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Abstract

DNA double-strand breaks (DSBs) may result in cellular mutations, apoptosis, and cell death, making them critical determi-
nants of cellular survival and functionality, as well as major mechanisms underlying cell death. The success of nanodosimetry
lies in the reduction in the number of modeling parameters to be adjusted for the model to predict experimental data on radia-
tion biology. Based on this background, this study modified and simplified the logistic nanodosimetry model (LNDM) based
on radiation-induced DSB probability. The probability distribution of ionization cluster size P(v|Q) under irradiation with
carbon-ion beams was obtained through a track-structure Monte Carlo (MC) simulation, and then, the nanodosimetric quanti-
ties and DSB probability were calculated. Combining the assumptions of the linear quadratic (LQ) model and LNDM, DSB
probability-based modification and simplification of the LNDM were conducted. Additionally, based on the radiobiological
experimental data of human salivary gland (HSG), Chinese hamster lung (V79), and Chinese hamster ovary (CHO-K1) cells,
the least-squares method was used to optimize the parameters of the modified LNDM (mLNDM). The mLNDM accurately
reproduced the experimental data of HSG, V79, and CHO-K1 cells, and the results showed that the model parameters r and
m, were independent of the cell type, that is, the biological effects of cells with different radiosensitivities can be character-
ized by adjusting only the model parameters k and P,_,;. Compared with HSG and CHO-K1 cells, V79 cells had smaller k
and P__,, values, indicating that that DSBs have a lower probability of eventually causing lethal damage, and sublethal events
are less likely to interact to form lethal events, thereby having radioresistant characteristics. Compared with the LNDM,
the mLNDM eliminates the tedious derivation process and connects the quantities characterizing radiation quality at the
nanoscale level using radiation biological effects in a more direct and easy-to-understand manner, thus providing a simpler
and more accurate method for calculating relative biological effectiveness for ion-beam treatment planning.
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Chinese Academy of Sciences, has been conducting basic
research on heavy-ion cancer therapy since 1995 [1]. In
terms of the biological effects and mechanisms of heavy-ion
radiation, IMP researchers have conducted experiments at
various levels, including molecule, in vitro cell culture, and
animal studies [2]. For the techniques of heavy-ion therapy,
two-dimensional (2D), two-dimensional plus layer-stacking
(2D-LS), and three-dimensional (3D) conformal irradiation
methods, treatment planning systems, and spot-scanning
beam delivery have been developed [3—5]. Regarding the
early clinical trial research on heavy-ion therapy, IMP has
used carbon-ion beams provided by the Heavy Ion Research
Facility in Lanzhou (HIRFL) to conduct preliminary clinical
trials of heavy-ion therapy for 103 shallow- and 110 deep-
seated tumor patients between 2006 and 2013 [6]. Since
then, China has become the fourth largest country in the
world, after the USA, Japan, and Germany, with the ability
to implement heavy-ion cancer therapy [7, 8].

Unlike the use of physical absorbed doses for treat-
ment planning and plan evaluation in photon radiotherapy,
ion-beam therapy often employs the RBE-weighted dose
(RWD), the product of the RBE value and physical absorbed
dose [9]. The RBE value is significantly influenced by many
physical and biological factors, such as ion type, energy,
physical absorbed dose, linear energy transfer (LET), cell
type, and biological endpoint [10, 11]. Obtaining RBE
values for all clinical conditions in radiobiological experi-
ments is difficult or impossible. Therefore, establishing an
accurate biophysical model to predict the RBE value is a
prerequisite for treatment planning in ion-beam radiother-
apy. Currently, the biophysical models used in different par-
ticle therapy centers include the mixed-beam model [12],
microdosimetric kinetic model (MKM) [13], and local effect
model (LEM) [14]. In addition, the logistic nanodosimetry
model (LNDM) was established by Dai et al. [15] in 2020,
which achieved a leap in ion-beam RBE calculation from
the microscale to nanoscale and improved the accuracy and
reliability of the ion-beam RBE model.

