The value A = 0.15 was suggested and justified
earlier (Surdutovich and Solov’yov 2014; Verkhovtsev et al. 2016) and has been utilized
in the analysis presented below.

Equation (8) represents the radial distribution of lethal lesions. Integration of Pj(r) over
the area perpendicular to the ion’s path gives the number of lethal lesions per unit length of
the ion’s trajectory,

dN

R
T = g /0 Pi(r) 2rdr = ngo01(Se) . )
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Here, ns is the number density of chromatin which is proportional to the ratio of DNA
base pairs accommodated in the cell nucleus to the nuclear volume, 75 ~ Ny, / Vy, (Verk-
hovtsev et al. 2016). The upper integration limit in Eq. (9) corresponds to the range R in
the Heaviside function (7). This is a combination of ranges of transport by the collec-
tive flow, hydrodynamic relaxation, and the diffusion of radicals. As described above,
the limiting factor is the minimal number density of reactive species at which the for-
mation of lethal lesions is still possible. Processes that accomplish the transport depend
on the LET and the shock wave-induced collective flow plays an important role by sav-
ing the reactive species from recombination (de Vera et al. 2018). Function 01(S,) is the
cross section of production of a lethal damage in the cell nucleus. It depends on LET and
also on environmental conditions of the target (e.g., on the concentration of oxygen).
The dependence of o] on S, comes from the number of reactive species hitting the DNA
(which is proportional to LET) and from the range of their propagation [which is nearly
proportional to LET as follows from Eq. (4)]. Therefore, in the first approximation, one
may write

o(Se) =§S7, (10)
where & = 5.8 x 107°nm?*/eV? is a coefficient. It was obtained by calculating o1(Se)
using Eq. (9) and fitting the resulting dependence with a quadratic function of LET. Fur-
ther details of calculation of parameters entering Egs. (6)—(10) can be found in Surdu-
tovich and Solov’yov (2014) and Solov’yov (2017).

The effect of each ion can be treated independently from others as long as the average
distance between the paths is considerably larger than the radii of tracks. Typical doses
used in ion-beam therapy are small (Amaldi and Kraft 2005) and the above condition is
satisfied (Surdutovich and Solov’yov 2014). Then, the average number of lethal lesions per
ion traversing distance z through a cell nucleus is given by a product of % and the average
length of traverse of all ions passing through a cell nucleus at a given dose,

dN; _
Y, = d—lzNion(d» (11)
X

The average number of ions traversing the nucleus Njo, = A, d/Se depends on dose,
LET, and the area of cell nucleus Aj,.

Combining these expressions, the number of lethal lesions can be written as (Verkhovt-
sev et al. 2016)

v

n
16

01(Se) Ngs%, (12)
where N is genome size, equal to 3.2 Gbp for human cells (Alberts et al. 2014) and to
2.7 Gbp for Chinese hamster cells (Lewis 2013). This expression is obtained by averaging
nuclear DNA density over the cell cycle duration. Knowing Nj for a cell line of particular
origin and accounting for the chromatin dynamics during the cell cycle, one can evaluate
the number density of chromatin #s [see Verkhovtsev et al. (2016) for details].

The probability of cell survival is given by the probability of zero lethal lesions occurrence,
Mgy = e~ 1. The logarithm of Iy, with a minus sign is then given by Eq. (12),
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b/ d
—InMgyw =1 = R 01(Se) Ngsfe' (13)
This expression relates the empirical parameter o of the LQ model to the physical
parameters of the ion projectiles and biological parameters of the target,

S,
_ T 01(Se) Ng'
16 S,

(14)

The formalism outlined above describes how to evaluate cell survival probabilities within
the MSA in order to compare them with the outcomes of in vitro experiments. Cell sur-
vival probabilities and the LET-dependence of «, calculated using Egs. (13), (14), are ana-
lyzed below in “Analysis of cell survival curves” and “Dependence of cell survival-related
quantities on LET” sections. In our future works we hope to expand this methodology
towards the analysis of dose-response curves derived from in vivo experiments.

