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A new statistical method to study repair mechanism of individual cells exposed to ionizing radiation is pre-
sented. The method is based on deviations from the Poisson distribution of observed chromosome aberrations and
allows to determine the efficiency of repair mechanisms of individual cells. On basis of the dose-effect curves and
the chi-square analysis, the ratio between the variance and the mean value of the observed aberration distribution
could be calculated and related to the efficiency of the cellular repair mechanisms. The method has been tested
on human lymphocytes and CHO-K1 cells exposed to different radiation species. In the case of high-linear energy
transfer ion irradiation a correction due to Neyman A statistics has been introduced.
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1. Introduction

Chromosome aberrations (CA) induced by ionizing ra-
diation comprise very sensitive biomarker of genetic dam-
age. Aberrations arise from non-repaired or mis-repaired
DNA double strand breaks (DSB) and can be directly
observed under optical microscope after using standard
staining techniques. Differences in the microscopic dose
deposition for radiation quality applied (due to different
linear energy transfer, LET) lead to different distribu-
tions of CA among cells which is, in turn, of special inter-
est of the hadron radiotherapy. CA induced by low-LET
radiation species are randomly distributed over a cell nu-
cleus, therefore can be described by Poisson statistics [1].
On the other hand, high-LET swift charged particles cre-
ate in the irradiated tissue well localized ion tracks and
the CA probability results from convolution of two in-
dependent Poisson statistics. First gives the probability
that cell nucleus will be hit while the second determines
the probability of aberration induction by each hit. In
that case, we speak about Neyman A statistics [2].

Repair mechanisms of individual cells are very effective
and can be well assessed for example by means of the
comet assay method [3] or by the γ-H2AX foci monitor-
ing [4]. The question is, however, whether the cell repair
efficiency can be also estimated by applying statistical
methods — especially regarding CA which, in compari-
son to the comet assay and foci, are sensitive to details
of the rejoining processes. From the statistical point of
view, repair may lead to the reduction of the distribu-
tion variance of aberration frequencies. Such an effect has
been already observed for experimentally determined CA
distributions and described statistically by the general-
ized Poisson distribution (GPD) [5]. Nevertheless, GPD
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cannot be applied unambiguously for low doses, since the
fitting procedure needs large number of seldom multiple
aberrations.

We have proposed a new statistical method to study
the efficiency of repair mechanisms [6, 7] which is based
on the estimation of the deviation from the Poisson distri-
bution observed for the dose-effect curves and applicable
for relatively low doses at which multiple aberrations are
difficult to observe. According to the proposed method,
the ratio between the variance and the mean value of the
observed aberration distribution is directly related to the
efficiency of the cellular repair mechanisms. The latter
can be interpreted as the Fano factor which was origi-
nally introduced to describe reduction of the noise in the
charge particle detectors [8]. In the present work, we ex-
pand the method for high-LET radiations for which the
inhomogeneous dose deposition follows Neyman A statis-
tics.

2. Materials and methods

Proposed method was applied to experimental data ob-
tained for human peripheral blood lymphocytes (PBL)
exposed to different doses of 60Co γ irradiation, 150 MeV
protons, 199 MeV/u carbon ions, and 22 MeV/n boron
ions, presented as dose-effect curves in Fig. 1. Donors
were healthy volunteers of both sex. Each dose-effect
curve was separately measured for one person only to
reduce systematical uncertainties. The number of cells
scored amounted to 100–200 for each data point.

To demonstrate universality of observed effects, we also
analyze the data obtained by other authors [9] for Chi-
nese hamster ovary fibroblasts (CHO-K1) irradiated by
60Co γ and 0.8 MeV/n carbon ions.

In the previous experiments, it has been recognized
that error bars calculated according to the Poisson statis-
tics (see Fig. 1) are overestimated in comparison to the
dispersion of data points around the fitted dose-response
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curve [6]. In the case of the Poisson statistics, about
one third of the points should be away from the fitted
(according to the linear-quadratic LQ model) curve.

