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The biophysical radiation track simulation model PAR-
TRAC was improved by implementing new interaction cross
sections for protons in water. Computer-simulated tracks of
energy deposition events from protons and their secondary
electrons were superimposed on a higher-order DNA target
model describing the spatial coordinates of the whole genome
inside a human cell. Induction of DNA double-strand breaks
was simulated for proton irradiation with LET values between
1.6 and 70 keV/mm and various reference radiation qualities.
The yield of DSBs after proton irradiation was found to rise
continuously with increasing LET up to about 20 DSBs per
Gbp and Gy, corresponding to an RBE up to 2.2. About half
of this increase resulted from a higher yield of DSB clusters
associated with small fragments below 10 kbp. Exclusion of
experimentally unresolved multiple DSBs reduced the maxi-
mum DSB yield by 30% and shifted it to an LET of about 40
keV/mm. Simulated fragment size distributions deviated sig-
nificantly from random breakage distributions over the whole
size range after irradiation with protons with an LET above
10 keV/mm. Determination of DSB yields using equations de-
rived for random breakage resulted in an underestimation by
up to 20%. The inclusion of background fragments had only
a minor influence on the distribution of the DNA fragments
induced by radiation. Despite limited numerical agreement,
the simulations reproduced the trends in proton-induced DNA
DSBs and fragment induction found in recent experiments.
q 2003 by Radiation Research Society

INTRODUCTION

The induction of DNA double strand breaks (DSBs) after
irradiation is thought to be of fundamental importance for
producing radiation-induced death and injury to cells (1).
The reproduction of measured radiation-induced yields of
DSBs can be taken as a benchmark for Monte Carlo models
for calculation of radiation damage to DNA and as a pre-
requisite for confidence in the results of simulations of oth-
er radiation effects where direct measurements are not pos-
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sible. Previous measurements of DSB yields showed only
slight variation with radiation quality (2, 3). After proton
irradiation, RBE values for DSB induction, relative to 200
to 250 kVp X rays, were found to be within the range
between 0.8 and 1.1 using the sedimentation technique as
well as filter elution (4–6). Recent measurements using
constant-field gel electrophoresis (CFGE) or pulsed-field
gel electrophoresis (PFGE) have resulted in higher yields
and RBE values between 1.24 and 2.03 and in an evident
increase with increasing LET (7–9).

A comparison between measured and calculated results
must also take into account a possible bias because of the
experimental techniques used and the methods of data anal-
ysis. Different methods for the quantification of X-ray-in-
duced DNA DSBs after PFGE under the assumption of ran-
domly induced breaks were investigated and gave essen-
tially the same results (10). Recently, however, a study to
assess the applicability of methods to quantify of X-ray and
a-particle-induced DSBs based on the random breakage
paradigm resulted in different RBE values, depending on
how the methods were employed (11). The question re-
mained open regarding how well the production of corre-
lated breaks on the chromatin loops structures from single
particle traversals could explain the deviations from the
predictions of the random breakage assumption. Consider-
ably different DSB yields were reported after proton and
4He-ion irradiation when different methods of analysis were
used (12).

Another possible source of an incorrect estimation of
breakage frequencies was claimed to result from back-
ground DNA fragment distributions obtained from treat-
ment of unirradiated cells (13). In the conventional analysis
of PFGE experiments, a background distribution is simply
subtracted from the distribution measured for irradiated
cells for each molecular weight region; however, this ap-
proach may be an oversimplification (14).

In the present work, DSB yields and DNA fragment dis-
tributions after proton irradiation were simulated over a
wide range of LET values in an extension of a recent pilot
study (15). The investigation assesses in particular (1) the
contribution of correlated breaks to the total DNA DSB
induction, (2) a possible bias introduced by the use of al-
gorithms based on the random breakage assumption, and
(3) the influence of a background distribution on the radi-
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FIG. 1. Basic chromatin fiber element including 30 nucleosomes and
an ideal arrangement of chromatin fiber rods in rhombic loops forming
a rosette-like structure of 0.5 Mbp genomic length.

ation-induced DNA fragment distribution. These are done,
respectively, by (1) subtracting correlated DSB associated
with DNA fragment sizes less than the experimental reso-
lution limit from the simulated total number of DSBs, (2)
applying algorithms used for the derivation of DSB yields
from measured DNA fractions to simulated DNA fragment
size distributions, and (3) simulating radiation-induced
DNA fragmentation on the basis of a genome bearing a
background distribution of DNA fragments. The simula-
tions were performed with the Monte Carlo track structure
code PARTRAC (16, 17) after implementing new cross
sections for protons.

MATERIALS AND METHODS

The Monte Carlo code PARTRAC and its main simulation modules as
well as DNA target structure models, electron and photon track structure
simulation, and DNA strand break induction from direct and indirect
effects were described in detail elsewhere (16, 17). Therefore, this section
focuses on further development of the model and specification of param-
eter sets used.

