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Abstract

We have applied the stochastic track structure technique for the biophysical simulation an
irradiation of growing in mono-layers V79.cells with low-energy protons. It was studied the
microscopic energy deposition in cell nuclear and sub-nuclear volumes to get better
understanding the peculiarities of low-energy proton irradiation resulted in enhanced biological
effectiveness near Bragg peak. It was followed the possible correlation between experimental
estimation of RBEy and theoretical values: frequency/dose averaged linear energy and
calculated yield of initial complex DSB breaks. It was found: (i) dose averaged, yp, values for
whole cell nuclear as a function of proton energy has a single peak at 550 keV; (ii) the peak
value is sufficiently larger for local sub-nuclear sensitive volumes than for whole cell nuclear

(iii) in the spectrum of initial DNA breaks only complex breaks can correlate with experimental
data on RBE.
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Introduction

The study of relative biological effectiveness (RBE) of low-energy protons and neutrons
attracts considerable interest for many scientific fields: conventional radiobiology, radiation
protection, radiation risk estimation etc. . At that an understanding the role of low energy
protons solely is the basic point to elucidate specific mechanisms of such radiation action *.
Basically the values of RBE are derived from radiobiological data defining as a ratio of
reference dose to the dose of tested radiation to produce the same biological effect. For the
purposes of radiation protection the main field of interest is a RBE values at low doses, when
dose response function is linear and RBE tends to the quotient initial slopes denoted as RBE),. It
is believed this value is the maximal RBE at low doses.

The intrinsic reason of expected increasing the RBEy, values of protons in the energy range
characteristic of the Bragg peak is still the matter of scientific discussion. Therein this study of
microscopic energy deposition in cell-subnuclear targets is the further step toward better
understanding the peculiarities of low-energy proton irradiation resulted in enhanced RBE near
Bragg peak. The used microdosimetry approach is rather universal and mathematically
applicable for theoretical estimation both RBE values and average quality factor <Q> .

In experiments the variation of RBE,; with proton or neutron energy has been investigated
using mainly cellular data on survival and mutation assays as well as chromosomal aberrations
7 Herewith an observed particular RBEy; values are depended on object, endpoint, radiation
field and reference radiation. As a result there are a plenty of experimental data, sometimes
differ each other in the values of RBEy. For better understanding, correct interpretation of
radiobiological data and more realistic rather conservative approach for determination a quality
factor the analysis of data should be supplied by biophysical computer modeling.

Our purpose was to present theoretical results on microdosimetry modeling expoéure of
V79 cells using stochastic track structure of low energy protons up to full slowing down.
Besides, it was calculated the spectra of initial DNA breaks according to its complexity to test

the hypothesis ¥

whether a complex double strand breaks (DSB) could sometimes correlate
with observed variation of RBEy. In this paper an irradiation of V79 cells growing in
mono-layers and exposed with low-energy protons was simulated. The stochastic effects of
exposure were investigated by modeling the pattern of energy deposition in cell nuclear and
sub-nuclear volumes. It was followed the possible correlation between experimental estimation
of RBEy and theoretical values: frequency/dose averaged linear energy and calculated yield of
initial complex DSB breaks. The presented quantitative modeling is expected to be useful tool
for interpretation of observed RBE)y values derived from cell inactivation and mutation data as a

function of initial energy of protons.
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Methods
Proton tracks

The details of stochastic track structure.simulation, estimation of microdosimetry spectra
and DNA breaks induction have been published previously '''?. In brief, proton tracks with
incident energy in the range 1 keV — 1 MeV were generated by the LepHist code '", and proton
track segments with energy in the range 1 MeV — 10 MeV were generated by Pits code ' in
liquid water of unit density. All primary interactions, including elastic scattering, ionizations,
excitations and charge exchange processes by protons and neutral hydrogen were taken into
account. The primary protons generated by LepHist were followed from initial energy down to 1
keV. Secondary electrons produced by ionizations were followed down to energies below 1 eV
then assumed to be locally absorbed. Both in LepHist and Pits code the same routine Kurbuc '
were used for generation secondary electron tracks. The codes have been analyzed to provide
the reliability on physical quantities such as full range, W-value, stopping power and radial dose

profiles showing good agreement with experimental and theoretical data '>.
Biological target

