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a b s t r a c t

The track structure of electrons generated in bio-tissues exposed to X-rays (or other radiation particles) is
essential to cell damage. This paper reports on Monte Carlo track simulations of electrons to determine
the degree of concentration of ionization and excitation events as the aggregation index (AI). AI is
expected to correlate with the number of lesions in a cell nucleus, such as double-strand breaks (DSBs),
which may lead to lethality of cells. The simulation results show that AI as a function of electron energy
has a peak in low energy (sub-keV) regions and the induction of the lesions may be attributed to the ion-
ization and excitation clusters generated in the tissues. The track pattern, associated with the primary
track and secondary branch tracks, is also illustrated by counting the number of the branching points
given by the ionization.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction terns of ionization and/or excitation events in the cell nucleus for
Photon beams and heavy charged particles incident on living
organisms produce many secondary electrons with low energies
(sub-keV). These electrons play an important role in causing radi-
ation damage to cells (e.g., [1–4]). For evaluating the energy trans-
fer of radiation, the linear energy transfer (LET), i.e., energy transfer
per unit length, has been used. The LET for electrons is averaged
over the (typical) track. However, as is the case with heavy charged
particles (known as the ‘‘Bragg peak’’), an electron transfers most
of its energy to the ambient medium around the end of the track,
which is limited in space due to large cross sections of collisions
(in low-energies) with molecules in the medium both for inelastic
and elastic processes. This end region process results in the cluster-
ing of ionization and excitation events [4,5].

Lethal damage of cells has been recognized to occur as a conse-
quence of unrepaired or certain misrepaired double-strand breaks
(DSBs) of DNA in the cell nucleus (e.g., [6]). It may be reasonable to
envisage that DSBs are yielded efficiently by spatially localized ion-
ization events (i.e., clusters) [7–12]. The conventional classification
of electron tracks consists of ‘‘spurs’’, ‘‘blobs’’, ‘‘short tracks’’ and
‘‘branch tracks’’, which are named for track patterns depending
on the electron energy [4]. The former two terms may render the
cluster of ionization and excitation events, while the latter two
must contain several clusters. In any case, the clusters will create
strand breaks of DNA in local volume with high probabilities.
Therefore, it is of primary importance to know the clustering pat-
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investigating the damage of the cells exposed to radiation. For
investigating the clustering nature associated with electron inter-
actions, track simulations by the Monte Carlo method have been
performed by many investigators [4,13–16], while the experimen-
tal evidence has been reported [5,17,18]. However, the correspon-
dence between cluster properties and degree of physicochemical
damage is still not well known. Further investigations are neces-
sary to make clear the properties of electron tracks and size of
the clusters important for creating lesions in cell nucleus.

In this paper, the track analyses concerning the localization of
energy deposition and the branching pattern of electron tracks
by Monte Carlo simulations are presented. A characteristic param-
eter for describing the ionization and excitation processes is intro-
duced as the aggregation index (AI). The simulation results show
clear evidence of the intense effect on the cell nucleus at the track
end.
2. Methods

2.1. Monte Carlo simulation code of electrons

The Monte Carlo simulation code for electron tracks used in this
study is the same as that of a previous paper [19]. In the code, three
collision types: elastic, excitation and ionization, are taken into ac-
count in liquid phase water. The event-by-event algorithm is em-
ployed for tracing every electron with energy from a starting
energy (below 10 MeV) down to below the cutoff energy
(8.22 eV, the electronic excitation threshold). As a benchmark test,
the average path length per electron track by the Monte Carlo
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simulation has been compared with the CSDA (continuous
slowing-down approximation) range of ICRU report 37 (1984)
[20]. Although the path length (as a summation of length between
collision events) and the CSDA range are not strictly identical, very
good agreement between them (generally within 5% difference)
has been confirmed for a wide range of electron energies from
20 eV to 10 MeV. In the computation of the path length, the pri-
mary electron was tracked after each branching point at the ioniza-
tion event. Here, the primary electron means the higher energy
electron of the two after the ionization, and the path length of
low energy electrons below 10 eV is assumed to equal the thermal-
ization distance given in ORNL/TM-10851 (1988) [21].

