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Abstract. In the present work, we have adopted the premature chromosome condensation (PCC) technique
to study the initial DNA damage in order to distinguish between the biological and physical components
of the dose-effect curves. We have studied G2 -chromatid breaks in human lymphocytes, isochromatid-type
breaks as well as chromatid exchanges at two different sampling times: directly after irradiation (t0 ) and
12 hours later (t12 ). The lymphocyte samples have been exposed to 150 MeV and spread out Bragg peak
(SOBP) proton beams, 22 MeV/u 11 B ions and for comparison to 60 Co γ rays. Dose-response curves for
both types of breaks have been determined. We have shown that t0 G2 -chromatid breaks follow linearquadratic dependence for all studied cases and could be used for estimation of the effective ion track
radius. A comparison to the expected physical track radii leads to the conclusion that the biological repair
mechanism considerably prevails the physical effect of the overlapping ion tracks even at the time t0 .
The results have been also compared to the dose-effect curves previously obtained in our chromosome
aberrations study.

1 Introduction
Knowledge of the biological response of single cells to different radiation quality is of fundamental importance not
only for protection against radiation, but also for the use
of heavy charged particles in radiation therapy [1].
Differences in the response of investigated cells or tissues exposed to ionizing radiation depend on physical
properties of chosen particle flux, absorbed dose and dose
rate resulting from formation of ion track structures. Scenarios of cell response can be studied in several ways. One
of the most frequently used is the survival assay describing the fraction of cells which sustained given radiation
doses. More powerful methods, however, rely on the observation of chromosome aberrations (CA) induced in peripheral blood lymphocytes (PBL) [2] which are preferable for
several reasons. First of all, the assessment of chromosome damage in human lymphocytes is considered to be
the only reliable method in human biodosimetry since half
a century [3]. Secondly, lymphocytes circulate in the blood
vessels and are distributed throughout the body, and the
?
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damage to the hematopoietic tissue is a major limiting
factor for a total dose in radiotherapy.
So-called dose-response curves of CA, associated to DNA
double strand breaks, usually have a linear-quadratic shape
[4]. As already shown, the quadratic term may result from
two different effects. The most important effect is of a biological origin and can be connected with very efficient DNA
repair mechanisms leading to CA which strongly depend
on the local ionization density and thus on the radiation
quality [5,6]. Additionally, quadratic coefficient may be
associated with physical processes of ion track overlapping
[7,8] and doubling of the locally absorbed dose. Although,
physics concerning interaction of ionizing radiation [9] and
the processes of the DNA damage leading to chromosomal aberrations [5,10] are relatively well known, the allencompassing anticipation of the radiobiological outcomes
is still missing. The physical models based on Monte Carlo
simulations can correctly describe evolution of ion tracks
formed in the irradiated tissue by starting with ionization
and creation of fast delta electrons which transfer their
energy in the next step to the atomic system and finally
lead to production of chemically active radicals. These models are, however, unable to assess the final biological effect
of irradiation due to the lack of well-defined repair mechanisms, which are very effective [6] and indispensable for
description of the CA formation.
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Existing phenomenological models, like the local effect
model (LEM) [11] and the Katz model [12,13], simply
assume that the radiation induced damage of the cellular DNA and the corresponding number of double strand
breaks (DSB) only depends on the local ionization density, and therefore, the response function obtained for the
gamma irradiation can be applied to model dose-effect
curves of charged particles. Relatively good agreement
with the experimental data is, however, occupied by fitting several free parameters which take on specific values
for the cell line actually studied but also depend on the
radiation quality. Again, the reason for that is most likely
due to the underestimation of the effects of cellular repair
leading to the CA formation.
Recently, we have proposed a simple analytical model
describing the observed linear-quadratic dependence of
the chromosome aberration yield on the radiation dose
induced by heavy charged particles [14]. The method is
based on the assumption that the non-linear term of
linear-quadratic response function arises solely by the ion
track overlapping effect. Using the experimentally assessed
parameters, we could obtain an effective track radius
which could explain experimentally observed curvature of
the dose-effect response. Comparison between the effective track radius and the physical expectations led us to
the conclusion that the experimentally determined curvature of the dose-effect curves predominantly results from
cellular repair effects.
The simplest way to distinguish between the physical
overlapping effect and the biological mechanisms, being
the main purpose of the present work, is certainly to
observe the initial DNA damage, directly after irradiation. Such an experiment is not easy to conduct since
the repair mechanisms possess, apart from a long-term
component lasting many hours, also a fast contribution of
5–10 minutes during which a part of the DNA breakages
can be rejoined [15]. It means that repair takes place
already during the irradiation process.
Initial DNA damage can be visualized by several methods, such as gel electrophoresis [16], γH2AX foci visualization [17] or premature chromosome condensation (PCC)
[16]. In the present work we have adopted very fast and
reliable PCC technique as already shown in many previous
studies [24–27].
Chromosomes condense during mitosis. However,
chromatin condensation may be induced at any phase of
the cell cycle by means of several agents, leading to so
called “premature chromosome condensation”. PCC has
proved to be a useful tool for analyzing chromosomes in
interphase and visualize genetic damage shortly after the
radiation exposure. Chromosome condensation by means
of Calyculin A, a specific inhibitor of type 1 and 2A protein
phosphatases [18], is a very simple method which allows
to analyze G1 cells (displaying univalent chromosomes),
G2 cells (displaying bivalent chromosomes), and visualizes
S-phase cells (displaying pulverized mixture of uni- and
bivalent pieces of chromatin). Here, we recorded the number
of chromatid breaks induced immediately and 12 hours after
the exposure to high and low LET radiation in G2 cells.
Our previous studies involving CA observation were
based on conventional metaphase method in resting-state
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human lymphocytes which were irradiated in G0 phase of
the cell cycle, stimulated to proliferate, and analyzed after
48 h of culturing. This is the time when culturing lymphocytes reach their first post-irradiated mitosis in the natural
way. Thus, initial formation and rejoining studies of chromatid breaks cannot be performed by metaphase method
because rejoining of double strand breaks proceeds much
faster [15,19]. In contrast, chemically induced PCC technique allows to study kinetics of repair mechanisms in a
very short time steps according to experimental requirements of irradiation procedure.