Proton Track Structure Simulation

A new module for the simulation of proton tracks was implemented in
the Monte Carlo track structure simulation code PARTRAC. The track
structure simulation was performed using the classical trajectory picture
that follows the primary proton as well as all secondary electrons pro-
duced from starting or ejection energy down to total stopping (a few eV
in case of electrons, 1 keV in case of protons or neutral hydrogen), by
processing elastic and inelastic, including charge-changing scattering
events. When a proton slows down, it can produce direct ionization or
excitation events, but it can also capture an electron from a target mol-
ecule, converting itself into a neutral hydrogen atom. The neutral hydro-
gen atom itself can ionize or excite, or lose the electron again, converting
itself back into a proton.

We recently derived new cross sections for inelastic interactions of
energetic protons and neutral hydrogen atoms in liquid water (18). Liquid
water was used as a model substance for the biological material under
consideration. The data set covered a proton energy range from 1 keV
up to 10 GeV and considered the following interaction processes: ioni-
zation, excitation and electron capture from target molecules for protons,
and ionization and electron stripping for neutral hydrogen atoms. Ne-
glected in this model were excitation by neutral hydrogen atoms as well
as elastic scattering of the proton; both processes are only of minor effect
in this context.

Ionization and excitation cross sections were determined within the
(non-relativistic) plane-wave first Born approximation (PWBA). In this
approximation, the double differential (in energy and momentum transfer)
cross section was related to the dielectric response function, which had
been determined in a semi-empirical model for liquid water before (19).
The Bethe approximation was used for the extension to relativistic en-
ergies, while semi-empirical approaches were applied for energies below
500 keV where the PWBA is no longer valid. Charge transfer and strip-
ping cross sections were represented by simple analytical functions fol-
lowing general trends of experimental data. Parameters were also deter-
mined and adjusted by comparing calculated stopping powers, to which
all processes and charge states contribute, with the ICRU recommenda-
tions (20) for water and other experimental data as described in refs. (18)
and (21).

Secondary electron emission spectra (angular distributions) were mod-
eled within the framework of the non-relativistic Bethe theory, i.e. as a
superposition of the binary encounter peak (hard collisions) and the di-
pole interaction (close or glancing collisions). Identical distributions were

assumed for interactions of protons and neutral hydrogen atoms. More
details and angular distributions can be found elsewhere (21).

DNA Target Model

The DNA target model was designed to represent the genome of a
human fibroblast in its interphase. The total genomic length was assumed
to be 6 Gbp. The basic element of the model is shown in Fig. 1. It consists
of a repetitive piece of a chromatin fiber 50 nm long formed by an ar-
rangement of 30 nucleosomes with a total of 6008 bp in atomic resolu-
tion. The nucleosomes were organized in a stochastic crossed-linker struc-
ture with an average angle of 1508 between succeeding nucleosomes and
a mean radial distance of 11 nm between the center of the histone and
the fiber axis. The positions of the histones and the orientations of their
axes within the basic element deviated stochastically from a regular sym-
metrical assembly within the chromatin fiber. Interpenetration of the DNA
helices with each other and with the histones was inhibited. Three of the
basic fiber elements were stacked together, making a 150-nm- or 18-kbp-
long chromatin fiber rod that was the essential component of the chro-
matin organization within the nucleus.

The cylindrical shape of the cell nucleus was divided in this model
into 46 territories, each with a volume proportional to the length of the
corresponding chromosome, plus an additional non-contiguous volume,
comprising 5% of the nuclear volume, that was not occupied by chro-
mosomes. The territories were specified by thousands of contiguous cubic
grid elements with a side length of 150 nm. Within these territories the
chromosomes were established by a chain of chromatin fiber rods. Suc-
ceeding fiber rods started near the ends of the former ones, with a se-
quence of deflection angles which produced ideally narrow rhombic fiber
loops 72 kbp in length, with a rosette-like structure of 0.5 Mbp found
from seven of these rhombuses (Fig. 1). During the simulation calcula-
tion, these perfect structures were veiled due to the accumulation of the
small stochastic variations of starting points and angles that were nec-
essary to generate non-overlapping fiber structures. Larger deflection an-
gles and increased gaps between the rods were applied whenever the
scheme continued to result in overlapping configurations within the chro-
mosomal territory even after a large number of trials. In the present re-
alization, the geometric distances for genomic intervals below 0.1 Mbp
were smaller than in earlier simulation calculations including the pilot
study (15) where a slightly less condensed chromatin fiber rod with 60
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nucleosomes per 108 nm and more spacious loops of 11 fiber rods had
been used.

Calculation of the Induction of Single- and Double-Strand Breaks

For an optimum determination of absolute yields of SSBs and DSBs,
model parameters were adjusted so as to produce approximately the fol-
lowing results for 60Co g rays from the literature: a DSB yield of about
8 Gy21 Gbp21 (22), a ratio of SSBs to DSBs of about 20:1 (23), and a
ratio of breaks from direct and indirect effects of about 35:65 (24); this
relationship differs from earlier PARTRAC simulations (17).