Consideration of the overkill effect
It is well known from numerous radiobiological experiments with carbon and heav-
ier ions that RBE does not increase monotonically with LET but has a maximum at
Se ~ 100—200keV/um (depending on the ion type) and gradually decreases at larger
Se. This feature is commonly attributed to the so-called “overkill” effect. The explana-
tion of this effect is that at high LET the energy is deposited into a target cell nucleus
by a small number of ions, and this energy is larger than that needed for cell inactiva-
tion. As a result, such high-LET irradiation produces higher DNA damage than actu-
ally required, which leads to a reduction in biological effectiveness (Linz 2012).

Different approaches have been adopted in different radiobiological models to
account for this effect. For instance, a “saturation correction” due to non-Poisson dis-
tribution of lethal lesions in the cell nucleus was introduced in the LEM and MKM
models to describe the radiobiological response to high-LET irradiation (Hawkins
2003; Kase et al. 2008). In the present study, we suggest the following explanation of
the overkill effect within the MSA.

To derive the dependence of RBE on LET at large values of stopping power, let
us recall the yield of lethal lesions, Y}, which is defined by Egs. (9)—(11). Combining
them, one gets

—InTlp = Y] = ng & S2ZNion (15)
where Iy is the target cell survival fraction. Notice, that even though Njop in Eq. (15) is
an average number of ions traversing the nucleus, in reality the number of ions is integer.
Therefore, Njo, can be redefined as the minimum number of ions required to cause the
damage corresponding to I1g. From Eq. (15) one then derives

—1In H()

N = _—
o [nsssgz

J+1, (16
where square brackets denote the integer part of their content. This expression describes
the sufficient minimal number of ions required to produce the target biological effect ITo.
The dose delivered to the cell nucleus by this number of ions is d = Se zZ Njon/m, where
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Fig. 1 Survival curves for several normal tissue human cell lines irradiated with monoenergetic carbon
ions: human embryonic (HE) fibroblast-like cells, skin fibroblast NBTRGB, normal embryonic lung fibroblast
HFL-I1l, and M/10 cell line derived from the human mammary epithelial H184B cells. The survival probabilities
calculated as a function of deposited dose at the indicated values of LET are shown with lines. Experimental
data for HE (Suzuki et al. 1996), NBTRGB (Suzuki et al. 2000; Tsuruoka et al. 2005), HFL-IIl (Suzuki et al. 2000) and
M/10 (Belli et al. 2008) cells, measured at a specific dose, are shown by symbols

z is the average length of traverse of an ion through the cell nucleus and m is the mass of
DNA material therein.

The RBE for a given biological effect, described by a cell survival probability IT,
can be calculated as follows. According to the LQ model, Eq. (2), the logarithm of a
given cell survival probability depends on the photon dose d,, of reference radiation as
—InTly = a,d, + By d)z,. The RBE is obtained then by dividing d,, by the dose due to ions
sufficient to achieve I1p. Using the relations above, this ratio reads as

RBE = — % = 4y
= SeéNion/m - SeZ —In Ty 1 . (17)
m ns €S2z

At small values of LET, S, ~ 10! keV/m, the integer part is much larger than unity (i.e.,
the number of ions incident on a target nucleus Njon 3> 1) so that the RBE is a linear
function of S, independent of z. A linear dependence of RBE on LET corresponds to
a linear dependence of the number of lethal lesions on LET, see Egs. (10) and (12). At
larger values of LET, Se ~ 102 keV/ium and higher, the integer part gradually approaches
zero and RBE becomes asymptotically inversely proportional to S, i.e., RBE = d,, m/S. z.
The analysis of RBE at different values of LET is presented in “Evaluation of RBE from
cell survival curves "and “Evaluation of RBE at high values of LET” sections.

Results and discussion

Analysis of cell survival curves

Figure 1 shows the survival curves for several human normal cell lines irradiated with
monoenergetic carbon ions. The survival curves calculated using Eq. (13) are shown
with lines. Symbols denote experimental data (Suzuki et al. 1996, 2000; Tsuruoka
et al. 2005; Belli et al. 2008) on clonogenic survival of human embryonic (HE) fibro-
blast-like cells, skin fibroblasts NBIRGB, normal embryonic lung fibroblasts HFL-III,
as well as M/10 cells derived from human mammary epithelial cell line H184B. In

Page 11 of 22
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the aforementioned experiments, irradiation was performed in a single fraction at a
typical dose rate of 1-2 Gy/min. The probability of cell inactivation was measured
as reproductive cell death using colony-formation assays. After irradiation cells were
incubated for the time period from several days up to about two weeks, then fixed and
stained. Colonies with more than 50 cells were considered as survivors. Cell survival
probability was defined as the ratio between the measured experimental plating effi-
ciency at a given dose to that in non-irradiated control samples.