2 Materials and methods
2.1 Blood irradiation and cytogenetic analysis
All blood samples were obtained from informed, healthy
volunteers. Ethical approval was obtained for this study
and all participants gave informed consent.
Whole blood was obtained by venipuncture into
heparinized vacuum containers. The lymphocytes were
isolated by gradient centrifugation and seeded with a density of 0.5 × 106 cell/ml in the in RPMI medium supplemented by 20% fetal calf serum, 2 mM L-glutamine,
100 U/ml penicillin, 100 µg/ml streptomycin and 1% phytohaemagglutinin (PHA).
After 48 h of culture, asynchronously growing cell population was exposed to 60 Co γ rays and heavy ions
(150 MeV and SOBP protons, and 22.1 MeV/u 11 B ions).
Proton and γ irradiation was performed at the medical
complex of Dezheleplov Laboratory of Nuclear Problems
of the Joint Institute for Nuclear Research, Dubna,
Russia. Protons were delivered by Phasotron; 60 Co γray irradiation was done on the remote radiation therapy
unit ROKUS M. Monoenergetic 22.1 MeV/u 11 B beam
was delivered by the U 400M cyclotron of the Flerov
Laboratory of Nuclear Reactions, JINR (Dubna, Russia).
Details of the irradiation procedure and beam characteristics are given elsewhere [14,20,21].
Immediately after irradiation one set of all samples
was treated with 50 nM of Calyculin A for 50–60 min at
37◦ C, then hypotonised with 75 mM KCl, and fixed with
methanol: glacial acetic acid. All samples were irradiated
separately, and irradiation time amounted to 1–2 minutes.
Only in the case of 11 B ions, all 8 biological samples
were placed together in a changeable rotary drum [21].
When the drum rotated, each blood sample – one by
one – was placed in front of the ion beam which passed
through the central collimator. Doses ranged between 0.05
and 2 Gy, and Calyculin A was added immediately after
irradiation of the whole set had been finished. The total
boron irradiation time (dose rate 1.24 Gy/min) lasted
∼5 min.
The second set of samples, immediately after irradiation
was subjected to further incubation at 370 C and after 12
h was treated with 50 nM of Calyculin A and fixed in
the same manner as first set. So prepared material was
dropped onto glass slides, dried, stained with 3% Giemsa
in phosphate-buffered saline (pH 6.8) and analyzed under
an optical microscope.
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Fig. 1. (a.) Schematic view of the initial damage assessed by the PCC method. Drawings are taken from [28]; (b.) the G2-spread
consists of 49 figures, i.e. there are 3 isochromatid breaks, and contains 20 chromatid breaks. Exemplary labeling: isochromatid
breaks ( ), chromatid breaks (∆), exchanges (*).