The simulated yield of DNA strand breaks due to direct and quasi-
direct (non-scavengable) effects was determined from a superposition of
the track structure pattern of inelastic events with the DNA target model.
The effective target volume was given by union of the atoms in the sugar-
phosphate backbone of the DNA applying a van der Waals radius mul-
tiplier of 2. The increased radii were intended to account for an inclusion
of a water shell with 10 molecules per nucleotide in the target volume.
The fraction of events in that volume that produced a DNA strand break
was no longer determined by a selected threshold energy but was assumed
to increase linearly from 0 at 5 eV to 1 for a deposited energy of 37.5
eV that had resulted from parameter adjustment. The lower limit of 5 eV
was adopted from recent experiments showing that DNA strand breaks
are induced by photons and electrons with energies well below 10 eV
(25, 26).

The simulation of DNA strand breaks from indirect effects started with
energy deposition events and thermalized electrons occurring inside a
cylinder with a 25-nm diameter positioned around the chromatin fiber
axis within bulk water found in all the volume occupied by neither atoms
of the DNA (applying a van der Waals multiplier of 2) nor histones. The
histones were modeled by spheres of 4.5 nm radius in which up to one-
half of the DNA double helix was embedded, similar to the approach in
ref. (27). Ionized and excited water molecules were assumed to dissoci-
ate, producing the reactive species e2

aq, H3O1, OH●, H● and H2. The
dissociation scheme and relaxation probabilities as well as the parameters
for diffusion and interaction of these reactive species were taken from
ref. (28). For the interaction of OH radicals and hydrated electrons with
constituents of the DNA, reaction radii derived from rate constants of
Buxton et al. (29) were used. Additionally, OH radicals were assumed to
be scavenged after an encounter with histones using a radius of 4.5 nm
as the interaction distance. Other chemically reactive species were as-
sumed not to interact either with DNA or with histones, but were forced
not to diffuse into the volume occupied by these molecules. ‘‘Jump-
through’’ corrections (30) were considered for reactions among species
as well as reactions with DNA constituents.

Strand breaks from indirect (scavengable) effects were assumed to oc-
cur in 13% of the interactions of OH radicals with DNA (31). Since the
contribution of interactions with the sugar moiety provided about 18.5%
of the total OH●–DNA interactions in the actual simulation, a breakage
probability factor of 0.7 was applied to OH radical interactions with de-
oxyribose. In earlier calculations the process of OH radical scavenging
by low-molecular-weight components occurring in the cellular water had
been taken into account by a survival probability for each time step. In
the present work a time-limited simulation was applied; differences be-
tween these approaches and an encounter-controlled simulation were
found to be tolerable in computer simulations (32). From parameter ad-
justment a time limit of 10 ns was chosen which discarded only a small
fraction of breaks from indirect effects.

The induction of a DSB was assumed whenever two single-strand
breaks were found within 10 bp on opposite DNA strands. Experimental
results for low-energy electron (25) and photon irradiations (26) of plas-
mid DNA as well as other studies (33) indicate that DSBs may also be
produced with some probability in succession of one single SSB without
a further event at the opposite strand; the corresponding percentage of
transfer processes ranges from 0.8% to 6%. In the present work, a con-
version into a DSB was assumed for 1% of all breaks produced by both

direct and indirect effects irrespective of further characteristics of the
break.

Comparisons with Experimental Data

In the comparison of simulated results with experimental data, the con-
straints of the experimental procedures regarding the inclusion of short
DNA fragments were taken into account. Frankenberg et al. (7) found
that DNA molecules of up to 10 kbp were lost completely; thus pairs or
clusters of DSB breaks within that genomic distance are not resolved in
the experiments. Therefore, the numbers of DNA fragments smaller than
this limit of 10 kbp were subtracted from the total number of induced
DSBs; the result was denoted ‘‘distant DSB’’.

In the analysis of DNA DSB measurements using CFGE or PFGE,
DSB yields are often determined from the overall fraction of activity
released out of the well (FAR). The yields are calculated from the data
on FAR using formulas derived for random breakage distributions by
matching calculated and measured FAR values for a certain gel exclusion
size, which has to be determined separately. Modifications may be in-
cluded to take into account the maximum fraction of cellular DNA that
can effectively enter the gel and the contribution of background frag-
ments. DSB yields per unit dose are typically determined from a linear
regression of the DSB yields as a function of the doses administered.

In this work the same technique was applied to simulated distributions
of DNA fragments using the equation derived for random distributions
(34),

Km(D) K Km(D)
F (D) 5 1 2 1 1 1 2 exp 2 ,,K 1 2 1 2[ ]S S S

(1)

where F,K is the DNA fraction found in fragments smaller than the gel
exclusion size K, S is the mean size of the chromosomes, and m(D) is
the average number of DSBs per average chromosome size S after irra-
diation with dose D. The DSB yield, given in breaks per Gy and Gbp,
was determined from YD 5 m(D)/(S·D) and from linear regression of these
values of m(D) for applied doses of 10, 33, 50 and 100 Gy. The depen-
dence of these DSB yields on gel exclusion size and applied dose pro-
vides information about possible bias introduced by this analysis method
due to deviations from random breakage.