Figure 1 illustrates that the main trend in the cellular response to ion-beam irradia-
tion at different values of LET is reproduced using the above-described methodology.
The results presented in Fig. 1 together with our earlier results (Verkhovtsev et al.
2016) cover a large number of radiobiological experiments compiled in the PIDE data-
base (Friedrich et al. 2013b). This allows us to justify further the applicability of the
MSA for the description of macroscopic radiobiological effects of ion-beam irradia-
tion through understanding of the nanoscale mechanisms of ion-induced biodamage.

In this study we have focused on the radiobiological response of normal (i.e., non-
cancerous) cells. It is assumed that the variation of radiosensitivity (i.e., the variation
of survival curves) between the cells of the same origin is rather small and can be
neglected in the first approximation. The validity of this assumption is justified below.
The variability in radiosensitivity/radioresistance of normal cells of the same origin
is much smaller than that of different tumor cell lines (Suzuki et al. 2000). This can
be attributed to more frequent mutations in cancerous cells resulting in inactivation
of specific repair proteins or underexpression of repair enzymes (Chae et al. 2016). A
molecular-level understanding of the mechanisms of DNA damage response to ion
irradiation is a complex problem, and we hope that it could be tackled by means of
the MSA methodology in our future studies.

Here we consider a number of normal human cells and assume that the density of
chromatin and hence the number of complex damage sites do not vary between the
different cells. In other words, different normal human cells considered in this work
are assumed to have the same amount of DNA material. This allows for the validation
of other parameters entering the analytical recipe for the assessment of ion-induced
biodamage presented in “The MSA methodology” section. The number density of
complex damage sites in the cells is then calculated implying that the nucleus of a
typical human normal cell contains 6.4 x 10° base pairs [human diploid cells accom-
modate two sets of 23 chromosomes, each of which contains about 3.2 Gbp (Alberts
et al. 2014)], and this number has been kept constant in the calculations.

It is however expected that the value of ns may vary significantly between different
tumor cell lines of the same origin. This may happen because of an abnormal num-
ber of chromosomes (so-called aneuploidy) that is a prominent feature of cancer cells
(Thompson and Compton 2011). Due to this effect, chromosomal numbers in tumor
cells may differ from healthy tissue cells where the overall karyotype of the cell pop-
ulation remains diploid (Suzuki et al. 2000). As a result, the total amount of DNA
material may vary between different cancerous human cells due to aneuploidy and
mutations induced. In this case the genome size N, entering Eqs. (12)—(14) will not
be constant but become a variable quantity. A systematic analysis of the genome size
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variation in different cancer cells and its impact on the resulting cell survival and RBE
will be addressed in our future works.

Figure 1 demonstrates that the assumption made works well for the four cell lines
studied. It should be stressed that the MSA-based survival curves were calculated with
the same set of parameters described in “The MSA methodology” section, i.e., without
adjusting them for each particular experimental dataset with the LQ model. This gives
us additional confidence about the robustness of the MSA methodology for the analysis
of cell survival.

Dependence of cell survival-related quantities on LET

The MSA was applied also to analyze other quantities of radiobiological interest. The
upper panel of Fig. 2 shows the dependence of the slope of survival curves, o, on LET.
The results of MSA-based calculations employing Eq. (14) (solid line) are compared with
experimental data (Suzuki et al. 1996, 2000; Tsuruoka et al. 2005; Belli et al. 2008) (sym-
bols). Note that the values of « were explicitly given in (Suzuki et al. 2000; Belli et al.
2008) only for a few values of LET. Other experimental figures were extracted from the
PIDE database (Friedrich et al. 2013b). The calculated curve agrees well with a data set
compiled from the four different experiments. In the lowest-LET limit considered in
this work (S. = 13keV/um) the calculated value « & 0.6 agrees with the experimental
results (Suzuki et al. 2000; Belli et al. 2008). In the LET range up to about 100 keV/pum,
which is of interest for clinical applications of carbon ions, o gradually increases and
reaches 2.5 at Se = 110 keV/pum. As follows from Eq. (14) an increase of o with LET
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reflects a non-linear dependence o7(S,) which is attributed to the indirect mechanism of
DNA damage due to the shock wave.

