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vailable online 31 January 2011

eywords:
odelling

rack structure
ulti-scale
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12 orders of magnitude and paves the way for superior predictions of radiation risks.
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. Introduction

Health risks to humans due to exposure to ionizing radia-
ion continue to be an important issue although adverse radiation
ffects are meanwhile known for more than a century. Cancer is
onsidered the major long-term contributor to health risk at lev-
ls below those causing acute tissue injuries [1]. Epidemiological
tudies provide the basis for estimating risks of radiation exposure
o humans; however, the lack of statistical power is a fundamen-
al limitation for risk estimation after low doses and dose rates
2]. Hence it is necessary to extrapolate the statistically significant
pidemiological data from higher doses and dose rates down to
he levels of background radiation and particular exposures under
nvestigation. Extrapolations are needed also for irradiation condi-
ions different from those where epidemiological data are available,
s in the case of a manned Mars mission. For optimized use of
eneficial radiation effects (e.g. radiation therapy of cancer) and
rotection against harmful effects, detailed understanding of the
ction mechanisms is necessary. Mechanistic modelling studies,
enchmarked against available data, help understand the under-

ying processes both qualitatively and quantitatively, and may
e used for knowledge-based extrapolations. Monte Carlo track
tructure simulations of ionizing radiation supplemented by mech-
nistic modelling of biological effects and consequences of this
nsult provide a bottom-up approach from first principles aimed at
esting hypotheses on radiation action and response mechanisms.
n combination with top-down modelling of cancer induction [3]
nd simulations on relevant intercellular signalling processes as in
4,5], the hierarchy of mechanistic modelling tools has the potential
o allow improved predictions on radiation risks for low dose, low
ose rate and exposure conditions for which no direct epidemio-

ogical data are available.
During the last decades a wide variety of track structure codes,

eviewed in reference [6], have been developed and used in inves-
igations of radiation effects. The present review article is focused
n the PARTRAC suite of Monte Carlo codes and its application
o radiation-induced biological effects. Originating from a track
tructure code for electrons in water vapour [7,8] it was step-
y-step extended by photon interactions and DNA targets models
f double-helix and chromosomes [9], chromatin fiber models
n atomic resolution [10], liquid water cross sections [11] and
tochastic chemistry calculation [12], track structures within het-
rogeneous targets [13], cross sections for ion interactions [14]
nd simulations of radiation damage to DNA by ions [15–17]
nd recently by a stochastic model of DNA double-strand break
DSB) repair via the non-homologous end-joining (NHEJ) pathway
18].

PARTRAC consists of different modules with defined data inter-
aces (Fig. 1) describing individual stages of radiation interaction
nd radiation response. The modules refer to separate programme
odes written in FORTRAN. Thus, calculations of track structures
r radiolytic processes can be performed and analysed indepen-
ent from DNA targets [19,20]. The modular structure also allows
asy expansion of the programme suite to include new effects and
esources. In the following, basic methods of the different PAR-
RAC modules and essential results of PARTRAC calculations are
eviewed.

. Track structures in PARTRAC
.1. Physical stage of track structure calculation

The physical stage of track structure simulations describes
he transport of radiation, the local energy depositions, and the
eneration of ionized and excited atoms and molecules in the
Fig. 1. Modules of PARTRAC and their interaction. Modules on DNA target structures
(red) and cross sections (gray) provide input data for the track structure part (blue)
and the biological effect part (yellow).

medium. According to the classical trajectory picture, Monte Carlo
track structure simulations follow the primary particle as well as
all produced secondary particles in an event-by-event manner,
from starting or ejection energy down to total stopping. These
calculations depend on reliable interaction cross sections of the
primary and secondary radiation with the matter under consid-
eration. Currently, PARTRAC is able to simulate photon, electron,
proton, alpha particle and ion tracks in liquid water; these mod-
ules are reviewed in the following. A more general introduction to
Monte Carlo transport techniques and sampling methods is given in
references [7,21].

2.1.1. Photons
Photon transport in PARTRAC is modelled using atomic cross

sections taken from the EPDL97 data library [22]. Coherent scatter-
ing, photoelectric effect, Compton scattering and pair production as
well as Auger electron and fluorescence photon emission as relax-
ation processes are considered. Cross sections for liquid water or
other biologically relevant materials are calculated from atomic
cross sections using the additivity rule and density scaling; for
details on the calculation and evaluation see e.g. the PENELOPE
handbook [21]. Created secondary electrons are processed by the
electron transport module.

2.1.2. Charged particles
Interaction cross sections for fast charged particles are con-

ventionally obtained within the plane-wave Born approximation
(PWBA). The PWBA is a first-order perturbation theory and antici-

pated to be valid only for sufficiently fast projectiles as compared
to the velocities of atomic electrons. Within the PWBA the dou-
bly differential (in energy transfer E and momentum transfer �k)
cross section factorizes in the generalized oscillator strength (GOS)
of the target element and a purely kinematical factor. Since most
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onsidered target materials are in the condensed phase it is usual
o use the macroscopically defined inverse mean free path (IMFP)

= N� instead of the atomic cross section �, where N is the number
ensity of the considered material [23]. In this case the (complex)
ielectric response function (DF) ε(E, �k) replaces the GOS. The DF
f liquid water can be modelled and adjusted/fitted to two sets of
xperimentally obtained values: the optical reflectance measure-
ent of Heller et al. [24] and the measurement by Hayashi et al. [25]

sing synchrotron radiation. PARTRAC uses a more conservative
pproach and models the DF of liquid water as a superposition of
rude-like functions and adjusts parameter to the measurements
f Heller et al. [24] and theoretical constraints. This model consid-
rs five excited states (two electronic excitations Ã1B1 and B1A1,
wo Rydberg states Ryd A + B and Ryd C + D, and diffuse bands) and
ve ionization shells (labelled 1b1, 3a1, 1b2, 2a1, and K-shell of
xygen). The model is documented in detail in references [11,26].
ther models including those using the newer experimental data
f Hayashi et al. [25] are described in references [27,28]. The Bethe
pproximation is asymptotic to the PWBA and is often used for
elativistic particle energies. The Bethe approximation takes advan-
age of binary collisions and averages over momentum transfers
n this limit. The (single) differential (in energy transfer) IMFP
n the Bethe approximation also relies on the dielectric response
unction but needs only optical data, i.e. for momentum transfer
k = 0. This allows for much easier calculations of interaction cross
ections.