Typically, 100–200 G2 -phase cells were analyzed for
every data point. The damage was classified as chromatid
breaks, iso-chromatid breaks (excess figures) and chromatid exchanges (see Fig. 1a) being the sign of prompt
DNA repair mechanisms.
The yield of isochromatid breaks was measured from the
excess number of chromosomes (>46 figures) observed [3]
(see Fig. 1). In G2-phase of the cell cycle the iso-chromatid
break occurs when two breaks are formed on the opposite sister chromatids in a close proximity. Because one
isochromatid break results from the breakage of both chromatid threats, one isochromatid break was scored as two
chromatid breaks.

2.2 Effective ion track radius
The yield of breaks Y visible after exposure to different
doses of ionizing radiation D can be generally described
by the linear-quadratic model:
Y = α · D + β · D2 .

(1)

As discussed in our previous paper [14] devoted to the
chromosome aberrations of the human lymphocytes, the
quadratic term can represent contributions resulting both
from the physical effect of the overlapping ion tracks and
from the biological repair mechanisms which effectiveness
is not known exactly. Thus, we have proposed to determine
the curvature ratio β/α theoretically, assuming only that
the ion tracks of an effective interaction radius Reff can
overlap and produce locally in this overlapping region a
double dose. As the ion tracks are distributed over the
irradiated cell statistically and the distance between them
follows the two dimensional Poisson statistics, the β/α
ratio can be related to the effective track radius as follows
[14]:
s
r
3 · LET
β
Rexp =
·
(2)
8 · F · ρm
α

where F is a geometric factor equal to 0.58 describing the
overlapping region, ρm denotes the mass density of the
cell, and LET is the LET value of the irradiation applied.
Since the β/α ratio is easy to determine from experimental dose-effect curves, we can calculate using the formula
above how large should be the interaction radius of the ion
tracks to explain the experimentally observed curvature of
the response function. Therefore, we can speak about the
experimental effective track radius.
On the other hand, we can also determine a physical
effective ion track radius using the known structure of ion
tracks and the range of fast δ electrons produced during the ionization process induced by slowing down ions.
Assuming a constant radial dose density within the ion
track, we get the following expression for the physical
effective track radius [14]:
r
Rmax
(3)
Rphys = Rmin 1 + 2ln
Rmin
where Rmin corresponds to the track core radius and Rmax
stands for track penumbra radius of the 1/r2 declining
radial dose, determined by the range of the δ electrons.
The quantities above can be calculated according to the
formula proposed by Chatterjee and Schaefer, 1976 [22]:
v
· 0.0116 (µm)
c
√
= 0.768E − 1.925 E + 1.257µm.

Rmin =

(4)

Rmax

(5)

Here E stands for particle’s kinetic energy per nucleon in
MeV/u, v – particle’s velocity and c – the speed of light.
A comparison between the experimentally determined
effective track radius and the physical one will allow us
to conclude about the effectiveness of biological effects
that can also contribute to the experimentally observed
curvature of the dose effect curves. For example, in the
case of 150 MeV proton irradiation at 2 Gy, the corresponding fluence amounts to about 22 × 108 1/cm2 and
550 hits/cell, which lead to the average distance between
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Fig. 2. Dose effect curves of breaks (chromatid and isochromatid), and DSBs induced by 60 Co γ rays, 150 MeV and SOBP
protons and 11 B ions measured immediately after exposure and 12 hours later. Additionally, breaks at t0 were recalculated
into DSBs according to the scheme: one chromatid break corresponds to one DSB and one isochromatid break (excess figure)
corresponds to two DSBs. Error bars are only of statistical origin.

hits of 200 nm. It is to compare to the Rphys = 23 nm.
According to equation (2), the contribution from the overlapping tracks to the total dose is then small but not negligible. The resulting curvature ratio β/α takes the value
of about 0.01 Gy−1 .