In addition to the integral result, DSB yields per dose were also de-
termined as a function of the DNA fragment size. This conversion from
DNA fragment distributions was performed for the simulated data using
the equation derived for randomly broken fragments (35),

m(D) km(D) km(D)
F(k, D)dk 5 2 1 m(D) 2 exp 2 dk, (2)1 2 1 2S S S

where F(k,D)dk is the fraction of DNA found in the fragment size interval
[k,k1dk] and the other symbols as above. The DSB yields Y5m(D)/(S·D)
were determined recursively from the DNA fractions in 10 logarithmic
equidistant intervals per decade. It must be noted that this function (2)
has a maximum value, and the recursion of DSB yields therefore has two
solutions for a fraction below its maximum but no solution for a fraction
above the maximum. Experimental data for small DNA fragments are
typically located on the increasing branch of the function. Around the
maximum of the distribution the determination of a DSB yield has a large
uncertainty. A discontinuity due to a transition to the decreasing branch
may occur near the maximum of a simulated fraction that is smaller than
the maximum of the random breakage distribution.

After treatment of unirradiated control cells, the number N of DNA
fragments with sizes in the interval [k,k1dk] was found to follow ap-
proximately a power-law function (13),

BN(k)dk 5 A·k dk, (3)

with the parameters A and B. Distributions of DNA fragments Fbg cor-
responding to a power-law function with exponent B in the size interval
[kmin,kmax] were generated from random numbers R in the interval [0,1]
according to
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TABLE 1
Calculated Yields of SSBs, Total DSBs, Distant DSBs, and DSBs from FAR Analysis

Radiation quality

LETa

L`,D

(keV/mm)
SSB yield

(Gbp21 Gy21)

Yield of total
DSBs

(Gbp21 Gy21)

Yield of ‘‘distant’’
DSBsb

(Gbp21 Gy21)

DSB yield from
FAR analysisc

(Gbp21 Gy21)

50 MeV protons
20 MeV protons
10 MeV protons
5 MeV protons
4 MeV protons

1.6
2.7
4.9
8.5

10.6

195
191
187
183
179

8.6
9.1
9.3
9.9

10.1

8.2
8.7
8.8
9.4
9.5

8.0
8.7
8.8
9.3
9.4

3 MeV protons
2 MeV protons
1.5 MeV protons
1 MeV protons
0.8 MeV protons

13.3
18.5
23.3
32.5
40.6

180
171
166
153
146

10.5
11.6
12.6
14.4
15.8

9.8
10.7
11.4
12.3
12.7

9.5
10.2
10.5
11.2
11.6

0.7 MeV protons
0.6 MeV protons
0.5 MeV protons
60Co g rays
220 kVp X rays
10 MeV electrons

47.1
56.1
69.7
0.4
4.3
0.23

138
123
110
195
188
197

16.3
17.0
18.7
8.7
9.7
8.2

12.6
12.1
12.1
8.3
9.1
7.9

11.2
10.6
10.1
8.3
9.1
7.9

a Data for protons and electrons were determined from simulated tracks, data for photons from Blohm (see footnote 3).
b Data disregarding multiple DSBs within 10 kbp.
c Data determined from linear regression of dose-dependent yields according to Eq. (1) for an exclusion fragment size of 1 Mbp.

FIG. 2. Calculated yield of DNA strand breaks (large symbols) and
contributions of direct (medium-sized symbols) and indirect effects (small
symbols) after irradiation with protons (□), 60Co g rays (V), 220 kVp
X rays (n), and 10 MeV electrons (#). Pairs of breaks scored as DSBs
are included as two breaks.

1/(B11)B11kmaxF 5 k 1 2 R 1 2 . (4)bg min 1 2[ ]kmin

From the recently measured distribution of background fragments (9),
parameter values of A 5 2 3 1026 bp22 and B 521.4 were derived.
Background DNA fragments were sampled by Monte Carlo methods ac-
cording to Eq. (4) within the fragment size interval between 10 kbp and
10 Mbp. DNA DSBs generating these fragments were assumed to be
located at the telomeres of all chromosomes in each cell to rule out an
alteration of the distribution due to the unbroken remainder of chromo-
somes. After superimposition of the background DSBs with the radiation-
induced DSBs, size distributions of DNA fragments were analyzed to
study inaccuracies induced by calculating radiation-induced fragment dis-
tributions by simple subtraction of background distributions from those
measured after irradiation. It must be noted that this model is designed

to show possible implications of background distributions without respect
to the real origin of these background fragments.

Irradiation Geometry and Simulation Calculations

In a typical experimental setup, a single layer of cells grown on a thin
foil is irradiated by a parallel beam of primary radiation protons, electrons
or photons passing perpendicular through the foil. In the present simu-
lation a single human fibroblast from this layer was modeled by a cylinder
with a diameter of 20 mm and a height of 6 mm placed with a flat side
on a 1.5-mm-thick Mylar foil. The cell consisted of a concentric cylin-
drical cell nucleus 15 mm in diameter and 5 mm high with the DNA
target embedded as described above, surrounded by cell plasma. For both
cell constituents a mass density of 1.06 g/cm3 was applied by which the
liquid water cross sections were scaled.