Semi-empirical approaches are another possibility to calculate
nteraction cross sections. They are often used outside the validity
f the first Born or Bethe approximations, especially for low-energy
lectrons. Semi-empirical models rely on simple mathematical
elationships between the key quantities and are typically fitted
o (scarcely existing) experimental data and extrapolated to other
arget elements and energy regions. In the following the transport

odels for charged particles currently implemented into PARTRAC
re described.

.1.2.1. Electrons. Currently, PARTRAC is able to simulate elec-
ron tracks from 10 eV up to 10 MeV. Interaction cross sections
or the considered five excitations and five ionization levels are
btained within the PWBA using the above mentioned model for
he dielectric function of liquid water. For electrons above 10 keV
he relativistic Bethe approximation is used. For electrons below
00 eV a semi-empirical correction factor is added to account for
on-Born effects. Electron exchange is also considered using a
emi-empirical model. Elastic scattering is taken into account, too.
etails to the cross section calculations are given in references

11,26].
To assess the validity of approximating cell nuclei and genomic

NA by liquid water, the influence of inhomogeneous targets on
adiation-induced DNA damage was investigated [13]. To this end,
lectron impact ionization cross sections were calculated for con-
tituents of the DNA [29], i.e. the bases adenine, cytosine, guanine
nd thymine and the sugar-phosphate backbone. Two alternative
lgorithms were used; they yielded similar total electron ionization
ross sections but their predictions differed when cross sections
er molecular orbital were compared. For incoming electron ener-
ies above 250 eV the cross sections for DNA of the two formalisms
ere in good agreement with the cross section for liquid water [11].
owever, in the energy range below 250 eV, the larger first ion-

zation potential of liquid water leads to smaller ionization cross
ection in water than in DNA. Nevertheless, the impact of this dif-

erence on calculated radiation damage to DNA was limited [13]
see Section 3.2).

Currently, the electron cut-off energy in PARTRAC is 10 eV. Elec-
rons with kinetic energy less than 10 eV (including secondary
lectrons with emission energies below this cut off value) are
search 711 (2011) 28–40

stopped at their current position and their remaining energy is
deposited locally. Recently, the electron transport model in PAR-
TRAC has been extended to simulate electron transport down to
1 eV by including low-energy phonon, vibrational and electronic
excitations as measured by Michaud et al. [30]. The new transport
model is documented in reference [31] and is currently evaluated
by simulating new experimental data obtained from measuring
secondary electron emission yields from thin foils of amorphous
ice [32]. This new model has not yet been used in simulations of a
biological endpoint with PARTRAC.

2.1.2.2. Protons and alpha particles. The proton and alpha particle
transport model of PARTRAC is able to simulate protons and alpha
particles with kinetic energies up to 1 GeV. The low energy cut off is
set to 1 keV. The transport model considers excitations, ionizations,
and the charge changing processes of electron capture and loss.
Elastic scattering is not considered. Ionization and excitation cross
sections above 1 MeV total energy are calculated using the same
(non-relativistic) PWBA and Bethe approximations as for elec-
tron transport [14,16]. Below 1 MeV kinetic energy, semi-empirical
models based on the Rudd model are used. At these energies the
proton can pick up an electron (electron capture) and become a
neutral hydrogen atom; this neutral hydrogen atom itself can lose
its electron (electron loss), which is emitted in forward direction
with the same velocity as the proton. Both electron capture and
electron loss processes as well as ionization and excitation cross
sections of neutral hydrogen are modelled using semi-empirical
models based on available experimental data on water vapour and
theoretical predictions, see reference [14] and regarding secondary
electron emission spectra [23]. In case of alpha particles, three
charge states (He2+, He+, and neutral helium He0) as well as one
and/or two electron loss and capture processes need to be consid-
ered. Recommended stopping cross sections [33] are used to adjust
parameter sets of the adopted semi-empirical models [16,34]. At
higher energies (beyond 1 GeV) the Fermi-density effect needs spe-
cial consideration [14,35].

2.1.2.3. Light and heavy ions. PARTRAC can simulate bare ions
(heavier than helium) with atomic number Z from about 1 MeV/u
to 1 GeV/u using the velocity and charge scalability of proton cross
sections within the PWBA and Bethe approximation. The doubly
differential IMFP for a heavy ion of velocity v is given by Z2

eff times
the doubly differential IMFP for a proton of the same velocity v. The
effective charge Zeff is obtained from the Barkas formula: Zeff = Z
(1 − exp(−125Z−2/3 v/c) [36] where c is speed of light. Multiple ion-
izations and charge changing events are not considered. Secondary
electron emissions are modelled by the same semi-empirical model
as for protons but applied to the heavy ion.

2.2. Physico-chemical stage of track structure calculation

Ionized and excited water molecules produced during the phys-
ical stage are rather transient states which decay rapidly and
thereby form the chemical species •OH, H•, •O•, H3O+ and H2;
in accord with other modelling approaches [37–39] this process
is assumed to occur within 1 ps. Electrons below 10 eV, including
those produced by auto-ionization of excited states, come to rest
during this time interval and become solvated as hydrated electrons
(eaq

−) by attachment of water molecules which hinder immedi-
ate recombination. Modelling of this physico-chemical stage in
water is determined by the decay channels, their branching ratios

and by the positions of the produced species and hydrated elec-
trons which were first set-up for electron tracks [12] considering
assumptions and parameters adopted by other model approaches.
In a reassessment in view of radiolysis after high-LET irradiation
[20] new data on the dependence of the mean thermalization dis-
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ance of sub-excitation electrons on their energy [40] have been
aken into account.

Processes during the physico-chemical stage are: an ionized
ater molecule reacts quickly with a nearby H2O molecule to

orm a H3O+ ion and an •OH radical as the solely possible chan-
el. For excited water molecules, depending on their type, three
athways are distinguished: (i) relaxation to the ground state
ithout production of reactive species, (ii) dissociative decay pro-

esses forming either the radicals •OH and H•, or H2 and the
i-radical •O• which is assumed to interact immediately with a
ater molecule leaving behind two •OH, and (iii), provided that

he excitation energy is above the ionization threshold of 10.79 eV,
uto-ionization processes which are modelled like other ioniza-
ions plus eaq

− formation. As in similar studies, fixed decay channels
ndependent from radiation quality have been used for excited
nd ionized water molecules, resulting in rather ion- and LET-
ndependent initial yields for all reactive species [20]. However,
xperimental data for 10 MeV C ion irradiation showed, compared
o �-rays, 30% reduction of eaq

−-yields after 5 ps [41]. This may
ndicate also an overestimation of •OH yields after high-LET irra-
iation due to neglecting fast recombination processes, and opens
rospects for future model improvements.