2.2. Aggregation index (AI) as a function of electron initial energy

Conventionally, the linear energy transfer (LET) has been cited
as a fundamental quantity in the physical stage of radiation inter-
action with materials. The LET is essentially equivalent to the col-
lision stopping power. The numerical integration of the reciprocal
of the stopping power from the energy E of the starting particle
down to zero energy gives the CSDA range, which is approximately
equal to the path length. Since the CSDA range (or path length) pro-
vides us with a rough estimation how the particle with energy E
travels afterward, it is referred to as ‘‘residual range’’ of the particle
with energy E. If the LET as a function of the particle energy is re-
plotted as a function of the residual range, we can see the average
rate of the energy transfer as a function of the material depth the
particle penetrates at maximum. It can be inferred that the energy
transfer from electrons to water occurs significantly in a local area,
within about 1 lm at low energies below 5 keV, which is analogous
to the Bragg peak. It should be noted that the material dimension
affected around the end region is confined to a shorter range than
the residual range of electrons due to their tortuous motion
[22,23]. Since a typical diameter of the nucleus in mammalian cells
is around 5 lm, it is reasonable to suppose that damage (e.g., DSBs)
is induced in the nucleus when the end region of the electron track
coincides with the DNA structure in chromosomes.

In order to consider quantitatively the clustering of ionization
and/or excitation events, the authors have investigated the distri-
bution of length between two arbitrary locations of the events by
using the Monte Carlo code [24]. Based on the assumption that a
couple of the events occurring in a short distance less than about
3.4 nm (equivalent to the length of 10 bp in DNA strand) can cause
double-strand breaks (DSBs) of DNA, the summation of the length
distribution over a certain range (0–3 nm or 0–10 nm) was ob-
tained, which we call ‘‘aggregation index (AI)’’. For example, the
AI for 0–3 nm means the number of combination of events (ioniza-
tions and/or excitations) occurring within 3 nm distance, which is
expected to be proportional to the DSB induction probability. Since
it has been affirmed that the ‘‘intertrack’’ breaks of DNA in a few
nanometers of distance by multiple tracks hardly occur even at
therapeutic doses (up to 6 Gy by linac 6 MV), the AI was calculated
for an isolated track as a function of the initial energy of electron as
AI(Ein) in the present study.

For n (>1) events of ionizations and excitations, AI value falls in
the range between 0 and n(n�1)/2, and we define its unit as ‘‘links’’
hereafter. In the conventional research for radiation effects, the
DNA damage has been quantitatively represented by the yield (Y)
as the number of DSBs in unit mass per dose (Gy). It can be shown
that Y is nearly equal to the number of DSBs per keV as follows,
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On the assumption that AI per initial electron energy is propor-
tional to Y, we have the next relations:
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Here, k is a proportional factor, and it is determined by a com-
parison between y and AI.

2.3. Branching structure of electron tracks

As mentioned in the prior subsection, the ionization and excita-
tion clusters to yield the damage are presumed to occur mainly in a
sub-micron domain inside the nucleus (typically around 5 lm in
diameter), which is generated by electrons with energies below a
few keV at the end of the track trajectory. Since the end regions
forming clusters arise also in secondary electron tracks, we have
to consider a tree structure for the track. The number of the sec-
ondary electron tracks can be estimated by counting branch points
(of the track) where ionization process produces a secondary elec-
tron with energy above a certain threshold (hereafter referred to
‘‘branching energy, Ec’’). This branching energy, Ec, categorizes
the size of the secondary track after the branching point (shown la-
ter in Fig. 3a). For example, ‘‘Ctrack-1 keV’’ means the track formed
by an electron with energy above 1 keV, which undergoes 1 keV
electron processes once for all. The secondary electron energy is
determined using the algorithm by Grosswendt and Waibel
(1978) [25] in the present Monte Carlo code. The algorithm tells
us that the ratio of imparted energy to the secondary electron is
very small compared with that of the primary electron, and this
tendency increases with electron energy before the ionization
collision.