Simulation calculations were performed for protons with initial ener-
gies between 0.5 and 50 MeV, and three reference radiation qualities:
electrons of 10 MeV initial energy, 60Co g rays and 220 kVp X rays with
a spectrum produced by filtering with 0.5 mm copper 1 4 mm aluminum.
Proton energies and LET values are presented in Table 1. Protons of 0.5
MeV are stopped in the cell plasma shortly after penetrating the nucleus.
They provide the maximum achievable LET of about 70 keV/mm for this
particle type. One hundred irradiation simulations of a dose of 1 Gy,
corresponding to a total energy deposition of 5.85 MeV within the cell
nucleus, were performed for each radiation type and each initial proton
energy. The results were compared with experimental data on the basis
of the reported LET.

RESULTS AND DISCUSSION

Induction of DNA Strand Breaks

In Fig. 2, the yield for the induction of DNA strand
breaks (including the breaks scored as DSBs) is plotted as
a function of the LET of the radiation type. The contribu-
tions from direct and from indirect effects are also given.
Numerical results are included in Table 1. For 10 MeV
electrons, g rays and X rays, similar yields are obtained as
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FIG. 3. Calculated yield of DNA DSBs (large symbols, left scale) and
of DNA fragments ,10 kbp (small symbols, right scale) after irradiation
with protons (□), 60Co g rays (V), 220 kVp X rays (n), and 10 MeV
electrons (#).

for high-energy protons. For proton irradiation with an LET
above 10 keV/mm, the total yield of breaks decreases with
increasing LET by up to 30%. This reduction is caused by
a more pronounced decrease in the indirect contribution,
whereas the yields from direct effects are almost indepen-
dent of LET and radiation type. Thus the relative contri-
bution of direct effects to the total yield increases with LET
from about 35% for low-LET radiation up to nearly 50%
for high-LET radiation. For DNA strand break induction,
the same tendency was found by Nikjoo et al. (36); how-
ever, they obtained a smaller decrease of about 12% within
the LET range from 9 to 59 keV/mm, whereas a decreasing
contribution of indirect effects with increasing LET was
found only in comparison to electron irradiation and for a
particles.

The independence of strand break induction due to direct
effects from radiation quality reflects a rather limited influ-
ence of the geometric track structures on the breakage
mechanism. Earlier calculations resulted in a reduced in-
duction of breaks for electron energies around 300 eV
where the maximum density of events occurred. Thus a
decrease for high-LET protons has been expected. In the
present work, however, the breakage probability increases
with deposited energy. Therefore, a second and even a third
hit at the same base pair—which are much more frequent
for high-LET protons than for 60Co g rays—has an effec-
tiveness for strand break induction similar to that of the
first hit. With the strand breakage parameter set used in
earlier simulations, a decline is obtained in the strand break
yield from direct effects approaching up to 20% for protons
of 70 keV/mm.

The decrease in the strand break yield due to indirect
effects with increasing LET for proton irradiations is a con-
sequence of the structure of the proton track. The yield of
OH radicals at the beginning of the chemical stage is quite
similar for the different radiation qualities considered; this
is also the case for interactions of OH radicals with DNA
during the first picoseconds. However, due to the shorter
mean free path after high-LET irradiation, the radicals find
more reaction partners during the time course of the chem-
ical stage. Therefore, a smaller number of radicals remain
for diffusing to and reacting with the DNA constituents.

Yields of DNA Double-Strand Breaks and Short DNA
Fragments

In Fig. 3, simulated yields for the induction of DSBs are
presented as a function of the LET on a linear scale; the
numerical data are included in Table 1. The DSB yield after
proton irradiation increases about linearly with LET; above
about 25 keV/mm, the slope of this increase is slightly re-
duced. The yields for electron and photon irradiation fit
well on the regression line of a second-order polynomial fit
of proton data. These results are in good agreement with
the simulations of Nikjoo et al. (36). A linear increase with
increasing LET has been found before for photons and a

particles, yielding about the same slope (0.2 DSB Gy21

Gbp21 per keV/mm) on the basis of restricted LET.2 Con-
sidering the reduced induction of strand breaks with LET,
it turns out that this is overcompensated by an increased
probability of having a second break on the opposite strand
in the vicinity of a first one, whereas the contribution of
DSBs from single interactions reduces the LET depen-
dence.

In Fig. 3, the generation of double-stranded fragments of
up to 10 kbp fragment size is also plotted using the same
differential scale but a shift in the absolute values (right-
hand scale). The production of these DNA fragments shows
an almost quadratic increase with increasing LET with a
small offset. Again, the results for photons and electrons fit
well into the general trend of the proton data. The depen-
dence on radiation quality is much more pronounced for
this fragment production than for DSB induction. It is also
more distinct than the induction of complex breaks (36),
which increases by a factor of about 4 within the LET range
investigated (9–59 keV/mm). It depends particularly on the
compactness of the chromatin fiber: Compared to the re-
sults of the calculations in the pilot study (15) using a
slightly less compact fiber, the fragment production is en-
hanced by about 20%, whereas the same DSB yield has
been obtained.