In line with analyzed experimental data the following geometry of thin mono-layer has been
considered '*?%, see fig.1. In those experiments V79 cells are usually grown attached on mylar
surface and the low energy proton beam goes sequent through mylar base, cell membrane,
cytoplasm and cell nuclear as shown in fig.1. It was shown by fluorescence microscope

measurements >

that the shape of V79 cell nucleus is similar to a rotation ellipsoid of 15 um
wide and 8 pm high. The value used in this paper for cytoplasm thickness between base and
nucleus was assumed to be 1 pm base *®. The variation of target size parameters due to

non-homogeneous cell population was not considered in this study.
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fig. 1 The schematic shape of cytoplasm and nuclear in a V79 cell used in the simulation of

mono-layer experiments with irradiation cells by protons. b — impact parameter.

Simulated irradiation conditions

The irradiation of V79 cell monolayer with parallel proton beam incident along Z-axis was
considered using microdosimetry approach *¥. First, it was calculated microdosimetry
frequency distribution, f(y), of linear energy, y=e/<l>, where ¢ - energy imparted in the target
volume, <I> - mean chord length. For this case the superposition of single proton track located
at given impact parameter, b, see fig.1 and target volume was tested repeatedly. The
homogeneous distribution on base surface for ‘b’ was used and linear energies were scored to
estimate statistically a frequency averaged, yr, dose averaged, yp, values and corresponded

distributions *® . Those values are defined as follows

f
Yr= .[y fy)dy; yp= JY d(y)dy, where d(y) _Yiy)

Yr

Second, the irradiation to proton beam at given dose D was simulated as following. The
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mean number <N> of proton traversals per target area, S, was calculated as <N>=6.2'D-S/LET,
where D in Gy, S in pm 2, and LET in keV/um. For the elementary simulation the actual
number of traversals was extracted from Poisson distribution with expected averaged value <N>.
This type of simulated irradiation was used for estimation the efficiency of DNA breaks per Gy

as a function of absorbed dose according to experimental conditions of V79 cells exposure.
Biophysical estimation

In calculations of microdosimetry spectra the following types of targets were considered.
The first case we consider the whole cell nucleus generated by the rotation of the ellipsoid
shown in fig. 1. In the second case, the absorbed energy was scored in a spherical volume with
diameter 1 um (ICRU sphere) ¥ located along the short axis of cell nucleus. In the case of
parallel beam, the mean chord length in a spherical volume equals to 2-d/3, where ‘d’ is the
diameter of sphere. But for the case, where the target is generated by the rotation of ellipsoid of
the same mass and unit density irradiated along its short axis the mean chord length is 2-e/3,
where ‘e’ is the short axis of ellipsoid which is less than sphere diameter. However, in the case
when full range of proton track is much larger compared with the pathway in the target, the
distribution and mean lineal energy in a sphere and rotation ellipsoid tend to be approximately
similar. In general, the spectra for the two geometries differ owing to larger energy loss in a
sphere.

In addition, we calculated the yield of DNA damage. For this purpose we used a linear
section of DNA of 300 nucleotide pairs randomly orientated with respect to proton beam
direction. The canonical linear double stranded B-DNA was applied for twin helix. The volume
model of DNA and model of strand breakage have previously been described in details '?. It has
been assumed that energy deposition of 17.5 eV or more in sugar-phosphate moiety results in
induction of a SSB. Two SSB on opposite strands less than 10 base pairs (bp) apart were scored
as one DSB. The yields of SSB and DSB were further classified by complexity '*.