.3. Chemical stage of track structure calculation

During the chemical stage of track structure development, the
nitially rather non-homogeneously distributed species •OH, H3O+,
•, H2 and eaq

− react with each other and the newly formed species
H− and H2O2 under ubiquitous presence of water molecules, and
ndergo diffusive Brownian motion. After about 1 �s an almost
omogeneous distribution of residual species is obtained and their
oncentration approaches a limiting value. In a nutshell, the species
OH, H3O+, H• and eaq

− are consumed whereas H2, OH− and
2O2 are produced within this phase. Consumption and production
epend considerably on the initial distribution of species given by
he quality of the initiating radiation.

The chemistry module of PARTRAC describes the process of radi-
lysis in oxygen-free water. It follows a step-by-step algorithm
hich has also been adopted by other investigators [37,39,42]. Dif-

usion is represented by jumps of species in randomly selected
irections. After each diffusion step, a scan for reaction partners

s performed based on reaction radii R that are determined from
he observed reaction rate constants k assuming partially diffusion-
ontrolled reactions [43] according to k = 4�D′R2/(R + (�D′�t)0.5)
here D′ = DA + DB is the relative diffusion coefficient for reactions

etween species A and B and �t is the time step used in the sim-
lation. Upon reaction the reactants are replaced by the respective
hemical products. As the time interval of interest spans six orders
f magnitude, the adopted time step can be increased during the
imulation, typically from 0.1 ps to 30 ps, to ensure sufficient time
esolution in the initial part and reasonable computing times at the
nd of the chemical stage. Time-step dependent diffusion hops and
eaction radii, complemented by jump-through corrections [44],
rovide time-step independent reaction kinetics. Parameter selec-
ion for diffusion and reactions during the chemical stage resulted
n good agreement between calculations and various experimental
esults for the time dependent yield of diverse species (eaq

−, H2,
OH, H2O2) after low-LET irradiation [12] as well as after photon,
lectron, proton, helium ion and carbon ion irradiation, covering
n LET range from 0.2 up to 750 keV/�m [20] where both the time-

nd the LET-dependences of the calculated yields of species were
ound in accord with experimental and theoretical data from the lit-
rature. Thus, the simulation of the physico-chemical and chemical
tage in PARTRAC can be regarded as a sound basis for modelling
f indirect DNA damage induced by free-radical attacks.
search 711 (2011) 28–40 31

3. Modelling of DNA targets in PARTRAC

About five decades ago the hypothesis was raised that it is the
nuclear DNA which is the target whose damage by ionizing radia-
tion leads to manifestations of radiation effects such as arrest of cell
division, chromosomal aberrations, mutation and cell-death [45].
Damage to genomic DNA is still supposed to be the main initiat-
ing event by which radiation causes long-term harm to organs and
tissues of the body damage [46]. This conventional paradigm for
radiobiology based on target theory, however, could not explain the
experimental observation of “non-targeted effects”, most notably
genomic instability [47] and the bystander effect [48], and therefore
the need for a new paradigm has been proposed [49]. The contri-
bution of these phenomena to radiation harm on tissue and organ
level, and their impact on radiation risk will continue to be an
important issue, also regarding modelling approaches [3,4]. Nev-
ertheless, these emerging phenomena are likely to complement
rather than replace the role of DNA as a critical target for radiation-
induced biological effects.

3.1. Representation of DNA structures

DNA in a human cell nucleus is structured on a variety of levels
including DNA double-helix, nucleosomes, chromatin fibers, fiber
loops, chromatin domains, and chromosomes. It has to be expected
that these structures have, depending on the end point, significant
impact on radiation-induced biological effects. The consideration
of structural levels ranging from the DNA double-helix in atomic
resolution up to chromosomes referring to human fibroblast or
lymphocyte nuclei in G0/G1 state has governed DNA modelling
approaches in PARTRAC. Aspects of DNA target dynamics and cell-
cycle dependence of DNA structures are not yet adequately taken
into account in our modelling approaches; first steps towards this
issue have been made regarding their impact on the outcome of
DNA repair processes [18].

Historically, first considerations of DNA target sizes were
introduced by the concept of microdosimetry [50–52] which
was developed to establish a framework for assessing radiation
effects on cellular and sub-cellular scales. On such a basis, energy
deposition patterns were studied in small cylindrical volumes
representing pieces of the DNA double-helix, nucleosomes and
chromatin fiber segments [53,54]. The first model of a DNA double-
helix used for calculations of SSBs and DSBs consisted of a cylinder
of 2.3 nm diameter cut into sections of 0.34 nm thickness repre-
senting nucleotide pairs; this cylinder was divided into an inner
cylinder of 1 nm diameter and two surrounding arcs rotated by
36◦ per nucleotide pair in order to separate the bases from the
sugar-phosphate backbone [55]. This DNA model has been used
in several studies on initial single-strand break (SSB) and DSB
yields, strand break complexity [39,56], contributions of direct and
indirect effects [57], and it was also implemented in an early PAR-
TRAC version [9]. In the 1990s, DNA models have developed in
two respects: an atomic description of the DNA double-helix [58]
and its arrangement in nucleosomes [59] on the one hand, and
the representation of higher-order structures on the other hand
[60,61]. Both ideas were combined into a chromatin fiber model
with atomic resolution [62], later including variations in compact-
ness and nucleosome orientation [63].

The first DNA target model in PARTRAC with atomic resolution
described a flexible arrangement of nucleosomes within a 30-nm
chromatin fiber or a zig-zag formation and their connection by

linker DNA segments [10]. Basic fiber elements were defined under
the boundary condition that the structure reiterated identically
with a certain shift along the fiber axis after a predefined num-
ber of nucleosomes, e.g. 6 nucleosomes in one solenoidal turn along
11 nm or 30 nucleosomes in stochastic crossed-linker arrangement
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12–15 tightly bound water molecules per nucleotide are assumed
ig. 2. Illustration by POV-RayTM raytracer software of flat chromatin fiber loop
f about 100 kbp genomic length constructed from 18 basic elements on a grid of
0 nm × 50 nm.

long 50 nm. This principle has been retained during further model
evelopments; it assured seamless connection of all lower-order
tructures when two basic elements were stacked in correct ori-
ntation on top of each other and allowed expansion of atomic
esolution from coordinates within the basic elements towards
igher-order DNA structures. Chromatin fiber loops were first con-
tructed via bent fiber elements in which the cylinder around a
asic element was transformed to a torus sector and the DNA inside
orrespondingly [10]. Later, an assembly of virtually linked linear
ber rods (where the sequence of nucleotide pairs at the top of one
od continues at the bottom of next one disregarding the gap in-
etween) of 18 kbp length represented a loop with a rhomb-like
orm, and seven specifically arranged loops represented chromatin
omains of 500 kbp size [15]. In the most recent model version,
ve basic cubic elements of 50 nm × 50 nm × 50 nm size have been
onstructed, containing a straight fiber segment connecting the
ottom and upper wall of the cube and four bent elements con-
ecting the bottom wall with the other ones [64]. A flat chromatin
ber loop comprising 18 elements and about 100 kbp is presented

n Fig. 2. Further chromatin model variants have been adopted for
odelling studies on the effects of ultrasoft X-rays on linear DNA,

ucleosomes and chromatin fiber pieces using an atomic repre-
entation of histones [13,65] and on the protective role of DNA
igher-order structures against •OH radical attack [66] including
representation of SV40 minichromosomes.