2.4. Considerations of radical’s behavior

As to the radicals produced at the ionization and excitation
events, their behavior can be estimated by the thermal diffusion
and the annihilation process by chemical reactions. In pure liquid
water (aqua pura), radicals (i.e., OH�, e�aq, H3O+, etc.) may be mobile
up to above 100 nm in 10�6 s [23,26]. However, their actual diffu-
sion lengths have been known to be less than 10 nm in the real
ambient condition in the cell where radical scavengers are present
and targets for radical reactions lie [12,16,27–29]. For this reason,
we can assume that the radicals stick around the original locations
(i.e., the ionization and excitation points) within 10 nm. The phys-
ical processes including the radical diffusion last within microsec-
ond order while repairing time of the lesion in cell nucleus is on
the order of one minute to many hours [30]. Therefore, the damage
and the repair processes are regarded as completely separable pro-
cesses with respect to time-domain.

3. Results and discussion

3.1. Aggregation index (AI) per track

The curves in Fig. 1 represent AI (links) as a combination of
numbers of two arbitrary events occurring within 0–3 nm and
0–10 nm lengths per one track. Each point plotted in the figure
was obtained by averaging over more than several tens of tracks
(the number differs according to energy, Ein, to get an equivalent
precision, typically within ±1% in this calculation).

Fig. 2a shows AI per track for the initial electron energy in com-
parison with the DSB yield (y) for the initial electron energy. The
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Fig. 1. Aggregation index (AI) per track for distances 0–3 nm and 0–10 nm between
events as a function of initial electron energy, Ein. AI was calculated by the
integration of the distance distribution for all combinations between the ionization
and excitation points (from 0 to 3 nm and from 0 to 10 nm).
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set of DSB yield data used here is the result of a Monte Carlo sim-
ulation by Friedland et al. (1998) [31], which has taken account of
the chromatin structure of DNA. Here, AI value was multiplied by a
factor of k, which was determined by the least square method so as
to fit well to the yield. The same comparison between both values
divided by the initial energy is shown in Fig. 2b. It is noted that the
peak of AI/Ein appears at around the same energy as the yield (Y), as
shown in Fig. 2b. The experimental evidence similar to this DSB
yield curve was reported by Grosswendt (2005) [32]. The good
agreement of the results in Fig. 2 suggests that AI can be a measure
to estimate the DSB production rate. From the multiplication factor
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Fig. 2. (a) Comparison between AI for distances 0–3 nm and DSB yield (y) [31] as a
function of initial electron energy, Ein. Square symbols represent AI and solid line
DSB yield (y). Here, AI is multiplied by k factor (=0.0149). (b) Comparison between
AI for distances 0–3 nm per initial electron energy and DSB yield per initial electron
energy (Y) [31]. Square symbols represent AI and solid line DSB yield (Y). Here, AI is
multiplied by k factor (=0.0149).
k = 0.0149, we can interpret one DSB to be produced by AI = 67 on
the average, and the effect of radical species on the DSB production
may be included in this multiplication factor. This result strongly
supports the assumption that the clustering events (particularly,
around the end of electron tracks) cause damage locally in the
nucleus.

3.2. Number of secondary tracks per initial electron

Fig. 3b shows the number of branch tracks (‘‘Ctracks’’) per pri-
mary electron as a function of initial electron energy. The branch-
ing energy (Ec) of secondary electrons at ionization points for
counting the Ctrack was set to be from 500 to 1 MeV. It is noted
that the Ctrack number is not proportional to the electron energy
at the starting point of the track. This is because the electron en-
ergy is not evenly imparted to secondary electrons at each ioniza-
tion event in the track, which is recognized from the algorithm
used in the Monte Carlo code [25]. From observations of the track
structure in three-dimensions, the main track of the primary elec-
tron leaves a long trace creating short branches sporadically. The
number and energy distribution of the secondary electrons that
create such branches were calculated for some initial electron
energies as shown in Fig. 4. The distribution in Fig. 4 was obtained
by averaging over 1000–2000 tracks. Interestingly, the secondary
electron number per primary electron seems to follow a ‘‘power
law’’ with respect to electron energy. We can see the production
of secondary electrons is proportional to SE�2.2 (SE: secondary elec-
tron energy).