The LNDM is based on ionization cluster size distribu-
tion (ICSD), and it assumes that radiation-induced cell
death can be divided into two types: Direct and indirect
lethal events. When at least two ionizations exist within
the nanoscale cell nucleus domain, it can be transformed
into a direct lethal event. The combination of sublethal
events can result in indirect lethal events. Based on these
assumptions, a series of formulas was derived using the
first moment of the conditional cluster size distribution
with an ionization cluster size ICS >1 (M]C‘), the first
moment of the conditional cluster size distribution with
ICS >2 (M]CZ), and the cumulative probabilities with

ICS >2 (FZC‘). Subsequently, the nanodosimetric RBE
calculation model was constructed. In the LNDM, the
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mathematical formula for the natural logarithm of the
cell survival fraction is given by the linear quadratic (LQ)
model. The logistic function is introduced into the model
to adequately describe the overkill effect in a high-LET
region. A good agreement was observed between the RBE
values calculated using the model and experimental data.

Regardless of the intermediate processes of radiobio-
logical effects in the chemical and biochemical stages, a
direct link exists between random ionization in the early
stages and the measurable biological effects in the later
stages [16—19]. Scientific skepticism and concerns exist
regarding the assertion that interactions within individual
nanovolume elements exclusively determine the fate of
irradiated tissues or cells. Fortunately, several scholars
have established models for predicting radiation-induced
DNA damage by correlating nanodosimetry with DNA
damage, indicating that the ICSD is the main basis for
determining DNA strand breaks [20]. The results showed
that the DNA damage yield can be predicted according
to the ICSDs, and for protons with different energies, the
model predictions were in good agreement with Monte
Carlo (MC) simulation results. However, the prediction of
biological endpoints was limited to initial DNA damage
rather than more complex cellular endpoints to accom-
modate the limited available nanodosimetric quantities and
radiobiological experimental data obtained under the same
radiation conditions in the previous study.

In addition, while nanodosimetry has demonstrated some
success in correlating physical quantities measured at the
nanometer level using radiobiological outcomes [21], the
same can be said for microdosimetry to a certain extent [22].
The actual success of nanodosimetry lies in its reduction of
the number of modeling parameters that must be adjusted
for the model to predict radiation biology data. However, the
LNDM still requires the tuning of four parameters, similar to
the MKM. Thus, the modeling parameters required to calcu-
late RBE values should be reduced in a more direct manner.

In this study, the LNDM was modified. First, the size dis-
tribution of the DNA damage clusters was calculated accord-
ing to the ICSD derived from track-structure MC simula-
tions. Subsequently, considering the probability of DNA
double-strand breaks (DSBs) and LNDM assumptions, a
DNA damage probability-based modification for the LNDM
was conducted to form a modified LNDM (mLNDM).
Moreover, to reduce the number of model parameters, when
optimizing the model parameters for different cell lines, we
attempted to fix some model parameters to identify those
that are not related to cellular radiosensitivity. In this study,
we assessed cell death caused by radiation-induced DNA
damage at the nanoscale, and number of parameters of the
mLNDM was reduced, which is crucial for an easy under-
standing of the relationship between nanodosimetry and
radiation biological effects.
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2 Materials and methods
2.1 Calculation of DSB probability

The most sensitive target of radiation in tissues is the
genetic material, DNA, and its damage can cause muta-
tions and cell death. In particular, a DSB is the most basic
and severe form of DNA damage, which can elicit the loss
of DNA template function, and is the main cause of chro-
mosomal aberrations and cell death. However, the LNDM,
the ion-beam RBE model based on ICSD, explores only
the relationship between nanodosimetric quantities and
cell survival but does not include DNA damage. Previous
studies have established models correlating ICSD with
DNA damage yield and demonstrated that the model can
well predict the DNA damage yield caused by ionizing
radiation [20]. The following is a brief description of the
model.