As a first step towards representing whole chromosomes in PAR-
RAC, virtual linkage was used for a study of size distributions
f DNA fragments [67]. Chromosomes within a human fibroblast
ell nucleus in G0/G1 phase were constructed inside a cylindrical
ucleus model with 15 �m diameter and 5 �m height, subdivided

nto 46 territories with volumes proportional to chromosomal
engths (Fig. 3). This and similar DNA target models have been
sed in several investigations on ion-induced radiation damage
16,17,68,69]. The most recent chromosome model [64] describes
human inter-phase cell nucleus of a lymphocyte with a spheri-

al shape of 10 �m diameter and of a fibroblast with an ellipsoidal
hape with axis lengths of 20 �m, 10 �m and 5 �m, both including
total genomic length of 6.6 Gbp. Each of the 46 human chromo-

omes is represented by an unbroken self-avoiding sequence of the
forementioned five basic elements with 50 nm side length. Distri-
ution and structure of chromosomes are based on an arrangement
f spherical chromatin domains (SCDs) [70]. The centers of 6070
CDs are taken as anchor points for the generation of loop rosette

tructures [71] by departing the chromatin path from and reap-
roaching to the SCD centers until the associated genomic length
f one megabasepair is assigned; then the path is directed towards
he next SCD center. The resulting chromatin data base includes the
Fig. 3. Illustration by POV-RayTM raytracer software of chromatin fibers of 46 chro-
mosomes of a human fibroblast cell nucleus. Different colors represent different
chromosomes.

sequence of locations, types and orientations of about 1.2 million
basic elements that describe genomic DNA. In this way, a single
representation of DNA structure in a cell nucleus is realized, which
accounts for different levels of DNA architecture from the DNA
double-helix up to chromatin domains in an inter-phase nucleus,
and contains information about positions of all atomic constituents.
However, only a single out of myriads potential DNA configurations
is represented and aspects of chromatin dynamics are not consid-
ered, leaving room for future improvements of the DNA model in
PARTRAC.

3.2. Interdependence between DNA target and track structure

PARTRAC calculations of radiation effects are usually based on
a superposition of the DNA target model with track structures
determined in liquid water. However, the presence of DNA in its
conformation has some effect on track structures in the physical
stage due to differences in cross sections, and even more in the
physico-chemical and chemical stages due to the presence of other
materials than water. The first issue has been studied in detail [13],
taking into account the molecular and geometric structure of the
DNA target in the interaction of photons and electrons by using
ionizing cross sections for DNA constituents (cf. Section 2.1.2.1)
[29]. Significant local inhomogeneities in dose and elevated yields
of SSBs and DSBs due to direct effects were found for photon irradi-
ation with energies between the carbon and oxygen K absorption
edge (0.28–0.54 keV). Outside this photon energy range the results
were rather similar to data obtained by superposition of track struc-
tures calculated in liquid water with a geometric model of the DNA
target.

The target volume representing DNA and histones is formed by
the union of atomic spheres. Using for these spheres reported val-
ues of van der Waals radii (0.12, 0.17, 0.15, 0.14 and 0.19 nm for H,
C, N, O, P, respectively [72]) would generate a holey structure. Such
artefacts are removed by adjusting the DNA and histone volume in
the model to reported densities [73,74] via increasing the van der
Waals radii of all atoms in DNA and histones (where H atoms are not
included) by factors of 1.3 and 1.4, respectively [13]. Moreover, to
account for the primary hydration shell surrounding cellular DNA
[75], energy depositions inside the inner hydration shell of about
to contribute to direct (as quasi-direct) effects, i.e. they are scored
in PARTRAC like events within nearby DNA constituents and pro-
duced no reactive species during the physico-chemical stage. The
inner hydration shell is represented in PARTRAC calculations by
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ncluding a layer of 0.16 nm around the DNA helix or by adopting
n increased van der Waals radius multiplier of 2.

In the physico-chemical stage, reactive species are neither pro-
uced from energy depositions inside the volume occupied by DNA
or created within that volume due to nearby energy depositions.

nteractions between DNA constituents (deoxyribose, adenine,
uanine, cytosine and thymine) and •OH radicals or eaq

− during
he chemical stage are calculated like other reactions between
pecies; reaction rates are derived from [76]. The lifetime of •OH
adicals in the nuclear environment is considerably reduced due
o the presence of further scavenging molecules whose over-
ll scavenging capacity has been estimated at 4 × 108 s−1 [77].
ince these reactions are not explicitly included in the chemistry
odule of PARTRAC, additional removal of •OH species with a char-

cteristic time of 2.5 ns is considered. In addition, histones are
ssumed to act as a radical scavenger, i.e. all species which dif-
use into the volume of the union of histone atoms are removed
rom the calculation. The protective effect of histones and DNA
olding on SSB and DSB induction has been studied in detail in
66].

. Calculation of radiation effects in PARTRAC

.1. DNA single-strand breaks (SSBs)

Within the spectrum of DNA lesions the importance of SSBs of
he DNA double-helix is assumed to be low for late effects of radia-
ion damage [78]. Nevertheless, their incidence is an essential issue
n DNA damage modelling since calculations of the much more
mportant DSBs are usually based on calculations of SSBs occurring
n opposite strands in sufficient vicinity. Apart from some earlier
nvestigations [10,56,79], model calculations of strand break induc-
ion distinguished between so-called direct effects from ionizations
nd other energy depositions to DNA on the one hand, and so-called
ndirect effects due to interactions of DNA with reactive species
roduced in the surrounding water during the chemical stage on
he other hand. A clear-cut distinction between both contributions,
owever, is not possible; instead, the borderline between direct and

ndirect effects is usually drawn between non-scavengable strand
reaks as direct effects which include interactions occurring within
he inner hydration shell, and the other breaks which may be sup-
ressed by the addition of an •OH radical scavenger in sufficient
oncentration as indirect effects.