Results

The calculated contributions of given linear energy in an absorbed dose in V79 cell nuclear
are presented in fig 2. It was plotted the following functions: y f(y) and y d(y), see “Methods”,
so the areas under the curves equal to frequency mean, yr (panel A) and dose averaged, yp,
(panel B) values respectively. As it is defined in microdosimetry > such spectra show the

compound of frequency averaged value yr, which is microdosimetry analogue of LET, and dose
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averaged value yp, that relates to absorbed dose. Thus, it can prompt what particular range of
linear energy (or LET) is mainly responsible for the observed effect in irradiated V79 cells *.
Depending of impact parameter ‘b’ the path-length of proton in a cell nuclear varies from 0
to 8 pm with the average chord equals to 5.3 um, see fig. 1. So, a 10 MeV proton (LET=4.5.
keV/um) losses very small part of initial energy in cell nuclear. The dispersion of linear energy
shown in fig 2 is basically due to geometry fluctuations of path-length and dispersion of energy
loss. The contrary case is for the 550 keV (LET= 39 keV/um) protons. They enter the cell
nuclear with the energy about 510 keV (LET= 40 keV/pum) get over 1 um path in cytoplasm, so
the entering energy is a little bit less than energy of proton incident on a cell. The range of
510 keV protons is comparable with cell nuclear size, so they can fully absorb in the target. In
this case the linear energy ranges up to (510/5.3)= 96 keV/um resulting from full slowing down
of proton inside the cell nuclear. Besides, it can be seen that linear energy distributions of 550
keV protons are significantly asymmetrical, pointing out that events with linear energies much
higher than LET of initial proton assume to be the most important for the expected radiation

effect.
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Fig. 2 Calculated linear energy distributions of 10 MeV and 550 keV protons in a cell

nuclear. Shown are the y f(y) (panel A) and y d(y), (panel B), so the areas under curves

equal to frequency, yr, and -dose averaged, yp, values respectively. The structures in the

curves are of statistical nature.
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In the fig. 3 the calculated yr, and yp, values using whole cell nuclear are shown as a
function of initial energy of proton entering a V79 cell. The dotted line is LET of those protons
*¥, added in the plot for comparison. It should be noted that low-energy protons with energy less
than 70 keV, are not able to give rise a non-zero energy deposition in a cell nuclear due to its
short range, less than thickness of cytoplasm between base and nucleus (about 1 um, fig.1). The
above energy threshold is a little bit higher 50 keV, for which range of proton equals to 1 pm **.
The reason is significant space curvature of proton tracks full slowing down in cytoplasm, so
only protons with energy 70 keV or more can reach a cell nuclear after crossing 1 um of
cytoplasm. Then it can be seen from fig 3 the calculated values are plotted from 70 keV to 10
MeV showing the clear peak at 550 keV. At that comparing the range of protons entering cell
nuclear (510 keV, range is about 9 pm) with maximal nuclear size (8 um) it can conclude that
the maximum of mean linear energy is expected when residual range of entering protons

exceeds the size of target by about 10-12%.

. cell nuclear
80 — =T ¥
Y,
- . -« LET
60 - -
£ ]
=2
o
> 40 -
i)
20 —
0

Energy of protons, MeV

Fig. 3 Calculated frequency averaged, yg, and dose averaged, yp, values using a cell nuclear as a

function of initial proton energy. The solid line represents LET of protons " shown for comparison.