Assuming that v is the number of radiation-induced
ionizations within a nanoscopic sensitive volume and each
ionization causes at most one strand break in DNA, the prob-
ability of v ionizations creating ngy strand breaks can be
defined as follows:

Pon nalv) = <n:B >P§SBB(1 ~pss) M

where pgg is the probability of converting each ionization
into a strand break. Note that pgp is essentially a radiochemi-
cal parameter. Its value depends on the chemical reaction
kinetics of the initial water radiolysis products in a DNA-
scavenging environment and is independent of the radia-
tion field and cell type. The subsequent cascade of cellular
signaling and repair responses may be responsible for the
large variations in the intrinsic radiosensitivity. pgg = 0.15
is used in this paper [23].

P(v|Q) represents the probability of particles with radia-
tion quality Q producing v ionizations within the target vol-
ume at nanometer scale. Thus, the probability distribution
of the ICSD resulting in ngg strand breaks in the DNA seg-
ment is

v=10

fsB (”SB) = Z P(v|Q)Pgp (”SB|V)- @
v=I

Large ICSs not only occur with low probability, but also
have a poor effect of complex damage owing to radiation-
induced recombination of free radicals, which is not condu-
cive to describing radiobiological effects [24]. Therefore,
ICS > 10 is ignored in the calculation process [25].
Further analysis shows that not all ng strand breaks occur
on the same DNA strand. A probability

ngg—1
DPDSBE (nSB)Z 1—(%) exist that ngg strands combine

DSBs. Thus, the probability distribution of DSB caused by ngg
strand breaks is

v=10

foss (nsp) = Z P(v|Q)Ps (nsp|v)Ppss (nsp)- 3)

v=2
The cumulative probability of the DSB can be calculated as

ngg=10 v=10

Fpsg = Z Z P(v|Q)Psp (nsp|v)Ppss (1) - 4

ngg=2 V=ngp

2.2 Modification of the LNDM

The relationship between the cell survival fraction and
physical absorbed dose is expressed as a well-known LQ
model [26, 27] as follows:

—InS = aD+pD?, 5)

where a reflects the cell death generated by direct hitting; the
number of cell deaths induced by this method is proportional
to the physical absorbed dose. f describes cell death due
to the accumulation of damages; the number of cell deaths
caused in this manner is proportional to the square of the
physical absorbed dose.

The LNDM considers two types of radiation-induced
cell deaths: direct and indirect lethal events resulting from a
combination of sublethal events. Note that direct and indirect
lethal events in the LNDM are different from the concepts
in the theory of dual-radiation action. A direct lethal event
alone can result in cell death by introducing unrepairable
lesions, whereas a single sublethal event cannot cause cell
death on its own but must interact with another neighboring
event to form an indirect lethal event. Corresponding to the
LQ model, @ and g have the same meaning in the modifica-
tion of the LNDM, that is, direct and indirect lethal events,
respectively.

In the mLLNDM, a direct lethal event is possible only if at
least one DNA DSB exists in the nanoscale target volume.
For a cell nucleus containing N ionizations, the number of
direct lethal events occurring within the cell is expressed
as follows:

N c
= — FrpP(M!
¢, - DSB < I ) (6)
M

Ly

where P(M lC‘ ) is the probability of eventual transformation

of the DSBs within a target volume of DNA into a lethal
event and can be expressed as a logistic function. In contrast
to the original LNDM, it is the function of MIC‘. With the

. . c a - .
increase in M ) R P(M ) ! > increases until it reaches satura-

tion. P<M1Cl ) is calculated as follows:
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a\ _ k
P<M1 ) - 1+exp[—r<M1C‘ —m0>]’ ™

M ICZ in the original model is replaced with M 101 to reduce
the number of nanodosimetric quantities associated with the
biological effects of radiation in the model.

The first moments of the conditional ICS distributions
with v>1 and v >2 are defined as follows.

o

POIQ)
M@ =Y v D 8
0= 2 5= g ®
< P
M =Y v 1D ©)

= XLP0IO

The original LNDM involves nanodosimetric quantities
such as MIC‘, M]C2 and cm ', whereas the mLNDM incorpo-
rates nanodosimetric quantities, specifically M IC‘ and Fpgp.
Therefore, one nanodosimetric quantity is reduced in the
mLNDM. The use of a minimal number of nanodosimetric
quantities to describe the biological effects of radiation facil-
itates the exploration of the optimal nanodosimetric quantity
for characterizing the radiation quality of carbon-ion beams
and enhances the understanding of the model.