The conditions under which SSBs are induced have to be
arameterized in model calculations for both contributions, since
implifications of the DNA representation and the complexity
f individual processes leading to strand breakage do not allow
n ab-initio calculation of strand break yields without parame-
er adaptation. In the earliest work using annular DNA segments
55], measured strand breaks following 125I decay were repro-
uced assuming that an energy deposition above a threshold of
7.5 eV in one sugar-phosphate volume resulted in a strand break;
urther induction of breaks from •OH radical attack was not con-
idered. This result was confirmed in calculations of strand breaks
fter electron, proton and alpha particle irradiation [56], and used
n subsequent investigations based on that DNA model [57,80]
lthough there additional induction of DNA strand breaks by •OH
ttack was taken into account. First PARTRAC calculations of strand
reak induction using a DNA model with atomic resolution adopted
nergy deposition thresholds slightly above 10 eV; however, these

ather low values were due to negligence [10] or underestimation
67] of SSBs from indirect effects. Measurements of DNA strand
reak induction by electrons [81] and photons [82] down to about
eV energy have initiated a revision of the strand break calcula-

ion in PARTRAC: linear increase of the break induction probability
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from 0 at a threshold energy deposition of 5 eV with increasing
energy deposit in one sugar-phosphate group has been adopted
up to an energy parameter value for (and above) which the prob-
ability equalled 1. These energy parameters have been selected in
view of the envisaged number of strand breaks per gray and cell
after low-LET irradiation such as 60Co �- or 220 kVp X-rays. Based
on the total yield of about 1000 per Gy and cell [83], and a ratio
of 35:65 between direct and indirect effects [84], about 350 strand
breaks from direct effects have to be expected, and a corresponding
yield was obtained in calculations using 37.5 eV [15–17,64,85] or
40 eV [66,68,69,86] as energy parameter. A higher parameter value
of 57.6 eV has been used for calculations considering the influence
of DNA on track structures [13] and those excluding heat-labile sites
from strand breakage [18].

With respect to strand break induction due to indirect effects
after low-LET irradiation, the calculated yields have been found in
agreement with the abovementioned experimental data when 65%
of the •OH interactions with deoxyribose lead to SSBs. This fraction
corresponds to 13% of all •OH-DNA interactions, a value used in
other modelling studies [57], since 20% of the interactions of •OH
with DNA constituents react with deoxyribose, and about 80% are
base attacks.

The calculated dependence of the SSB yield on initial photon
energy shows a rather slight minimum around about 1 keV [13],
resulting from a reduced contribution of indirect effects around that
energy and an invariant yield from direct effects. Rather constant
SSB yields from direct effects and decreasing yields with increas-
ing LET due to indirect effects have been obtained after proton
irradiation [15]. Other calculations of SSB yields have revealed a
smaller decrease with increasing LET or decreasing particle energy
of protons and � particles [57], see also reference [87]. For filtered
220 kVp and 29 kVp X-rays, slight reductions by 1% and 3%, respec-
tively, have been obtained in comparison to 60Co �-rays [88]. DNA
compactness has been found to have significant impact on the SSB
yield due to indirect effects after photon irradiation; the calcu-
lated protection of a 30-nm chromatin fiber compared to a DNA
double-helix reduced the SSB yield by factors of 2 [13] and 2.6
[66]. Considerably more pronounced effects of DNA conformation
in experiments yielding a factor of 100 [89] may indicate that the
generation of unfolded and histone-depleted DNA in the experi-
ments might have been associated with a drastic reduction of the
scavenging capacity for •OH radicals [66].

4.2. DNA double-strand breaks (DSBs)

The induction of DSBs is determined in PARTRAC from the yield
of breaks on opposite strands within a maximum genomic distance.
Usually 10 bp is adopted as a threshold value, but also other values
and their influence on DSB yields have been considered [10,56].
DSB induction from two SSBs should reveal an enhanced energy
threshold for this endpoint compared to SSB induction, however,
intriguing experimental results have been found in studies of SSB
and DSB induction after low-energy photon and electron irradia-
tion: DSBs could be produced by photons well below 10 eV [90]
and photon-energy dependent action spectra for SSBs and DSBs
were rather parallel [82]. A transfer of radical sites from one bro-
ken strand to the opposite strand and subsequent cleavage has been
proposed as a mechanism in which a single interaction with DNA
may lead to a DSB [91]. In response to these findings, a transfer
into DSBs of 1% of SSBs induced by either direct or indirect effects
has been introduced in PARTRAC [13] and adopted in subsequent

calculations.

For 60Co �-irradiation of human cells, absolute DSB yields
between 8 and 9 DSB per Gy and 109 base pairs (Gbp) and a SSB:DSB
ratio of about 20:1 result from the SSB parameter selection (see Sec-
tion 4.1), 10 bp maximum distance between the strand breaks and
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% SSB to DSB transfer [15,67]. This SSB:DSB ratio corresponds to
xperimental findings [89], and the DSB yield is within the range
f experimental data [92]: about 10 per Gy and Gbp derived from
ragment analysis after X-ray irradiation, and between 2.6 and 7.7
er Gy and Gbp obtained by other techniques.

Calculated DSB induction after irradiation with various photon
adiation qualities [13,67] shows an increasing trend with decreas-
ng photon energy in agreement with other model calculations
88], both yielding about 10% more DSBs after filtered 220 kVp
-rays compared to 60Co �-rays, and experimental results [93].
owever, the calculated DSB yield for CK ultrasoft X-rays (0.28 keV)
oes not exceed the corresponding result after AlK (1.5 keV) irra-
iation, and the calculated RBE values of 1.6 for both radiation
ualities is below the measured result of 2.7 and 1.9 for CK and AlK,
espectively. This difference may be related to the dose inhomo-
eneity and/or the enhanced photo-absorption after CK irradiation
y interactions with phosphate L-shell electrons (more than 40%
f photon interactions) compared to AlK irradiation (less than
0%).