An expected non-homogeneous distribution of imparted energy in a V79 cell nuclear was
examined in the following way. It was tested the two limiting locations in a nuclear: at a top and
at a bottom of nuclear. For this a ICRU microdosimetry sphere (1 um diameter) > was used as
a sensitive virtual detector. The following two limiting locations of this sphere in a cell nuclear

were tested: (1) — at the bottom of cell nuclear, i.e. at the nearest point to a proton beam enter
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and (2) at the top of cell nuclear axis ~ the most distant from proton beam, see fig.1. The
calculated frequency averaged, yr, and dose averaged, yp, values using ICRU sphere are shown
in the fig. 4 as a function of initial proton energy. In the case (1) proton passes the way at least 1
um to enter the sensitive volume whereas in the case (2) such a way is about 8 um. So, in the
case (2) the curve is drown from 460 keV (protons of this energy have a range about 8 um) to
10 MeV. Then it can be seen from fig 4 the calculated linear energies show the peaks at 250 and
600 keV for the locations (1) and (2) respectively. Depending on the rest of possible locations of
ICRU sphere along cell nuclear axis the corresponding peaks of mean linear energy are

expected to range from 250 to 600 keV of initial proton energy.

100 — (1) ICRU sphere
4 - =Y
80 |
£ 60—
3
> J
(4]
L4
40 -
20 - /
g /
0 , —r :
0,1 1 10
Energy of protons, MeV

Fig. 4 Calculated frequency averaged, yy, and dose averaged, yp, values using a ICRU sphere
(1 pm diameter) located in a cell nuclear at the nearest (1) and the most distant (2) points from

proton beam entry.

The calculated linear energy distributions of 250 keV and 10 MeV protons in ICRU sphere
located in a cell nuclear at the nearest point to proton beam entry (1) are shown in the fig 5.
Compared with the whole cell nuclear a linear energy in ICRU sphere is distributed rather
broadly, up to 160 keV/um. Such linear energy is the result of energy deposition of 107 keV
that is more than half of proton energy entering a cell. Indeed, 250 keV proton (LET=61
keV/um) passes 1 um of cytoplasm before it enters to the target. Besides, in the contrast with
whole cell nuclear case, for ICRU sphere the yg value is about twice less yp,. Such a difference is

a reliable sign of increasing the role of microdosimetry fluctuations of linear energy with
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decreasing the size of a target. It is a well-known condition for needless of microdosimetry

h 23)

approac instead of usual dosimetry.
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Fig. 5 Calculated linear energy distributions of 10 MeV and 250 keV protons in a ICRU sphere (1 um
diameter) located in a cell nuclear at the nearest point from proton beam entry. Shown are the y f(y)
(panel a) and y d(y), (panel b), so the areas under curves equal to frequency, yr, and -dose averaged, yp,

values respectively. The structures in the curves are of statistical nature.
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In the fig. 6 the calculated dose averaged, yp, linear energy using three different sensitive
volumes are shown as a functions of initial energy of proton entering a cell. It was considered
whole cell nuclear calculations compared with ICRU sphere located in a cell nuclear at the
nearest and the most distant point from proton beam entry: (i) — at the bottom of cell nuclear, i.e.
nearest to proton beam enter and (ii) at the top of cell nuclear axis — the most distant from
proton beam, see fig.1. The curves of whole nuclear and ICRU sphere (i) are plotted on the
same range of proton energy from 70 keV to 10 MeV but show the different location of peaks
and heights at the peak. The yp drop between 10 MeV and peak value is 13 for cell nuclear
curve and 18 for ICRU sphere (i). The curve of ICRU sphere (ii) shows about the same drop as
(1) but is shifted towards higher proton energies. The other possible locations of ICRU sphere in
a cell nuclear distributed between two limit points (i) and (ii) are expected to show the curves

with the similar drop at maximum as presented in fig. 6 and distributed between curves (i) and

(i1).
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Fig. 6 Calculated dose averaged, yp, values using a cell nuclear and ICRU sphere located in a cell

nuclear at the nearest (i) and the most distant (ii) point from proton beam entry.
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It was pointed out that cellular effects of ionizing radiation could be determined by
ionization clusters at the level of DNA molecule, rather than at the level of micrometers
sensitive volumes *'®. Therefore the quantitative modeling of initial DNA damage in the
segment of DNA was carried out to test the various types of strand break which do or do not
correlate with observed biological effectiveness as a function of initial proton energy. To
investigate this statement, first, it was calculated the yields of DNA breaks using virtual
geometry when protons expose segment of DNA straightforwardly with no slowing down way
before this target. In this case the yields of DNA breaks can be estimated from the lowest energy

of protons, about couple of keVs.