In Fig. 4, the simulated DSB yields, presented as a func-
tion of LET on a logarithmic scale, are compared with ex-
perimental results that also illustrate the contribution of ex-
perimentally unresolved small fragments. In Fig. 5, the
same results are plotted as relative DSB yields compared

2 E. Bartels, Der beschränkte lineare Energietransfer als statistische
Kenngröße der Teilchenbahnstruktur in der Strahlenphysik. Thesis,
Georg-August-Universität Göttingen, 1995. [in German]

3 R. Blohm, Durchgang von Elektronen durch strahlenempfindliche
Bereiche des Zellkerns. Thesis, Georg-August-Universität Göttingen,
1983. [in German]
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FIG. 4. Calculated yield of total (small open symbols) and ‘‘distant’’
DNA DSBs after exclusion of multiple breaks within 10 kbp (large open
symbols) after irradiation with protons (□), 60Co g rays (V), 220 kVp
X rays (n), and 10 MeV electrons (#), compared to experimental results
for protons (m) from refs. (7) (large symbols), (8) (small symbols) and
(9) (medium-sized symbol) and for reference radiation [15 MeV electrons
(l) from ref. (7), 60Co g rays (v) from (8) (small symbol) and (9)
(medium-sized symbol)]. Calculated results after exclusion of multiple
breaks within 200 bp are indicated by (1).

FIG. 5. Calculated RBE of total (small open symbols) and ‘‘distant’’
DNA DSBs after exclusion of multiple breaks within 10 kbp (large open
symbols) after irradiation with protons (□), 60Co g rays (V), 220 kVp
X rays (n), and 10 MeV electrons (#), compared to experimental results
for protons (m) from refs. (7) (large symbols), (8) (small symbol) and
(9) (medium-sized symbol). Calculated results after exclusion of multiple
breaks within 200 bp are indicated by (1). RBE values are relative to
60Co g rays (v); data from ref. (7) are scaled by matching the result for
15 MeV electrons (l) with the simulated RBE for 10 MeV electrons.

to 60Co g rays as the reference radiation. Recent experi-
mental results (7–9) are included in both plots. The RBE
data reported by Frankenberg et al. (7) are adjusted for the
reduced yield of the 15 MeV electron reference radiation
according to the relation of DSB yields for 10 MeV elec-
trons to 60Co g rays in the simulations.

The exclusion of small fragments has little influence in
the DSB yield up to an LET of about 10 keV/mm and, since
a similar impact occurs for the reference radiation, almost
no effect on the RBE. With increasing LET, however, the
increase in the number of small fragments becomes steeper
and eventually exceeds the increase in the number of DSBs,
which leads to a maximum in the yield of distant DSBs
and the corresponding RBE at about 40 keV/mm. Limiting
the exclusion of fragments to 200 bp does not alter the
general shape of the curve for total DSB induction but re-
duces its steepness.

With one exception, the simulated DSB yields are higher
than recent experimental data and far above earlier mea-
surements [(2), not included in the figure]. The RBE for
DSB induction after proton irradiation, however, is smaller
than these recent experimental results in all but one case.
Earlier experimental RBE values of the order of 1 and be-
low [(2), not shown] are not in accordance with the simu-
lated results.

The simulation results depend on the DNA target model
and on the parameters for strand breakage. The high com-
pactness of the chromatin fiber used gives rise to high num-
bers of small fragments but slightly lower numbers of total
breaks. With a somewhat less compact fiber, no decrease
but an almost constant yield of distant DSBs was obtained

at the highest LET values considered (15). In our simula-
tion the genome is totally packed in 30-nm chromatin fiber
rods, whereas in real interphase cells active chromatin re-
gions are thought be less densely folded. In such regions
enhanced DSB induction can be expected due to greater
accessibility to OH radicals. For a ‘‘beads-on-a-string’’
form, an increase by a factor of about 2 has been obtained
for g rays (publication in preparation), whereas the produc-
tion of short fragments is reduced due to the lack of pieces
of DNA in proximity. These factors may reduce the devi-
ations between simulation and measurement; however, a de-
tailed analysis of such effects of chromatin packing is out-
side the scope of this work. Nevertheless, it can be con-
cluded that the compactness of the chromatin fiber and the
fraction of DNA being folded into such a structure are im-
portant determinants of the DSB yield, particularly after
proton irradiation with an LET of more than about 20 keV/
mm.

The simulated DSB yields in Fig. 4 correspond to data
obtained by counting the number of fragments. These data
may also be derived directly from measurements of DNA
fractions in many narrow fragment intervals (11). The ex-
perimental data included in that figure, however, were cal-
culated from the fractions of activity released from the well
under CFGE or PFGE after irradiation. In Fig. 6, calculated
DSB yields derived from simulated fractions of DNA by
applying Eq. (1) are presented as a function of the (gel)
exclusion fragment size for different radiation doses and
from a linear regression of these dose-dependent DSB
yields. The data are compared with simulated yields of dis-
tant DSBs because the contribution of DSBs associated
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FIG. 6. Calculated yield of DNA DSBs for 1 MeV protons (thick lines)
and 60Co g rays (thin lines) from FAR analysis (Eq. 1) of DNA fragments
after irradiation with 10 Gy (dotted line), and 100 Gy (dashed-dotted line)
and from linear regression (solid line). The horizontal dashed lines in-
dicate the calculated yields of distant DSBs (multiple breaks within 10
kbp excluded). Experimental yields (12) for 31 keV/mm protons (v, V)
and 60Co g rays (m, n) obtained by FAR method (filled symbols) and
by fragment counting method (open symbols) are included.