The target volumes containing DSBs without eliciting
lethal events and those containing multiple single strand
breaks can result in sublethal events. The number of sub-
lethal events is

N c
Ly, =2 . [1 - FDSBP<M 1)]
M1C1 ! (10)

Indirect lethal events are caused by the accumulation of sub-
lethal events. Therefore, they are proportional to the square
of the number of sublethal events:

L =L2 -P,_, 11

sub

2
2
L= % [1—FDSBP<M]C‘)] P (12)
M

where P,_, is the probability of generating indirect lethal
events owing to the accumulation of sublethal events.

The total number of ionization events N undergoes the
following transformation relationship with the specific
energy z:

N =zpV/w, (13)

where p and V are the cell nucleus density and volume,
respectively, and w is the mean ionization energy.
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The expected value of the specific energy z is the macro-
scopic physical absorbed dose; thus,

N =DpV/w. (14)
Thus, the number of direct lethal events can be expressed as
DpV

C
L= —-FDSBP<M )
oM’ : (15)

Subsequently, the coefficient parameter a of the LQ model is
pV c
a= —-FDSBP<M ! >
w MICI 1 (16)

The number of indirect lethal events is expressed as follows:

2
DpV 2
L=(=2 [1 - FDSBP(M]C‘ )] P, 17)
oM’
Subsequently, g is:
1% ’ 2
p c
P=\—£ [I—FDSBP<M11>] Py (18)
oM’
The RBE value is calculated as follows:
Dy 26Dy
RBE = D = . (19)
Carbon /a2 —4fInS —«a

2.3 Determination of modeling parameters

Before applying the model, the free parameters k, r, m, and
P._,;in the mLNDM must be determined, where k, r, and m,
are parameters of the logistic function. k controls the scal-
ing factor. r and m, modulate the growth rate and position
on the horizontal axis, respectively. The optimization of the
mLNDM parameters is primarily based on radiobiological
experimental data reported by Furusawa et al. [28] and Wey-
rather et al. [29] using the least-squares method. To reduce
the number of model parameters, we optimized the model
parameters for different cell lines to fix some parameters
to determine the most relevant ones to the cell lines. The
other relevant data involved in the model, p, V, and w, were
1 g/cm3, 523.3 pm3, and 33 eV, respectively.

Consistent with the experimental conditions reported
by Furusawa et al. [28], a carbon-ion beam of 135 MeV/u
was used in this study to calculate the ICSD. First, based
on TOPAS [30], the phase space files were scored at the
entrance of 1 mm-thick slices under the irradiation condi-
tions of investigation (at different water-equivalent depths
for different LET values) using the physics lists “gd4em-
standard_opt4”, “gddecay”, “gdion-binarycascade”,
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“g4h-elastic_HP”, “g4stopping”, and “g4ion-QMD” [31].
The phase space scorers included the particle position,
angle of incidence, energy, weight, and type. Second,
based on TOPAS-nBio [32], the ICSDs were calculated
using track-structure MC simulations. Among them, the
simplified chromatin fiber model of DNA proposed by
Bueno et al [33] was introduced. 1800 small cylinders
with a diameter of 2.3 nm and height of 3.4 nm were uni-
formly, randomly, and non-overlappingly distributed in a
large cylinder with a diameter of 30.4 nm and a height of
161 nm. The small cylinders were the volume elements at
nanoscale level, corresponding to DNA segments of 10
base pairs, and a large cylinder corresponded to a chroma-
tin filament. The introduction of the large cylinder ensured
reasonable statistical accuracy within an acceptable com-
putation time. The particles in the phase space were inci-
dent on the center of one of the end caps of the large cyl-
inder, with the incident angle from the phase space data. In
the macroscopic simulations, the lateral extent of the beam
was fully contained in the phase-space files such that the
coordinates of all particles in phase space collapsed at the
same point on the track-structure simulations. The phys-
ics process applied was “g4em-dna.” To ensure electron
equilibrium, we placed the above-mentioned large cylinder
containing 1800 nanometric volume elements in the center
of a cubic box of 200 nmx200 nmx200 nm.