In the fig.7 the yields of DNA breaks per Gray per Dalton simulated in short DNA segment
are shown as a function of initial energy of proton affected straightforwardly to the DNA. Those
results were calculated to show the shape of DNA breaks as a function of proton energy when
protons directly affect DNA. So that, the proton energy ranges from about 5 keV to 10 MeV.
Panel A of fig. 7 presents SSB and panel B - DSB according to their complexity. The results are
presented for simple and complex strand breaks separately for three types of single breaks (ssb,

ssb+, 2 ssb) and sum of its - SSB and three types of double breaks ( dsb, dsb+, dsb++) and sum
of its -DSB.
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shown as a function of energy of proton affected straightforwardly to the DNA segment.
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Fig. 8 Calculated double strand breaks in the segment of DNA homogeneously distributed in the cell

nuclear (A) in comparison with experimental RBEy obtained by different researchers (B).
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To compare the theoretical yields of DNA damage with experimental data the double strand
breaks in DNA segment were extra simulated with averaging on location of target over whole
cell nuclear in the geometry shown in fig.1. In this case there is the low-energy threshold of 70
keV for protons to pass 1 um cytoplasm layer. Besides, for low-energy protons with range much
less than geometry chord in cell nuclear the dose distribution is essentially non-homogeneous
over the nuclear that just was taken into account in our modeling. In the fig.8, panel A, the
yields of DSBs simulated in short DNA segment homogeneously distributed in a cell nuclear
are shown as a function of initial energy of protons. It was shown the three types of double

16-20)

breaks: dsb, dsb+ and dsb++. For comparison the experimental data are shown in the same

figure, panel B. The experimental RBEy were drown to match their shapes with simulated

values.

Discussion

To analyze the details of V79 cells irradiation by proton beam it was used the description in
terms of linear energy ‘y’. This value has been recommended by ICRU ¥ as a tool, more closely
related to biological effects of radiation and useful for estimation of RBE values using dose
averaged linear energy, yp *. Considering that linear energy is defined without reference to
track structure it remains applicable even if a range of ionizing particle is less than size of a
target that was just the case of this statement of the task.

Calculated spectra of linear energy and averaged values using ellipsoid model of cell
nuclear, see fig.2-3, obviously show the significant distinction between LET and yy This
distinction manifests mostly for low-energy protons with ranges comparable or less than a size
of target volume. Plotting calculated yr and yp as a function of proton energy in the fig. 3 it was
found a clear peak at about 550 keV of proton energy. So, the 550 keV protons contribute at
average the largest absorbed energy to cell nuclear compared with the rest: above and below
proton energy values.

Based on the microdosimetry approach and using the distribution of linear energy in ICRU
sphere the quality factor can be calculated as following ». The expected radiation effect with
given absorbed dose is governed by the spectra of linear energy this dose was delivered. So, the

quality factor <Q> is evaluated by averaging on the linear energy distribution with the following

formula .
Q= Q) d(y)dy

where d(y) is the distribution of absorbed dose in y; Q(y) — is weighting function determined for
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1 pm diameter ICRU tissue sphere. The weighting function Q(y) was based in part on
observations and theoretical considerations in radiation biology and has been fitted by simple
analytic formula in ICRU *. The Q(y) shows a peak at linear energy about 140 keV/um (LET
near 120 keV/um) and decreases approximately linearity below and above this value.

We used the above formula to calculate quality factor for low energy protons. Substituting
in the formula the cacculated in this work distributions of absorbed dose, d(y), shown in fig 5,
<Q> was estimated numerically to 27 and 1.6 for 250 keV and 10 MeV protons respectively.