As a by-product of this analysis, we have calculated the inactivation cross section
Oinact Which is commonly introduced to describe the effects of charged-particle irradia-
tion in terms of ion fluence F instead of dose d (Scholz 2006). The inactivation cross
section enters an expression for a fluence-wise definition of cell survival probability,
— In Mgury = GinactE. Then, using the relation between fluence and dose (Alpen 1997),
d = F S¢/p (where p is the mass density of the target medium), one can calculate the
inactivation cross section corresponding to a given level of cell survival as a function of
LET,

In Mgypy S
Oinact = _% . (18)

We analyzed oinact at 37% survival (this corresponds to an e times decrease of cell sur-
vival probability) and compared it with experimental data for the same survival level
(Tsuruoka et al. 2005). The survival probabilities at different S, were calculated using
Eq. (13) and the doses corresponding to Ig,v = 37% were obtained from this depend-
ence. These values were used in Eq. (18) to calculate ojpact as a function of LET. This
dependence is shown in the lower panel of Fig. 2. Similar to the above-discussed results,
the calculated dependence Ginact(Se) shows good overall agreement with experimental
data. The inactivation cross section depicted by a solid line was calculated assuming that
reactive species (free radicals and solvated electrons generated due to interaction of the
ion projectile and secondary electrons with water molecules of the medium) are effec-
tively spread away from the ion track via the ion-induced shock wave predicted in Surd-
utovich and Solov’yov (2010). According to the outcomes of earlier studies (Surdutovich
et al. 2017; de Vera et al. 2018), the characteristic range of reactive species propagation
increases linearly with LET due to an increasing strength of the shock wave.

The dashed line in the lower panel of Fig. 2 illustrates the cross section oinact calculated
with a fixed range of reactive species propagation, set to 5 nm. This value corresponds to
a typical range of diffusion-driven propagation of radical species (mainly OH radicals) in
a cellular environment (Stewart et al. 2011; Nikjoo et al. 1997), which varies in different
publications between 4 and 6 nm. The OH range of 6 nm was obtained in experiments
on X-ray induced DNA strand breaks and cell killing (Roots and Okada 1975), where the
average lifetime of OH radicals was estimated on the order of several nanoseconds. In
the LEM IV model an effective range of different radical species is set to a similar value
of 4 nm (Friedrich et al. 2013a). Notice that when the range of reactive species propaga-
tion is set to a constant value, the calculated inactivation cross section is systematically
smaller than the experimental values.

As discussed above in “Transport of secondary particles” section, shock waves play
a significant role in the transport of reactive species due to radial collective flows initi-
ated by them. The analysis of formation and transport of free radicals (Surdutovich and
Solov’yov 2015) suggested that in the case of low-LET radiation (where the effects due
to the shock waves are expected to be weak) most of the radicals do not leave the ion
track since they recombine before they could diffuse out of the track. Reactive molecular
dynamics simulations (de Vera et al. 2018) demonstrated that the shock wave-induced
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Fig. 3 RBE at 10% cell survival for human normal tissue cells irradiated with carbon ions. Solid line shows
RBE 109 calculated by means of the MSA. Shaded area shows a photon dose-related uncertainty due to the
difference in the experimental photon response curves (Suzuki et al. 1996, 2000; Tsuruoka et al. 2005; Belli
et al. 2008).

collective flow for carbon ions in the Bragg peak region can propagate OH radicals 80
times faster than diffusion. The outcomes of the present study support further the idea
that the shock waves induced by ions traversing a biological medium play a significant
role in the indirect mechanisms of ion-induced biodamage on the nanoscale.