As was shown in the AI analysis, the ionization and excitation
cluster by the electron with energy below a few keV is important.
The effective cluster size may be roughly estimated to be less than
0.1 lm in diameter from the view point of the residual range of
ICRU report 37 (1984) [20]. Suppose that such a cluster is formed
by the electron having energy below around 1 keV. The number
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Fig. 3. (a) Schematic diagram of electron track structure for counting the number of
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of tracks to yield this size of the cluster (i.e., the number of Ctrack-
1 keV) is not as many as expected by the initial energy of the elec-
tron, as shown in Fig. 3b. For example, the average number of
Ctrack-1 keVs for 15 keV is 2 while the primary electron with
15 keV can move up to above around 5 lm of total path length
[20]. Therefore, multiple Ctrack-1keVs may occur along the pri-
mary track, but only two at most, inside the same nucleus.

The number of tracks per unit volume for X-ray irradiation can
be determined by the energy distribution of initial electrons gener-
ated by photon interactions, that is, by the energy spectrum of the
X-ray exposure. The cluster number density is not uniform in the
volume of micrometer scale. However, if the tracks which cause
the clusters are assumed to be located randomly, we can employ
the Poisson statistics for estimating the number of lesions (e.g.,
DSBs) in the nucleus.

3.3. Absorbed dose and cluster number density

The absorbed dose by X-ray irradiation is equivalent to the
summation of the initial energy of electrons produced in unit vol-
ume of the material, when the equilibrium state of electrons is sus-
tained and the energy loss by the bremsstrahlung is negligible.
Even under the same absorbed dose condition, the cluster number
may vary according to the energy distribution of the initial elec-
trons. However, the aggregation index (AI) for each track can be
a comprehensible and effective measure because AI reflects di-
rectly the concentration degree of events probable to cause DNA
damage, and we can evaluate the concentration effect of the events
depending on the initial electron energy by multiplying the weight
given in Fig. 2, which seems to be quantitatively correlated with
the number of double-strand breaks (DSBs). Recently, the experi-
mental technique to observe DSBs of DNA has been highly devel-
oped by using immunocytochemistry (e.g., [33–38], where the
lesion (DSB) can be observed as fluorescent foci. By taking the pre-
cise irradiation condition of X-rays into account, the quantitative
relationship among the DSB foci number, the incident photon
beam density (yielding absorbed dose, D) and AI for the electron
track would be made clear.

3.4. On extension of AI to proton (and other heavy charged particle)
beams

In the present analysis, only electron tracks (generated by pho-
ton irradiation) were considered. However, the approach to take
account of the ionization and excitation clusters in the electron
track is available also for proton and other heavy charged particle
beams. For example, the frequency of ionization collision along the
proton beams in water is above 300 per lm for the energy from 1
to about 20 MeV (this energy range contributes to form the Bragg
peak) [39]. The electrons produced in the ionization process (d-
rays) along the beam have energies below about 45 keV (i.e.,
20 MeV/458). The aggregation index (AI) can be obtained for all
ionization and excitation events by both the primary protons and
electrons. The effect of the clustering may be divided into two
parts: one for the events by the primary protons and the other
for those by the electrons as indirect processes [40]. This leads to
the difference of RBE or wR (radiation weighting factor) between
protons and electrons.
4. Conclusion

In this study, the probability of cell damage by exposure to pho-
ton irradiation was investigated by using the Monte Carlo simula-
tion technique. The electron track properties were analyzed
focusing on the aggregation degree of the ionization and excitation
events and the track number in bio-cells. As a measure to evaluate
the damage to the cell nucleus, the aggregation index (AI) per elec-
tron track was calculated for a variety of energies. The results sug-
gest that AI per electron initial energy is appreciably correlated
with the DSB yield in the conventional study. It was estimated that
one DSB is produced by AI of 60–70 (links) for 0–3 nm. In addition
to the AI analysis, the characteristics of electron track tree struc-
ture including the branch tracks were clarified as a function of
the initial electron energy. The secondary electron number per pri-
mary electron was shown to follow a power law with respect to the
secondary electron energy.
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