The distribution of linear energy of 250 keV protons calculated using ICRU sphere, fig.5,
extends up to 160 keV/um. It is interesting to note the following statement. The entering in the
target proton with energy 50 keV, which range is about 1 pm (full absorption in the ICRU
sphere) gives rise the linear energy 75 keV/um. At that the curve y d(y), shown in fig. 5, has the ‘
peak at 140 keV/um which is the result of absorption of 93 keV, i.e. much larger full absorption
energy. Therefore, so large linear energies can result only from protons with energies around
Bragg peak that cross the target along sphere diameter. In other words, the largest linear
energies in the ICRU sphere distribution are the result of so called “crossers” (particles crossing
the target) but not of the “stoppers” (particles full slowing down inside the target).

A “crossers” are mainly responsible for formation of energy depositions in all the used
targets shown in fig. 6 for energies higher 1 MeV. Those energies correspond to ranges that are
much higher than target size. In this case effect of d-rays is relatively small. That is why all the
following values: LET, yr and yp, were found to be approximately equal each other. With further
decreasing proton energy, curves show the peaks and a sharp drops at 480 keV and 70 keV for
ICRU sphere located in the most distant point (ii) and whole cell nuclear respectively, see fig.6.
The reason of such drops is too small ranges of low-energy protons for they to be able pass the
cytoplasm before nuclear target. The decreasing left parts of the curves result from protons with
ranges about or a bit larger that the distance from base to target which impart small energy of
track ends.

It can be seen from fig. 6 the curves for ICRU sphere have the larger slope and peak values
compared with the case of cell nuclear. Such distinction is the result of difference in size of the
~targets. But for the same ICRU sphere and different location inside a cell nuclear — the
distinction is due to different pathways needed for proton to reach the target. The range of yp
value extends up to 106 keV/um for ICRU sphere and up to 77 keV/um for whole cell nuclear
respectively. So, at the peaks, yp value for ICRU sphere is 1.4 higher than for whole cell nuclear.
According to definition, yp value describes the dispersion of linear energy distribution which
increases with decreasing the size of target. This can be extra illustrated by comparison of linear
energy distributions shown in figs 2 and 5 that relate to peaks shown in fig. 6 at 550 and 250

keV respectively. Indeed, the quotient of maximal by mean ‘y’ values are 106/66 = 1.5 for cell
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nuclear, fig.2, and 165/68 = 2.4 for ICRU sphere, fig.5, respectively. So that with decreasing the
size of a sensitive volume the spread of linear energy goes up. |

Fig.7 shows possible types of curve shape for various DNA breaks as a function of proton
energy. It can be clearly seen that both sum of all single breaks (SSB) and simple single breaks
(ssb) show monotone increasing curves in the range from 70 keV to 10 MeV whilst complex
single breaks (ssb+ and 2ssb) show the curve with maximum. The sum of double breaks (DSB)
and the complex breaks (dsb+, dsb++) also show the curves with maximum at about 0.2 MeV.
The exception is the shape of simple double strand breaks (dsb) see fig.7-b.

In the fig. 8 the calculated complex DSB are shown as a function of initial energy of protons
entering a cell. They can be qualitatively compared in curve shapes with experimental values of
RBE)y, for inactivation/mutation of V79 cells. The presented experimental data are as following.

In the papers ''”

it was studied the RBEy, values of low energy protons with respect to 250
keV X-rays for cell survival using Chinese hamster V79 cell line. They used both proton and
deuteron beams to get the highest LET cause given the same energy a deuteron moves about
twice slower compared proton, so LET increases. The energy of protons and deuterons was
ranged 0.76 — 3.66 MeV. The maximal RBE values were estimated to a ratio of initial slopes of
proton and reference dose response curves. The obtained results showed that for survival
endpoint RBEy ranged from 1.18 when cells were exposed to 1.9 MeV protons to about 9.4 for
0.93 MeV deuterons (0.46 Mev/amu). In the next paper '® it was investigated the RBE values
of low energy protons with respect to “*Co v-rays for cell survival using V79 cell line. The
proton energies were 3.0 and 7.4 MeV. The maximal RBE values estimated to a ratio of initial