The calculated DSB yield after ion irradiation of human fibrob-
asts increases with increasing LET (Fig. 4) [15–17]. For protons
he yield is higher than for helium ions of the same LET, and for
oth particle types the increase continues up to the maximum
ossible LET values; these findings agree with other model cal-
ulations [94]. For heavier ions (B, C, N, O, Ne, S) the DSB yields
re lower than for helium ions of the same LET and tend to sat-
rate above about 300 keV/�m, whereas differences between ion
ypes are negligible. Corresponding experimental results show a
imilar LET dependence only after proton [95] and partly after
elium ion irradiation [96]; other measurements report an almost
onstant or decreasing trend after irradiation with He [95], N, B
nd Ne ions [97]. The essential difference between these results
nd the calculations is the experimental limit in the detection
f DSBs associated with small fragments which increase steeply
ith increasing LET. The reduced disparity for the measurements

fter helium ion irradiation results from inclusion of DNA frag-
ents down to 0.1 kbp [96]. However, adopted methods of DSB

ield determination from measurements of DNA fragments in a
ertain size interval can be reproduced in PARTRAC model calcu-

ations. This procedure removes essentially the discrepancy in the
rend for boron, nitrogen and neon ions, where the experimental
ield has been determined from DNA fragments in the size inter-
al between 5 kbp and 5.7 Mbp [97]. These results emphasize the
ecessity of considering the non-random DSB distribution for the
search 711 (2011) 28–40

determination of DSB yields after ion irradiation and give a con-
sistent explanation for the reported low DSB yields after high-LET
irradiation [92].

4.3. DNA fragment distributions

The complete hierarchy of DNA structures on all size scales in
the DNA target model allows calculations of DNA fragment dis-
tributions over the full size range from a few base pairs up to
chromosomal size. Size distributions of DNA fragments reveal,
unlike SSBs and DSBs, in general non-linear dose dependence. Two
important aspects are related to radiation-induced DNA fragment
distributions: on the one hand they reflect essential characteristics
of DNA organisation within the cell nucleus that are independent
from incident radiation qualities. On the other hand they highlight
features of incident radiation track structures.

The first aspect was highlighted by the detection of a peak in
measured DNA fragment size distributions at about 80 bp which
corresponds to one turn of the DNA helix around a nucleosome
[98]. Model calculations reproduced this nucleosomal peak in great
detail [13,63]. Furthermore, calculated DNA fragment distributions
in the size range up to 3 kbp were found to be rather independent
on incident electron energy and single- and double-stranded DNA
fragment distributions were quite similar but specific regarding
the underlying chromatin fiber structure [10]. These chromatin-
related peaks in DNA fragment distributions are generated by two
DSBs in close spatial vicinity resulting from a single track, whereas
for DNA fragment sizes below 1 kbp the contribution due to DSBs
from two independent tracks was found to be negligible up to doses
of several hundred Gy [67]. Measured DNA fragment distributions
in that size range [99] were inconsistent with calculated distribu-
tions for an assumed solenoidal structure of the chromatin fiber
[62]. Refined experimental DNA fragment size distributions were in
accord with a chromatin fiber model in zig-zag structure [63]. How-
ever, to obtain a density of 5.9 nucleosomes per 11 nm fiber length
derived from X-ray and neutron scattering experiments [100,101],
the zig-zag structure has to be compressed; this yields, after some
twist to avoid overlapping of nucleosomes, a crossed-linker forma-
tion. Such crossed-linker structure of the chromatin fiber has been
adopted in further PARTRAC studies with stochastic positioning of
5.4–6 nucleosomes per 10 nm fiber length. Despite this stochastic-
ity within the building blocks of the fiber, the continuous repetition
of spatial vicinity relations for certain genomic distances gives rise
to pronounced peaks in the distributions of short DNA fragments
[64], whereas experimental data revealed not more than four indis-
tinct peaks below 0.5 kbp DNA fragment size [63]. Calculations
using larger sets of basic chromatin fiber elements are supposed
to solve this discrepancy, as indicated by the modelling studies in
reference [63].

The second aspect, the radiation quality dependence of DNA
fragmentation patterns is closely linked to deviations from a
random distribution of DSBs along the genome. DNA fragment
distributions resulting from randomly distributed DSBs are fully
determined by the number of DSBs with minor influence of chro-
mosomal sizes at low numbers of DSBs [102]. First non-random
DNA fragment distributions were reported for nitrogen and iron
ions with about 100 and 150 keV/�m LET, respectively [103], and
after � particle irradiation [104]. In both studies, small devia-
tions from random DNA fragment distributions were also found
after X-ray irradiation, and resulted in a higher DSB yields from
DNA fragment analysis compared to its determination based on

the random breakage model. Later, for nitrogen ions with LET
values above 80 keV/�m peaks were detected at 50–200 kbp in
the fragment distributions [105], whereas only minor fluctuations
from the random distribution were observed for 60Co �-irradiation
with 150 Gy. A study of DNA fragment size distributions after pro-
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on and helium ion irradiation compared to 60Co �-irradiation
evealed that a random breakage model could describe with a
easonable approximation the DNA fragmentation induced by �-
ays, whereas the chromatin organization at the loop level was
roposed to affect the production of fragments in the 0.02–1 Mbp
egion [106].

Model calculations on DNA fragment distributions in the size
ange above 10 kbp represent a test of the DNA target model struc-
ures of corresponding lengths. Calculations for AlK and 220 kVp
-rays and 60Co �-rays have yielded no deviation from random-
reakage, whereas for CK ultrasoft X-rays enhanced yields of small
ragments have been attributed to the inhomogeneous dose dis-
ribution within the cell nucleus [13,67]. For proton irradiation,
alculated fragment size distributions deviate significantly from
andom breakage distributions above an LET of 10 keV/�m [15],
nd at 28.5 keV/�m LET measured and calculated fragment dis-
ributions have been found in agreement [107]. For � particle
rradiation, the elevated production of DNA fragments in the size
ange 10–100 kbp after 100 Gy [104] has been reproduced in calcu-
ations [16]. After nitrogen ion irradiation, the increasing deviation

ith increasing LET of measured DNA fragment distributions from
andom breakage behaviour obtained after 60Co �-irradiation [105]
as also been obtained in calculations (Fig. 5) [64]. Reasonable
greement between experiment and calculation in further studies
n DNA fragmentation induced by 56Fe ions [69,86] has motivated
redictions of the radiation quality dependence of DNA fragmen-
ation spectra with PARTRAC [68]; this study also emphasized the
ontribution of DSB associated with experimentally undetected
mall fragments to the DSB yield.