For the experimental conditions reported by Weyrather
et al. [29], monoenergetic carbon-ion beams were applied.
Carbon-ion beams with energies of 266.4, 190.7, 76.9,
18.0, 11.0, 5.4, 4.2, and 2.4 MeV/u were, respectively,
incident on the chromatin filament. The computational
simulations of subsequent ICSDs were consistent with the
process as mentioned previously.

3 Results

3.1 Distributions of ICS and DNA damage cluster
size

The ICSDs at different LETs located at different penetra-
tion depths of the carbon-ion radiation field are shown in
Fig. 1. These data were acquired by irradiating a simplified
chromatin fiber model of DNA with a 135 MeV/u carbon-
ion beam, the same as that used to obtain the experimental
data. The larger the LET, the larger the maximum ICS
could be generated. The probability distributions of SB
and DSB were obtained by substituting the ICSDs into
Eqgs. (2) and (3). Figure 2 shows the calculated probabil-
ity distributions of SB and DSB for different LETs. Sub-
sequently, the cumulative probability of DSB could be
obtained using Eq. (4).

107

P(vIQ)

0 10 20 30 40 50
cluster size v

Fig. 1 (Color online) Probability distributions of ICS at the LET val-
ues of 22.5, 40.2, 80.6, 137, 199, 247, and 333 keV/pm for the radia-
tion field of the 135 MeV/u carbon-ion beam

3.2 Model parameters

The mLNDM parameters for human salivary gland (HSG),
Chinese hamster lung (V79), and Chinese hamster ovary
(CHO-KT1) cells are shown in Table 1. The free parameters
r and m,, were set to be independent of cell type; that is, they
were independent of cell radiosensitivity. The parameter k
could adequately describe the radiosensitivity of cells. Com-
pared with HSG and CHO-K1 cells, V79 cells had a smaller
k value, suggesting that the probability of lethal events
caused by DNA DSBs was low for V79 cells. V79 cells
probably had a stronger ability to repair DNA damages and
thus had radioresistance. P,_,; was also a parameter reflecting
the radiosensitivity of the cells. The P,_; value of V79 cells
was smaller than those of HSG and CHO-K1 cells, indicat-
ing that the sublethal events in V79 cells were less likely
to induce lethal events, thereby exhibiting radioresistance.

The results demonstrated that the free parameters » and
my can be independent of the cell type and have fixed values
in the mLNDM. The free parameters that truly characterize
cell radiosensitivity in the mLNDM were k and P,_,,, as only
two free parameters must be adjusted when predicting the
RBE values, which is useful for understanding the relation-
ship between DNA damage at the nanoscale level and the
biological effects of radiation.

3.3 Comparison of the mLNDM, LNDM,
and experimental data

The coefficients @ and f of the LQ model for HSG, V79,

and CHO-K1 cells in different LET mixed radiation fields
were predicted using the best fitting model parameters. The
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Fig.2 (Color online) Probability distributions of SB (a) and DSB (b) at the LET values of 22.5, 40.2, 80.6, 137, 199, 247, and 333 keV/pm for

the radiation field of the 135MeV/u carbon-ion beam

Table1 mLNDM parameters for HSG, V79, and CHO-K1 cells

r m k P,
HSG 8.04 1.69 1.30 x 1073 2.23x 1071
V79 9.59 x 10~ 9.02 x 10712
CHO-K1 1.20 x 1073 1.62 x 1071

comparison between the predicted results for the mLNDM
and LNDM and the experiment-derived data is shown in
Fig. 3. The a coefficient of the LQ model increased with
increasing LET values, and when the LET reached a certain
value, it decreased as the LET value increased. The f coef-
ficient of the LQ model decreased with the increase in the
LET value. The agreement between the parameters of LQ
model calculated using the mLNDM and the experimental
data was good.