slopes were 3.1 and 1.5 respectively. In the studies '*2%

it was presented the RBE values
estimated using survival and mutation endpoints of V79 cells exposed with proton energy
ranged from 2.8 to 4.5 MeV. In the paper *” authors have published the correction to previous
experimental results'”. They tried to fit dose response data with more proper curve. So, the
re-evaluated maximal RBE values were calculated as a ratio of initial slopes and ranged from
1.3t05.7%.

To put the data ***? j

in fig. 8 the incident proton energy entering a cell were used instead of
energy of initial beam or energy in a cell at 3 um depth as it was used in the original paper.
Then, we have to correct the RBEy values for the lowest-energy protons in the following way.
To fit experimental dose response > they used two different fitting functions: linear quadratic
S, and parametric regression S,, presented below. Then it was assumed that maximal RBE value
equals to quotient initial slopes (or alpha coefficients) of proton and reference curves for those
two functions. But in the 2™ case the correct estimation of maximal RBE should be calculated

using the following formulas.
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—a,D-f3,D* a
S = = RBE_, =—%
(24

X

oD a,
S,=f+(1-f)e " = RBE_, =(-f)—
aX

where oy, B, o 4, f — parameters of regression.
So that, the presented in fig.8 RBE,; values were reduced by 6-30% for proton energies 0.04,
0.26, 0.64 and 0.77 MeV compared with RBEy, values presented in the original paper >

*Note. The misprint in the table 4 of Folkard et al " was remedied.
The results of this paper show the following specific points. The most suitable for

delivering absorbed energy in whole V79 cell nuclear are the protons with incident on a cell
energy of 550 keV. At that the protons with 400 keV were found to be the most efficient to
induce a complex double strand breaks of DNA over a cell nuclear averaged. Comparing 400
keV protons with respect to 10 MeV protons it was found 9 and 5 fold for dsb++ and dsb+
respectively. Those calculated numbers meﬁnly are in the range of experimental RBEy values
shown in the fig. 8, right panel. The rest of examined types of DNA breaks obviously do not
correlate with the experimental data. In general, results of this paper agree well with the
following statements: (i) sensitive sites for cell lethality (transformation) are located in the cell
nuclear and (ii) the complex DSB are the most relevant initial lesions leading to cell killing or

transformation.

Conclusions

The results of biophysical modeling of initial events in the nuclear of V79 cells by protons
have been presented. The key points of the model are as following (1) a proton stochastic track
structure was simulated by Monte Carlo algorithm followed protons from initial energy to full
local absorption; (2) the biological target was constructed based on morphological data of V79
cells and ICRU sphere in terms of linear energy; (3) complex DNA double strand breaks were
assumed to be a crucial lesions leading to cell killing or transformation. It was not introduced
extra adjustable parameters or fitting procedure in order to compare with experimental data on
cell survival/mutation. Instead, the relative fold of biophysical parameters such as dose averaged
linear energy and complex DNA double strand breaks were considered.

The main results of this paper obtained for V79 cells can be illustrated in fig. 3 and fig. 8. It
can be seen that: (i) dose averaged, yp, values as a function of proton energy has a single peak
at 550 keV; (ii) the peak value is larger for local sub-nuclear sensitive volume than for whole
cell nuclear (iii) in the spectrum of DNA breaks only complex DSB can correlate with

experimental data on RBEy,. These findings are in reasonable agreement with
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inactivation/mutation data using V79 cells published by different research groups '**?. It should
be pointed out that our calculations are the results of parameter-free simulation. The main
results of this paper showed that local energy deposition in cell nuclear and clustered ionizations

in DNA should play an important role in the formation of radiation biological effect.
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