Note that the ion-induced shock waves (and the subsequent collective flows) are not
considered in existing biophysical models based on the track structure analysis. The lat-
ter is based upon the Monte Carlo simulations framework that does not allow to simu-
late explicitly dynamics of a molecular medium in the vicinity of ion tracks. This makes
the direct comparison with track structure based studies rather challenging. However,
the results of simulations (de Vera et al. 2018) performed for low-LET protons showed a
very good agreement with the Monte Carlo simulations using the Geant4-DNA package,
which implements the well-known diffusion-reaction algorithms.

Evaluation of RBE from cell survival curves

The practical goal of the phenomenon-based assessment of radiation damage by means
of the MSA is the calculation of RBE. In this section, the MSA is applied to evaluate RBE
for human normal cells irradiated with carbon ions as an illustrative case study. Figure 3
shows the dependence of RBE; o, that is RBE corresponding to 10% cell survival, on LET.
RBE; 0% is one of the most frequently analyzed quantities in radiobiological experiments
in vitro. As discussed above, we assume that different normal tissue cells have similar
responses to ion-beam radiation. Therefore, for a given value of LET, this response is
modeled with a single survival curve. Despite this simplification, this approach gives rea-
sonable results in agreement with experimental data as demonstrated in Figs. 1 and 2. To
calculate the RBE, the survival curves obtained by means of the MSA were normalized
to the corresponding photon curves taken from each of the four experiments consid-
ered (Suzuki et al. 1996, 2000; Tsuruoka et al. 2005; Belli et al. 2008). The photon curves
somewhat differ between each other so that the photon dose yielding a 10% survival var-
ies between 3.4 and 4.0 Gy. This variation leads to a dose-related uncertainty in RBE
which is illustrated in Fig. 3 by a shaded area. The solid line shows RBE; o averaged over
the four considered experiments.
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Fig. 4 RBE for human normal cells irradiated with carbon ions:RBE, = ajon/ax (left panel) and RBE(2 Gy, y)
(right panel). Solid lines show the RBE values calculated by means of the MSA. The RBE,, curves denoted as (1),
(2), 3) correspond to experimental data (shown by symbols) from Belli et al. (2008), Suzuki et al. (2000) and
Tsuruoka et al. (2005), respectively

The experimental values of RBEgy for different normal cells vary from 1.1 to 1.5 in the
low-LET region (Se = 13keV/um) and grow up to 4.0 at Se ~ 100 keV/um. The cal-
culated values of RBE follow this trend and are in good overall agrement with experi-
mental results. Note that at low values of LET typical for proton therapy applications
(Se & 10—20keV/pm) the calculated RBEjqy is almost independent on LET. This can be
attributed to the fact that at such low LET the shock wave mechanism is much weaker
than in the Bragg peak region of carbon ions, and the transport of radicals (defining the
DNA damage) is by and large carried out by diffusion. At higher values of LET the shock
wave mechanism starts to play a more important role that leads to an increased number
of lethal lesions and thus the RBE. The calculated RBE matches the experimental figures
accounting for the experimental error bars and the dose-related uncertainty due to aver-
aging over the four different photon curves.

It is also common to consider other quantities of radiobiological interest, such as RBE
at different levels of cell inactivation (e.g., 50%, 37%, or 1%), RBE, = tjon/cox (which
describes the ion biological effectiveness at low doses), and RBE(2 Gy, y) that is the RBE
at a given ion dose leading to the same inactivation level as produced by the photon dose
of 2 Gy (Kase et al. 2008; Belli et al. 2000). The latter is regarded as a more relevant quan-
tity for clinical applications because RBE(2 Gy, y) corresponds to the typical dose used
in fractionated-dose protocols. The evaluation of different RBE specifications provides
a playground to test further the accuracy of the MSA methodology. Figure 4 shows the
RBE, (left panel) and RBE(2 Gy, y) (right panel) for carbon ions as functions of LET. The
calculated curves are compared to the experimental data for NBIRGB (Suzuki et al. 2000;
Tsuruoka et al. 2005) and M/10 cells (Belli et al. 2008). Note that the latter is the only ref-
erence out of the three experiments considered where the data on RBE, and RBE(2 Gy, y)
has been given explicitly. To compare with other experimental results, the corresponding
values of ax were taken from the PIDE database. The experimental values of RBE, vary
between 1.1 and 2.0 for low-LET carbon-ion radiation and increase by the factor of four
in the Bragg peak region. The RBE(2 Gy, y) has a similar trend and increases from 1.6 up
to about 5.5. The calculated dependencies of RBE, and RBE(2 Gy, y) on LET are in overall
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Fig. 5 RBE at 10% cell survival for human normal tissue cells (left panel) and Chinese hamster V79 cells (right
panel) irradiated with carbon ions. The results are obtained by means of Eq. (17). In the high-LET region the
RBE becomes inversely proportional to LET, and the absolute values of RBE depend on the number of ions
that traverse a cell nucleus. The values of Nion corresponding to different segments of the calculated curve
are indicated. Symbols depict experimental data from Suzuki et al. (1996, 2000), Tsuruoka et al. (2005), Belli