Fig. 1. Dose response curves of chromosome aberra-
tions observed in human lymphocytes. Aberration num-
ber per individual cell (Y) has been fitted according
to the LQ model: Y � αD � βD2

� int for CA in-
duced by 150 MeV protons, carbon ions and γ rays and
Y � αD � int for CA induced by boron ions [10]. Up-
per part represents the whole investigated dose spectra.
Low part represents a piece of the data at the dose range
below 1 Gy.

As a measure of statistical variance, the distances of
the experimental points to the theoretical curve can be
calculated using the expression for the χ2 function, where
σi stands for the experimental standard deviation. For
the linear-quadratic fit, χ2 function reads as follows:
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where int denotes the interception of fitted curve. For
linear fit
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If the distances of the experimental points to the fitted
line would correspond to the really observed standard
deviation σRi, the χ2 value should be equal to one. As-
suming that real standard deviations σRi are smaller by a
factor k than those calculated according to Poisson statis-
tics σPi

the following relation can be obtained:
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Overestimation of the variance may be explained by
the occurrence of highly efficient repair mechanisms [6, 7]
which reduces originally produced damage yield Y

1

which
could be observed in the lack of any repair. Finally de-
tected aberration yield Y is the result of a decrease of the
number of originally induced DNA double strand breaks
due to the DNA repair processes. As a measure of repair
efficiency, the repair factor RF has been defined:

RF �
Y 1

Y
¥ 1. (4)

Assuming that the aberration yields may be also ex-
pressed by the corresponding variances and the factor
k is constant (k ¤ 1q, the repair factor may be calculated
as follows:
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For a high-LET exposure (11B irradiation) following the
Neyman A statistics, the variance is given by: σ2

N �
λP p1� µq, where λP represents mean number of aberra-
tions per cell nucleus and µ is the mean number of aber-
rations induced by each hit. Thus, for small µ values we
get the Poisson variance.

According to the proposed method we can also define
repair coefficients RC, which represents the percentage
of repaired chromosomes. The expression for RC reads
as follows:

RC �
RF � 1

RF
� 100%. (6)

3. Results

For each set of the experimental data χ2 values, repair
factors and repair coefficients have been presented (see
Table I).

TABLE IComparison of RF and RC values
obtained for PBL and CHOK1 cells.

Cell Radiation LET χ2 RF RC

type species [keV/µm] [%]

PBL

60Co γ rays 0.2 0.31±0.20 3.2±2.0 69±20
150 MeV p 0.57 0.37±0.23 2.7±1.7 63±23

22 MeV/n 12C 16 0.26±0.18 3.8±2.7 73±18
199 MeV/n 11B 76 0.43±0.21 2.3±1.1 57±21

CHOK1
60Co γ rays 0.2 0.006±0.0025 160±70 99.0±0.3

8.09 MeV 12C 830 0.44±0.28 2.3±1.4 56±28

4. Discussion and conclusions

For all applied irradiations, we observe that the vari-
ance of experimental data points measured as χ2 values
obtained for the dose-effect curves are much smaller than
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expected for the Poisson statistics. The measure for this
reduction is the repair factor which is larger than unity
whereas the repair coefficient describes how efficient are
the cellular repair mechanisms (see Table I). We would
expect that radiations of larger LET and higher ioniza-
tion density induce damages which are much more diffi-
cult to repair. This trend can be clearly confirmed for the
data presented in Table I. Only the repair coefficient for
12C is relatively large but the corresponding uncertainty
is also high. A similar tendency illustrating generality
of the method can be observed for experimental results
obtained on CHOK1 cells for which efficiency of repair is
different. On the other hand, the strength of the repair
mechanisms can be determined by means of curvature of
the dose-effect curves, as well. In that case, we assumed
that RC depends on the dose. The dependence is, how-
ever, very weak and therefore is not in contradiction to
the present results.
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