3 Results
3.1 Experimental results
The chemically induced PCC technique was used to determine the yield of chromosome breakage and to measure
the repair impact at two different times after the irradiation: immediately after the exposure (the time t0 ) and
after 12 hours (the time t12 ).
G2 cells analyzed at t0 were at the same phase during
irradiation, thus we could easily distinguish between the
damage one of two sister chromatids (chromatid break,
resulting from one DSB) and damage of both chromatids
(excess figures), resulting from two DSBs).
G2 cells analyzed at t12 are a mixture of cells which at
the moment of irradiation were in G1 or S-phase. Thus,

observed breaks and excess figures might have been either
the result of 1 DSB produced in G1 or 2 DSBs produced
in the late S phase or a mixture of these events in earlymiddle S-phase.
In Figure 2, the dose-effect curves of all observed breaks
at t0 and t12 are depicted. The corresponding fitted
parameters α and β are given in Table 1. Additionally,
at t0 ,when the cells irradiated in G2 were immediately
analyzed at the same phase, we can recalculate chromatid
breaks into DSBs correlating one chromatid break with
one DSB, excess figure (isochromatid break) with two
DSBs (Fig. 2). For t12 both chromatid breaks and excess
figures were assumed to be the result of 1 DSB to avoid
the overestimation of damage.
Only in the case of 11 B ions, the curve representing
DSBs/cell is significantly higher than the curve corresponding to the number of breaks/cell. It is due to the
higher number of excess figures induced by 11 B ions having
the highest LET (76 keV/µm) among irradiation species
being studied.
All t0 dose effect curves possess a statistically significant quadratic contribution – the smallest one for 60 Co
γ rays and the largest for 11 B ions. For the time t12 , the
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Table 1. Parameters of the linear-quadratic fit (Y = αD + βD2 ) of PCC breaks observed immediately after irradiation (t0 )
and twelve hours after the exposure (t12 ).

60

Co γ rays
150 MeV protons
SOBP protons
11
B ions



α Gy −1

t0


β Gy −2



β/α Gy −1



α Gy −1

t12


β Gy −2



β/α Gy −1

11.8 ± 0.4
10.6 ± 0.5
11.7 ± 0.5
13.7 ± 0.8

1.04 ± 0.29
1.6 ± 0.3
2.0 ± 0.3
8.0 ± 0.7

0.09 ± 0.03
0.15 ± 0.03
0.17 ± 0.03
0.58 ± 0.06

0.99 ± 0.21
1.27 ± 0.21
3.1 ± 0.2
9.4 ± 0.5

0.19 ± 0.12
0.26 ± 0.12
–0.55 ± 0.15
2.4 ± 0.5

0.19 ± 0.13
0.21 ± 0.10
–0.18 ± 0.06
0.25 ± 0.05

Table 2. Values of the physical and effective track radii at t0
and t12 .
Radiation; LET

Rphys [nm]
t0

60
Co γ rays; 0.2 kev/µm
150 MeV protons; 0.57 kev/µm
SOBP protons; 1.4 kev/µm
11
B ions; 76 kev/µm

–
23
9.7
11.0

Rexp [nm]
t12

43 ± 6
63 ± 21
94 ± 9
110 ± 30
157 ± 12
–
2130 ± 110 1400 ± 150

quadratic terms are much smaller and are of large statistical uncertainties, the largest β parameter is observed for
boron ions. It even becomes slightly negative in the case
of SOBP protons, although biased by a large statistical
uncertainty.

3.2 Estimation of effective track radius
The effective track radii (Eq. (2)) corresponding to the
experimentally determined curvature of the dose effect
curves are presented in Table 2 together with the physical expectations (Eq. (3)).

4 Conclusions and discussion
The main aim of the present work was to look for the
contribution to the dose-effect curves resulting from the
overlapping of ion tracks produced by charge particle irradiation in peripheral blood lymphocytes. This effect is
usually dominated by the biological repair mechanisms
as it is observed in chromosome aberrations (CA) studies [14,23]. To minimize the biological effects, we decided
to apply the premature chromosome condensation (PCC)
technique that allows to observe chromatid breaks immediately after exposure to ionizing radiation. The lymphocytes were irradiated by 150 MeV and SOBP protons
as well as boron ions and for comparison by 60 Co γ
rays at doses up to 2 Gy, allowing to determine corresponding dose-effect curves. Similar to the CA investigations, the dose-effect curves for chromatid breaks have a
linear-quadratic shape, and the corresponding α and β
parameters could be determined at two different times
after irradiation: immediately after exposure and 12 hours
later. This procedure was chosen to estimate efficiency of
the repair mechanisms which are strongly time dependent.

Fig. 3. Number of breaks per cell (described mainly by the α
parameter) as a function of LET determined for 1.5 Gy. The
full lines represent linear fits.