The dependences of RBE calculated by the mLNDM
and LNDM on LET for HSG, V79, and CHO-K1 cells are
shown in Fig. 4. Clearly, the trend of RBE with LET was
well described by the mLNDM, particularly the overkill
effect in high-LET mixed radiation fields. The determina-
tion coefficients R? of the experimentally derived data and
calculated a, f and RBE values from mLNDM and LNDM
are listed in Table 2.

4 Discussion
The original LNDM was proposed and preliminarily vali-
dated using cell experimental data from a study previously

published by our team [15]. Compared with existing mod-
els, the LNDM for the first time used ICSD information to
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calculate the ion-beam RBE value and achieved a leap in
ion-beam RBE calculation from the microscale to nanoscale.
The LNDM provides a new method for calculating the RBE
values of ion beams. The essence of the ion-beam RBE is
associated with the microscopic track structure of charged
particles because of the significant effect of cell death
induced by ionizing radiation damages the cell nucleus, par-
ticularly the DNA molecules in the cell nucleus, indicating
that the interaction between radiation and cells has been tar-
geted at the nanoscale [34, 35]. Therefore, the development
of nanoscale ion-beam RBE computational models may be
a trend. The LNDM lays the foundation for the development
of RBE calculation methods at the nanoscale. In this study,
the LNDM was further optimized based on the distribution
of DNA strand breaks, and we preliminarily proved that two
of the four parameters in the mLNDM were independent of
the cell type, indicating that the biological effects of differ-
ent cell radiosensitivities can be characterized by adjusting
only the two parameters, establishing an easy-to-understand
RBE calculation method for carbon-ion beams.

As the carrier of genetic information, DNA is an impor-
tant biological target molecule for radiation-induced cell
death and mutations. Among all biological effects of
radiation, nuclear DNA damage is the most significant.
From a microscopic perspective, nuclear DNA is useful
for understand the relationship between ionizing radiation
and the macroscopic biological effects [36, 37]. The estab-
lishment of a computational model for predicting DNA
damage yield lays a foundation for construction of RBE
model and can aid in establishing a more accurate ion-
beam RBE model to enhance clinical practice. Compared
with the original LNDM, the mLNDM was constructed
based on the cumulative probability of DNA DSBs,
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Fig.4 (Color online) Experimental data and RBE calculated using the mLNDM and LNDM for HSG (a), V79 (b), and CHO-K1 (c) cells, where
the experimental data were extracted from the publication of Furusawa et al. and Weyrather et al

Table 2 Determination coefficients R? of the experimentally derived data and calculated @, # and RBE values from mLNDM and LNDM for

HSG, V79, and CHO-K1 cells

a-mLNDM p-mLNDM

RBE-mLNDM

a-LNDM p-LNDM RBE-LNDM

HSG 0.91 0.52 0.91
V79 0.85 -0.20 0.89
CHO-K1 0.57 -0.18 0.81

0.91 0.51 0.88
0.87 -0.20 0.89
0.71 -0.18 0.90

thereby improving our understanding of the mechanisms
of radiation-induced biological effects. Early random ioni-
zation, ionization-induced DNA DSBs, and cell death are
included in the modified model. In addition, ionization
caused by radiation with different qualities has various
biological effects [38]. The introduction of Fpygp is signifi-
cant for the application of the LNDM to other ion species.