Further calculations of non-random DNA fragment distributions
ave been reported for a size scale from a few 10 kbp to a few
bp based on combinations of DNA target and track structure
odels [108] as well as simply on chromatin models [109–111].
major issue in the analysis of radiation-induced DNA frag-

ent size distributions was the background fragment distribution
btained by application of the experimental protocol to unirra-
iated cells. Whereas PARTRAC studies for proton-induced DNA
ragmentation revealed that simple subtraction of the background
istribution from the measured distribution produces a negligi-
le error [15], it has been proposed that this method may lead

o incorrect estimation of DNA breakage frequencies, and alter-
ative approaches have been developed [112–114]. This issue is
losely related to the origin of background fragments and its inter-
erence with radiation-induced production; these largely unknown
of LET. Dotted lines and large symbols: DSB (DSBs without further nearby DNA strand
breaks); dashed lines and midsize symbols: DSB+ (DNA damage clusters with one
DSB and at least one SSB); solid line and small symbols: DSB++ (DNA damage clusters
with at least two DSBs).

mechanisms may depend on cell types, experimental protocols and
other conditions, and therefore a general necessity for sophisticated
background correction is not evident.

4.4. Strand break complexity

Cell inactivation experiments with ultrasoft X-rays and ions,
coupled with theoretical track structure analyses, emphasized the
biological importance of localized track features over nanometer
dimensions, and suggested that the stochastic clustering of ioniza-
tions, directly in or very near to DNA, resulting in clustered initial
molecular damage in the DNA, are critical physical features of the
tracks [115]. To assess such clustered DNA damage, a categoriza-
tion of strand breaks into six classes according to the absence or
presence of further SSBs and DSBs within a short DNA segment was
introduced already in the earliest calculations of DNA strand breaks
[56]. This scheme, extended later by considering also base damage
and the direct, indirect or mixed origin of the strand breaks, has
been adopted in several investigations [57,80,94] to quantify the
increasing complexity of DNA lesions with increasing LET. An anal-
ysis of DNA strand break clusters has been made with PARTRAC
for irradiations with various light ions [17] regarding distributions
of energy depositions. Distributions of DSBs in three complexity
classes is presented in Fig. 6, where with increasing LET a steep
increase of DSBs within clusters of two or more DSBs (DSB++) is evi-
dent, whereas DSBs without additional nearby SSB (DSB) and DSBs
in clusters with one or more SSBs (DSB+) culminate at about 80 and
300 keV/�m LET, respectively.

Base damage due to direct energy deposition onto, or interaction
of radicals with, DNA bases contributes significantly to DNA lesion
complexity. There are apparently more damaged bases than strand
breaks with an estimated ratio of 2–2.4 for both low- and high-LET
irradiation [94]. Base damage has been introduced in PARTRAC cal-
culations in the framework of DNA repair simulations (see Section
4.6) since such lesions have been supposed to influence DNA repair
kinetics [116]. The relatively small fractions of slowly repairing
DSBs suggest that only a subset of base lesions near DNA ends con-
tribute to slowing down the repair processes. In analogy to strand
break induction it has been assumed in PARTRAC that such retard-

ing base lesions were formed due to direct effects with a probability
increasing linearly from 0 at 0 eV to 1 at (and above) 60 eV deposited
energy, and due to indirect effects with 50% probability attributed
to •OH interactions with bases [18].
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.5. Cell inactivation

The close correlation between DSBs and cell killing (or cell sur-
ival) became evident in the 1980s of the last century [117–119].
he relation between irradiation of cells and cell killing as well as
odelling approaches on this issue [120–122] are of fundamental

mportance due to crucial involvement in radiation therapy and go
eyond the scope of this review.

The relation between the observed LET dependence for calcu-
ated yields of DSBs of various complexity and cell inactivation has
rst been studied with PARTRAC for proton and � particle irradi-
tion [16]; a similar investigation for proton irradiation has been
ade for V79 cells [123]. Experimental datasets of RBE values for

ell inactivation of human fibroblast cells have been considered
n an extended analysis [17] after irradiation by various ion types
124,125]. The observed RBE values for cell inactivation have a

aximum of about 4 between 100 and 200 keV/�m LET, whereas
alculated RBE values of DSB+ reach a maximum of about 2 at an LET
f about 70 keV/�m and DSB++ culminate with RBE values above 10
t LET values of about 200 keV/�m. A weighted sum with cell killing
robabilities of 8%, 2% and 0.5% for the categories of DSB++, DSB+ and
SB, respectively, has been found in overall agreement with the LET
ependence of measured RBE and cell inactivation cross sections
17]. The reported studies provide support for a dominant role of
SB complexity in radiation-induced cell killing, however, a contri-
ution of simple DSBs becomes evident in particular for radiation
ualities with lower LET.

.6. DNA repair processes

Recently, the PARTRAC suite has been complemented by a
tochastic model describing cellular processes aimed at repairing
adiation damage to DNA [18]. The scheme of the repair model
Fig. 7) represents the NHEJ DNA repair pathway which is the domi-
ant DSB repair mechanism in eukaryotic cells during the G1 phase
f cell cycle. Processing by NHEJ machinery of the two DNA ends of a
SB is tracked separately within the repair module. The considered
haracteristics of DNA ends as determined by PARTRAC calculations
f initial DNA damage are geometric position, genomic position,
ber length and geometric distance from the DNA end to a nuclear
ttachment site or to the next DSB for short DNA fragments, DSB
omplexity (related to one DNA end) in terms of additional nearby
trand breaks or base lesions scored up to an undamaged sequence
f 20 bp; and the single-stranded overhang length. DNA ends are
lassified into so-called ‘dirty’ DNA ends carrying nearby SSB(s)
nd/or relevant (i.e. contributing to slowing down of the repair
rocess) base lesion(s), and ‘clean’ DNA ends without such nearby
amage; thus, simple DSBs include two clean DNA ends whereas
omplex DSBs comprise either a dirty and a clean or two dirty DNA
nds. After a quick chromatin remodelling and DNA mobilization
tep, the DNA ends are allowed to diffuse in a step-by-step random
alk process, limited by nuclear attachment sites and fragment

engths. In parallel to diffusive motion, attachment of major repair
nzymes involved in the NHEJ mechanism is considered [126].
irst, Ku70/80 is recruited to the DNA end; alternatively, attach-
ent of other enzymes inhibiting Ku70/80 recruitment may occur.

hen a DNA–PK complex is formed by subsequent attachment
f the catalytic subunit DNA–PKcs. Two DNA ends with attached
NA–PK undergo synapsis when they are in sufficient vicinity, and

hen the two DNA–PK complexes cross-phosphorylate each other.
ttachment of further NHEJ repair enzymes [126] including ligase
V, XRCC4 and others mediate the repair of nearby base lesions,
rocessing of single-stranded overhangs, filling of gaps and final

igation of the two DNA ends. Failure of the repair process during
ost-synaptic states leading to a restart of the procedure as well as
eaching a state where rejoining is impossible may be taken into
Fig. 7. Scheme for processing of a clean DNA end and a dirty DNA end within the
DNA repair model of PARTRAC.

account, too. The finally joined ends are classified into correctly
rejoined DSBs, formation of rings, chromosomal aberrations, and
other forms of misrejoined DNA ends.