FIG. 7. Calculated DNA fragment distribution after 100 Gy irradiation
with protons of 0.5 MeV (solid line) and 3 MeV (dashed-dotted line) and
60Co g rays (dotted line). Thin lines indicate random breakage distribu-
tions for the corresponding numbers of distant DSBs (multiple breaks
within 10 kbp excluded).

with small DNA fragments to the total yield cannot be es-
timated from data on larger fragments. Moreover, very re-
cent experimental data obtained with the FAR method for
two exclusion fragment sizes and with fragment counting
are included (12).

The DSB yields derived for 1 MeV protons depend
strongly on the exclusion size adopted; particularly for low
doses and small exclusion fragment sizes, increased DSB
yields are obtained. For exclusion fragment sizes above 1
Mbp, however, the results after 100 Gy with linear regres-
sion are almost constant, with a value below the actual yield
of distant DSBs. Thus the FAR method may result in an
underestimation of the DSB yield. For 60Co g rays, only a
marginal dependence of the simulated DSB yields on the
analysis method is found; for exclusion fragment sizes
above 2 Mbp, the DSB yield from the FAR method is about
5% below the corresponding yield of distant DSBs. These
tendencies in the simulated DSB yields from FAR analysis
are confirmed by the new experimental data (12); however,
the differences in the results are much more pronounced in
the experimental results and thus are challenging us to re-
fine the simulation calculations.

Distribution of DNA Fragments

The radiation-induced production of DNA DSBs along
the genome generates double-stranded DNA fragments with
a size distribution that depends on dose and radiation qual-
ity. In Fig. 7, the thick lines represent simulated DNA frag-
ment size distributions as fractions of DNA found in dou-
ble-stranded fragments per size interval, after 100 Gy ir-
radiation with 0.5 MeV protons, 3 MeV protons, and 60Co

g rays. The thin lines in the figure represent the correspond-
ing distributions assuming randomly induced DSBs for the
same numbers of distant DSBs. The total spectrum of DNA
fragment sizes can be divided into two domains: small
DNA fragments up to a few kbp and large DNA fragments
with sizes above that value. The small fragments, which are
presented for 0.5 MeV protons in a better resolution are
produced predominantly by single tracks, and the number
of fragments increases linearly with dose. The peak struc-
ture reflects the organization of the nucleosomes within the
chromatin fiber independent from radiation quality and dose
within the radiation types and range of doses considered
here. Groups of peaks around 0.5, 1 and 1.5 kbp are per-
ceptible but less pronounced than for earlier simulated reg-
ular crossed-linker arrangements (16, 17), although they are
more distinct than the corresponding experimental distri-
butions (37).

In the distributions of larger DNA fragments the single-
track component is overlaid—with increasing dose and
fragment size more and more—by a random breakage dis-
tribution originating from fragments between DSBs from
two independent tracks. After 0.5 MeV proton irradiation,
the distribution obviously deviates from a random breakage
curve even at this dose of 100 Gy. Two intersection points
of both distributions divide the distribution into three do-
mains. Whereas small fragments up to about 100 kbp and
large fragments of more than 2.5 Mbp are more frequent,
the fragments in the interval around the maximum in the
simulated distribution are reduced by up to 25% compared
to the random distribution. This reduced maximum, which
is not compensated by the higher number of small frag-
ments, is the explanation for the reduced DSB yield from
FAR analysis. No such difference is seen around the peak
region for the other radiation qualities presented. Indica-
tions for a deviation from random breakage are visible for
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FIG. 8. Calculated fragment size-dependent DNA DSB yields after 100
Gy irradiation with protons of 1 MeV (solid line) and 3 MeV (dashed-
dotted line) initial energy and 60Co g rays (dotted line). The horizontal
thin lines indicate the corresponding yields of distant DSBs (multiple
breaks within 10 kbp excluded).

FIG. 9. Calculated DNA fragment distribution after 100 Gy irradiation
with 1 MeV protons (solid line) and 60Co g rays (dotted line) considering
background fragments (dashed-dotted line), compared with experimental
results (9) after 100 Gy irradiation with protons (□) and 60Co g rays (p)
and corresponding background fragment distributions (□,r). The dashed
line indicates the absolute difference between simulations for 1 MeV
protons with and without consideration of background fragments.

fragments up to about 50 kbp after 3 MeV proton irradia-
tion, whereas for 60Co g rays significant differences are lim-
ited to small fragments below 10 kbp.