et al. (2008), Cox and Masson (1979) and Hamada et al. (2006) (for human fibroblasts) and from Weyrather
etal. (1999), Furusawa et al. (2000), Bird and Burki (1975) and Thacker et al. (1979) (for V79). The shaded area
shows the variation of RBE with an account for statistical uncertainties in the number of ions traversing a cell
nucleus and the LET (see the text for details)

agreement with the results presented in Suzuki et al. (2000), Tsuruoka et al. (2005) and
Belli et al. (2008).

Evaluation of RBE at high values of LET

In this section we analyze the RBE in the overkill regime. The left panel of Fig. 5 shows
RBE;o% for human fibroblasts in a broad LET range up to 2000 keV/uwm. The curves
calculated by means of Eq. (17) are compared with experimental data described in
Fig. 3 and those extended towards the larger values of LET as well as with other
experimental data from Cox and Masson (1979) and Hamada et al. (2006). At small
and moderate values of LET (up to about 80 keV/pum) the dependence of RBE on LET
corresponds to the results shown in Fig. 3 (note the semi-logarithmic plot in Fig. 5
which transforms the linear dependence shown in Fig. 3 into a power law function).
At larger S, the RBE starts to deviate from the linear dependence as the number of
ions traversing the nucleus becomes comparable (in the order of magnitude) to 1.
With an increase of LET a small number of ions is needed to deliver the dose that
would inactivate the cell. Since the number of ions hitting the nucleus is an integer
quantity, the RBE(S.) dependence transforms into a series of segments of hyperbolas,
where each segment corresponds to a given number Njon. The values of Njon corre-
sponding to different hyperbolas are indicated in the figure.

The dependence presented shows good overall agreement with experimental data
for different human fibroblasts—HE, NB1RGB, HFL-III, M/10, and AG01522 (Suzuki
et al. 1996; Belli et al. 2008; Cox and Masson 1979; Hamada et al. 2006). An experi-
mental dataset for the HF-19 cell line from Belli et al. (2008) (open triangles) has a
very different behavior, namely the maximum value of RBE of 2.7 at S & 40keV/pum
and a rapid decrease down to 1.3 at S =~ 200keV/um. This dependence deviates
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strongly from the other experimental data including the results from Cox and Masson
(1979) (open stars) for the same HF-19 cell line. Apart from this deviation, the MSA
results are in agreement with all other experimental numbers.

We also analyzed the overkill effect in the Chinese hamster V79 cells, see the right
panel of Fig. 5. The calculated dependence RBE(S,) was compared with experimental
data (Weyrather et al. 1999; Furusawa et al. 2000; Bird and Burki 1975; Thacker et al.
1979) extracted from the PIDE database. The experimental data for V79 cells are less
scattered compared to the human fibroblasts described above. The MSA captures the
main trend of the RBE(S,) dependence, namely the maximum at Se &~ 100—150 keV/pum
followed by a gradual decrease at higher LET. Note that at intermediate LET values, the
MSA calculations for the V79 cells correlate also with the calculations performed using
the LEM and MKM models. In Kase et al. (2008) the RBEg% was calculated for the case
of proton and helium ion irradiation in the LET range up to about 150 keV/pm. At this
value, the RBE for a-particles predicted by the MKM was about 4.7 while the LEM pre-
dicted a smaller value of about 3.7. These numbers are very close to those predicted by
the present MSA calculations.