Attachment and detachment of repair enzymes is usually mod-
elled by stochastic change of states in a first-order kinetics approach
which is determined by a characteristic time or rate as a single
parameter. Characteristic times for enzyme attachment during the
pre-synaptic phase have been derived from enzyme kinetics data
[127]. Information on enzyme detachment has been inferred from
fluorescence recovery after photobleaching data [128]. Such par-
ticular information is not yet available for the post-synaptic phase;
instead, parameter adaptation to measured DNA repair kinetics
has been used. Alternatively, enzyme attachment processes may
be modelled as binary interaction of diffusing repair enzymes with
DNA ends. This approach, however, needs more parameters includ-
ing enzyme concentrations, reaction rates with DNA ends, turnover
times, and diffusion coefficients, but it allows considering effects of
limited availability of enzymes and steps involving enzyme produc-
tion within the repair process.

An adaptation of model parameters resulted for low-LET irra-
diation in a reasonable agreement [18] between calculated and
measured repair kinetics [129], and calculated dose dependent
yields were also found in accord with experimental findings for
misrejoined DSB [130] and chromosomal aberrations [131] when
diffusion corresponded to measurements of DSB motion [132];
however, the calculations obviously overestimated the fractions of
residual DSBs at low doses after long repair times [18].
Application of the repair model to experimental data on DSB
rejoining after ion irradiation [133] has revealed the need for some
model refinements [134]. The rejoining kinetics after 60Co �-ray
irradiation as low-LET reference [133] which was initially slower
but passed then into a smaller slowly rejoining fraction than in
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ig. 8. DSB repair kinetics after 100 Gy irradiation of human fibroblast cells with
0Co �-rays and nitrogen ions of various LET values. Symbols: experimental results
133], lines: calculations.

he kinetics modelled earlier [129], could be reproduced with a
ew adaptation of characteristic times during the post-synaptic
hase. In order to obtain reasonable agreement also for N ion irra-
iation with LET values between 80 and 225 keV/�m (Fig. 8), new
pproaches have been introduced [135]. First, the observed similar
nitial reduction of residual DSBs after photon and nitrogen ion irra-
iation could be achieved in calculations with delayed generation
f a fraction of DSBs in parallel to initial repair processes. Such a
SB generation has been observed in repair deficient cells using

ow temperature lysis protocols [136]. Second, agreement with
he measured LET-dependence of slowly rejoining DSB fractions
nd the kinetics during the later repair phase has been consider-
bly improved by an alternative modelling approach with tracking
f individual repair enzymes that mediate the removal of nearby
esions. Finally, irreversibly unrejoinable states have been intro-
uced in the model in order to reproduce the observed increase
ith increasing LET in the fraction of residual DSBs after long repair

imes.

.7. Parameter uncertainty and sensitivity

The Monte Carlo approach implemented in PARTRAC inevitably
ntroduces a large number of model parameters. Some of them
ave been addressed by dedicated experiments or theoretical stud-

es, such as cross sections, diffusion coefficients and reaction rate
onstants needed for the track structure part, and their uncertain-
ies are usually known from these studies. For other parameters,
ndependent experimental or theoretical investigations are not
vailable. Often, certain values can be excluded as being physi-
ally impossible or unrealistic. Generally, however, the parameters
re limited only by the requirement to reproduce the experimental
ata on related end points; e.g. the distance between two SSBs to
orm a DSB has been inferred from relative yields of SSBs and DSBs.
ue to computational expensiveness of these Monte Carlo calcula-

ions, optimization methods employed in deterministic modelling
pproaches have not been used so far; instead, parameter values
ave been derived by trial-and-error methods, driven by the aim
o achieve a reasonable agreement of calculated results with the
xperiments. Reliably assessing the uncertainty of such parame-
er estimates is not feasible. Moreover, many parameters, though
echanically distinct, are strongly interrelated, so that a modifi-
ation of one parameter can be greatly compensated by adapting
nother one; this is the case e.g. for the effective DNA target volume
nd the energy needed for SSB induction.
search 711 (2011) 28–40 37

Several studies have been performed in order to determine
the most critical parameters and assess the sensitivity of mod-
elling results to their variations. With respect to parameters for the
chemical phase of track structure development, the transport of
sub-excitation electrons was found to be of particular importance;
however, varying the mean transport distance of sub-excitation
electrons by ∼1/3, corresponding to uncertainties in determina-
tion of this parameter from independent studies, has changed the
yields of •OH by less than 5% [137]. For SSB induction by direct
effects, alternative models of the dependence of SSB induction
probability on deposited energy (constant, threshold-type, or lin-
early increasing probability) lead to rather similar SSB yields [13];
for the threshold-type SSB induction, varying the threshold from
7 to 17.5 eV resulted in a more than twofold difference in the SSB
yield [10]. Concerning DSB, increasing the distance between two
SSBs for being scored as a DSB from 2 to 10 bp enhanced the DSB
yield almost by a factor of 3 [10]; varying the rate of SSB to DSB con-
version from 0 to 3% increased the DSB yields by 50–100% [13]. For
the NHEJ repair model, available data are not sufficient for uniquely
determining the parameter values, i.e. although dealing with mech-
anistically distinct parameters, they are correlated in terms of data
fitting; e.g. a 10-fold change in the rate of Ku attachment may be
compensated for by adapting other parameters of the pre-synaptic
phase of NHEJ [18].

In addition, one has to keep in mind that the parameter values
derived under specific conditions cannot be directly transferred to
another cell type, different experimental setup or even to in vivo
situation. Moreover, especially because of the parameter correla-
tion issue, picking up a parameter value and using it in other models
needs careful consideration.

5. Conclusions

The present suite of PARTRAC tools has demonstrated its capa-
bilities in the calculation of track structures including the physical,
physico-chemical and chemical stages as well as the initial radia-
tion damage to cellular DNA. For a prediction of radiation effects
on larger scales like cells, tissues or organisms, the recent exten-
sion of the temporal dimension from microseconds up to days
by more than 10 orders of magnitude is a major step forward.
First applications of the combined initial damage and repair mod-
els have yielded appealing results; however, improvements and
further developments are needed to enable applications of these
mechanistic modelling studies in radiation therapy optimization,
and to fill the gap towards mechanistic modelling of radiation-
induced cancer [3] and other diseases [138] for an application on
radiation risks of inexperienced irradiations like long-term manned
space missions.
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