A more sensitive analysis of deviations of simulated
DNA fragment patterns from random breakage distributions
results from conversion of the DNA fragment yields to
fragment size-dependent DSB yields according to Eq. (2).
Corresponding DSB yields are presented in Fig. 8 on a
linear scale for irradiation with 100 Gy. For 60Co g rays,
the DSB yield is constant above about 50 kbp and is close
to the distant DSB yield. The same result is found for pro-
tons of 10 MeV or more initial energy and for the other
reference radiation qualities (not shown). For 3 MeV pro-
tons, a tendency toward higher DSB yields for smaller frag-
ment sizes is perceptible, whereas for 1 MeV protons the
yield decreases by a factor of about 1.8 between 10 and
1000 kbp. The peak at about 70 kbp is a consequence of
the position of the two pieces of DNA being four chromatin
fiber rods apart from each other, whereas the rise at 1.5
Mbp originates from switching the branch of the fragment
distribution (see the Materials and Methods). To summa-
rize, DNA fragments from single tracks contribute observ-
ably to the simulated DNA fragment distribution even after
100 Gy of irradiation with protons having an LET of more
than 10 keV/mm.

In Fig. 9, simulated distributions of background and total
DNA fragments after 100 Gy irradiation with 1 MeV pro-
tons or 60Co g rays are presented and compared with the
corresponding experimental results (9). The initial proton
energy in the experiment was 3 MeV, but the reported LET
of 31 keV/mm and proton energy of 0.743 MeV in the cell
midplane at a depth of 3 mm are similar to the correspond-
ing simulated data for 1 MeV protons (32.5 keV/mm and
0.845 MeV, respectively). The simulated background dis-
tribution has been fitted to the measured data and is found

to be in agreement. For both radiation qualities, the exper-
imental and simulated results are in good agreement for
DNA fragments larger than 2 Mbp, and the intersection of
both distributions at this fragment size is reproduced. How-
ever, for small fragments (below 100 kbp), particularly after
proton irradiation, the simulation underestimates the mea-
sured data, whereas for fragments between 0.4 and 1.3 Mbp
the simulation exceeds the experimental results, especially
for g rays. The inclusion of higher-order DNA structures
altered the distribution from random breakage behavior in
the right direction but not sufficiently. The remaining dif-
ference corresponds to factors of 2 and 3 at 100 and 35
kbp, respectively. This may be an indication of a more
closed and more compact fiber loop structures, e.g. attach-
ment points at the loop ends and twisted chromatin fibers,
than in the layout assumed in the simulation.

The difference between simulations for 1 MeV protons
with and without consideration of the background distri-
bution is presented by the dashed line; the background con-
tributes a fraction of less than one-tenth of the distribution.
Simple subtraction of the background distribution from the
measured distribution produces an error that can be neglect-
ed in view of the uncertainties of such measured data. This
implies, however, that the unknown mechanism responsible
for the generation of a background distribution in unirra-
diated cells does not increase the yield of DNA DSBs in
response to the radiation-induced DNA damage.

CONCLUSION

The present simulations have demonstrated the impor-
tance of DNA DSBs from single tracks after irradiation
with protons with an LET greater than about 10 keV/mm.
Multiple DSBs were found to occur predominantly within
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the chromatin fiber structure and to a minor degree within
the nucleosome. A comparison of the experimental and
simulated induction of DNA DSBs after proton irradiation
of cells, and even more after a-particle or heavy-ion irra-
diation, should take into account clusters of DSBs within
the chromatin fiber that remain unresolved in experiments.
Simple DNA target models describing just a double helix
are not sufficient for an adequate evaluation, and even a
nucleosome model may account for less than half of the
contribution of multiple breaks. This result is derived under
the assumption that cellular DNA is packed in highly con-
densed chromatin fibers; because of the presence of differ-
ent degrees of DNA folding within the chromosomes, the
amount of DSB clusters within the chromatin fiber may be
overestimated in the simulation. Indeed, the variation of
calculated RBE of ‘‘distant’’ DSBs due to radiation quality
is notably smaller than the variation in the corresponding
experimental results, whereas this comparison based on the
RBE for total DSBs shows reasonable agreement.

The analysis of DNA DSB yields using algorithms de-
rived under the assumption of random breakage may cause
deviations from the actual yields. Conditions leading to
overestimation of the DSB yield (low radiation doses and
rather small DNA exclusion fragment sizes) should be ir-
relevant in analysis of experimental data. However, the re-
duced maximum in the distribution of DNA fractions as a
function of fragment size may cause a considerable under-
estimation of the DSB yields, and a recent study (12) un-
derlines this problem of using relationships derived under
random breakage conditions in the FAR method for DSB
determination. After a-particle or heavy-ion irradiation,
which have higher LET, even more substantial underesti-
mations must be expected. In combination with the unre-
solved DSBs associated with small fragments this should
explain the surprisingly low experimental RBE values for
DSB induction, particularly after high-LET irradiation.

In our simulation the consideration of background DNA
fragments does not alter the net yield of radiation-induced
fragments significantly, provided that the DNA breaks caus-
ing the background distribution are formed similarly in ir-
radiated and nonirradiated cells. The limited degree of con-
formity between simulated and experimental distributions
of DNA fragments continues to challenge models for DNA
damage simulation.
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