It should be, however, noted that the DNA condensation is induced within 5 minutes after the Calyculin
A application, and during this time interval necessary
for DNA to condense, some fast rejoining/misrejoining of
chromatid breaks occurs. A sign of this repair are exchange
type aberrations few of which we observed at t0 samples
similar to those of the other authors [15,19]. From this
point of view the “initial” yield of chromatid breaks in
our case is actually “initially observed” rather than initially formed.
In Table 1, the parameters of the linear-quadratic model
determined for both times are presented. Whereas the α
parameter is proportional to the LET value of applied
radiation (see Fig. 3) and describes its effectiveness for
induction of chromatid breaks, the β parameter results
either from the ion track overlapping effect or from biological effects. The strength of the repair mechanisms
can be easily estimated by means of reduction of the α
parameter during 12 hours after irradiation. The largest
decrease by a factor of about 10 is observed for high
energy protons and gamma rays (low LET values) and the
smallest one of 1.7 for boron ions (high LET value). This
agrees with our expectation according to which the damage induced by boron ions is much more complex and difficult to repair. Their values are significantly reduced during
12 hours after irradiation. On the other hand, decrease of
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Table 3. Results of the ion track analysis performed for chromosome aberration in [14].
Irradiation; LET

Rmin
[nm]

Rmax
[µm]

Rphys
[nm]

β/α
[Gy−1 ]

Rexp
[nm]

60

–
5.8
2.32
2.55

–
93
8.14
9.65

–
23.0
9.7
11.0

1.6 ± 0.5
1.9 ± 0.4
0.72 ± 0.13
–

175 ± 30
318 ± 25
287 ± 28
–

Co γ rays; 0.2 keV/µm
150 MeV protons; 0.57 keV/µm
SOBP protons; 1.4 keV/µm
11
B ions; 76 keV/µm

the β parameter is approximately the same for all radiation qualities and amount to 4.1 ± 1.6 (with exception of
SOBP protons for which the t12 measurement at higher
doses is probably biased by a systematic error and should
be excluded from the analysis). Consequently, we observe
that the curvature parameter β/α remains constant (or
slightly increases) within the calculated statistical uncertainties for low LET values whereas for boron ions, the
decrease by a factor 2.3 ± 0.5 is significant.
Within our effective track radius model, the experimentally determined β/α ratio is assessed to the track radii
which can be then compared to the physically expected
values (see Tab. 2). In absence of any biological effects,
they should be independent of the cell cycle phase and
irradiation time. The experimental values are, however,
much larger than the theoretical ones and change visibly during 12 hours in the case of the boron exposure.
This suggests that the repair mechanisms overestimate the
track overlapping effect even at the time t0 , which is not
surprising because of irradiation time of about 2 minutes
and 5 minutes for the condensation of the DNA by
application of Calyculin A. It roughly corresponds to the
time constant of the short-term component of the repair
mechanisms which is very effective within first 5–7 minutes
[25–27].
Otherwise, it is also interesting to compare the present
results obtained for chromatid breaks at t12 with those
obtained previously in the study of chromosome aberrations for the same ion beams (see Tab. 3). The experimental effective ion track radii for CA are larger by a factor
3–4 supposing larger repair mechanism contribution,
which is in agreement with a long incubation time of irradiated lymphocytes of 48 hours and slightly increasing β/α
ratios of chromatid response functions obtained for low
LET values. An opposite tendency can be observed for
the high LET irradiation of boron ions for which a strong
decrease of the curvature parameter is found. Therefore,
this effect might explain the parabolic shape of chromosome response functions observed for low LET radiations
in contrast to a linear dependence for high LET values.
This conclusion should be considered with great caution
since in our CA experiments, we investigated lymphocytes
in G0 phase which is of different radiosensitivity than the
G2 phase. Furthermore, kinetics of repair mechanisms can
differ in different cell cycle stages, as well. In G0 irradiated cells exchange aberrations dominate while irradiation
closer to mitosis results mainly in breaks. Thus, in the
PCC spreads at t12 , we do not observe typical exchange
aberrations i.e. dicentrics except of few chromatid

exchanges. Moreover, not all cells scored in the PCC
assay would reach mitosis due to complicate cell cycle
regulation [24].
Applying the PCC technique, we aimed to minimalize
influence of biological repair mechanisms and make visible the physical effect of overlapping ion tracks. However,
we have seen that even at our initial time t0 , the measurements are biased by the biological effects. The best
method to overcome this difficulty seems to be application of Calyculin A several minutes before the irradiation,
the starting point of which should be determined very
precisely.
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