In the mLNDM, the a term in the LQ model corre-
sponded to a direct lethal event in the LNDM, and the
p term corresponded to an indirect lethal event. Com-
pared with the cumbersome derivation of the LNDM,
the mLNDM employs a more direct method to connect
both events. In addition, unlike the LNDM, the calcula-
tion of indirect lethal events in the mLNDM is based on
the method of the f term in the LQ model (the number of
DSBs generated by the damage accumulation is propor-
tional to the square of the physical absorbed dose); that is,
the number of indirect lethal events is proportional to the
square of the number of sublethal events. Compared with
the specific derivation results of the LNDM (except for
F, being replaced by Fpgp), the formulation of the « term
in the mLNDM model is the first term of the a formula-
tion in the LNDM, and the § terms are identical. The a
formulation in the LNDM has three parts. Except for the
first term, which is the same as in the a formulation of the
mLNDM, the other two terms both contain the parameter
P,_,,;, and the value of P_, is extremely small. (The order
of magnitude is 10~!!.) Therefore, the calculated results
for these two terms are negligible compared with the first
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Fig.5 (Color online) Plot of the logistic function in the mLNDM

term. Therefore, the mLNDM simplifies the method of
calculating the carbon-ion beam RBE value.

In addition, during the optimization of the mLNDM
parameters, we observed that parameters r and m have no
relation with cell type. Thus, the shape of the logistic func-

tion P(M 1C1 > /k is independent of cell radiosensitivity, as
shown in Fig. 5. Some researchers observed that the optimal

nanodosimetric quantity for describing the probability of
DNA strand breaks is different for various ion species [38].
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The guesswork parameters r and m;, are related to ion spe-
cies. The parameter k can be used to characterize the radio-
sensitivity of different cell types. Previous studies have
shown that parameter k reflects the proportion of the critical
target volume in the cell nucleus, and the lower the percent-
age, the stronger the radiation resistance [39]. This explana-
tion is consistent with the optimization results in this study.
When calculating RBE values for cells with different radio-
sensitivities, a reduction in modeling parameters is more
conducive for revealing the relationship between nanodosi-
metric quantities and biological effects of radiation. Note
that this study only verified the above results with the experi-
mental data of HSG, V79, and CHO-K1 cells under aerobic
conditions, thus providing a new approach for the optimiza-
tion of free parameters for the LNDM. Using experimental
data from the other cell lines, the conclusions of this study
can be further verified.

The mLNDM accurately reproduced the radiobiological
experimental data for HSG, V79, and CHO-K1 cells under
aerobic conditions. Currently, only the RBE value of carbon-
ion beam has been evaluated using the LNDM and its modi-
fication. To expand the scope of application of the model,
we must further investigate the applicability of the LNDM to
other ion species. For example, the influence of ion species
on the model parameters r and m,, and the influence of the
distance between sublethal events under different ion irra-
diation conditions on probability P_,; should be considered.
In addition, to obtain more realistic nanodosimetric data,
several problems in track-structure MC simulations must be
further studied. In this study, a simplified chromatin fiber
model of DNA, as established by Bueno et al., was intro-
duced into the track-structure MC simulation. In the future,
more precise and accurate DNA models should be developed
to acquire more accurate MC simulation data. Furthermore,
in this study, the track-structure MC simulations considered
only the physical process. For reasons of the authenticity
of ICSDs, the subsequent radiobiological processes such as
chemical and biological stages. Eventually, for the applica-
bility of the model, radiobiological experiments should be
conducted under various radiation scenarios.

5 Conclusion

Nuclear DNA damage is the most important type of primary
damage caused by radiation. In this study, the LNDM was
modified based on DNA distribution of strand break clusters,
thereby forming a modified LNDM (mLNDM). The param-
eters of the mLNDM were optimized using radiobiological
experimental data available for HSG, V79, and CHO-K1
cells at different radiosensitivities. The optimization results
showed that the modeling parameters r and m,, are inde-
pendent of cell type; that is, only the other two parameters,

kand P,_,;, can be used to depict the radiosensitivity of the

different cell lines. In addition, compared with the LNDM,
the mLNDM eliminates the tedious derivation process, sim-
plifies the calculation method for RBE, and relates nano-
dosimetric quantities to biological effects in a direct and
easy-to-understand manner. The mLNDM reproduces radio-
biological experimental data well and more directly reveals
the mechanisms of radiation biological effects. This is sig-
nificant for understanding and calculating the RBE values of
ion beams, thereby providing simple and accurate computa-
tion method of RBE value for ion-beam treatment planning.
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