An important observation is that in the high-LET regime the dose needed to achieve
a given biological effect is deposited by only a few ions, and the number of ions Njqp is a
discrete quantity. The fact that a given number of ions may produce more damage than
would be needed for a given effect leads to a significant (up to 20%) variation in RBE. As
follows from Fig. 5 the variation of RBE has been commonly observed in experiments.
This effect may be taken into consideration in the analysis of experimental data on small-
dose irradiation with high-LET ions.

In in vitro experiments with pencil-beam radiation, Njon, and S, are stochastic quan-
tities that vary randomly within the beam. To account for this, the above-described
analysis can be extended by calculating the variation of RBE (17) due to statistical uncer-
tainties of Njon and Se. Typical pencil beams used in proton or carbon-ion therapy have
the lateral size of several millimeters (Hoppe et al. 2010). Taking as an estimate a typi-
cal cell diameter of about 20—-50 pm, one gets that Nge ~ 103—10* cells will be irradi-
ated by such a beam. For N > 1 the number of ions hitting a cell can be evaluated
as Nion = Nion = ANign = Niop \/Nion/Nceu, where Nig, is defined by Eq. (16). For
Neell ~ 103, the variation ANjo, does not exceed 1.5% which leads to a minor variation
of RBE compared to the data presented in Fig. 5. The variation of LET can be extracted
from experimental data, e.g., the value of 77 £ 1.8 keV/um (AS. = 2.3%) was reported
in Suzuki et al. (2000). It is expected that the statistical error for LET will grow with an
increase of LET. However, the publications on irradiation of cells with high-LET car-
bon ions, which are used for the comparison in this study, provided only the averaged
values of LET but not the uncertainties. To estimate a magnitude of this variation at
high LET, we used the numbers provided in Dang et al. (2011) for irradiation of plasmid
DNA with carbon ions at the spread-out Bragg peak (S. ~ 189 keV/um). In that paper
the experimental uncertainty of LET was about 8%. The shaded areas in Fig. 5 show the
RBE; oy for human fibroblasts and V79 cells with the statistical uncertainty in LET taken
into account. Based on the available experimental data on AS,, the uncertainty was set
to 2.5% at the LET of about 100keV/pwm and increased gradually up to 8% at higher
LET values. The uncertainty in LET leads to a broadening of the segments of hyperbolas
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shown in Fig. 5, especially in the region of high LET where AS; is large. As a result,
the RBE as a function of LET transforms into a quasi-continuous band depicted by the
shaded area.

Conclusions

In this study the multiscale approach to the physics of radiation damage with ions was
applied to calculate relative biological effectiveness for normal human and Chinese
hamster cells irradiated with carbon ions at different values of LET. As a by-product
of this analysis, other radiobiological parameters such as inactivation cross section
were calculated and compared with available experimental data. Normal cell lines
have been chosen as a case study because their proliferation is highly organized as
compared to tumor cells. This allowed us to test robustness of the MSA-based meth-
odology and validate its key parameters, e.g., the genome size which remains almost
constant in different normal cells of the same origin but may vary greatly in different
tumor cells.

We also tested the hypothesis that the response of different normal cells to ion-
beam irradiation does not vary significantly and thus can be described by a single
survival curve for each value of LET. Good agreement with a large set of experimental
data on clonogenic cell survival, inactivation cross section, and different RBE speci-
fications (RBEjg%, RBE, and RBE(2 Gy, y)), taken from the Particle Irradiation Data
Ensemble database, allows us to conclude about the predictive power of the MSA.

Finally, the MSA was utilized to describe the “overkill” effect which results in a
decrease of RBE at high values of LET. The results obtained for different human fibro-
blasts and Chinese hamster V79 cells are in agreement with experimental data. We
demonstrated that for a given number of high-LET ions traversing a cell nucleus the
RBE becomes inversely proportional to LET. The fact that a given number of ions may
produce more damage than would be needed for a given biological effect leads to a
significant (up to 20%) variation in RBE. This effect can be considered in the analysis
of experimental data on small-dose irradiation with high-LET ions as it may lead to
re-evaluation of the RBE in the high-LET regime.
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