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In  conventional  experiments  on  biological  effects  of radiation  types  of  diverse  quality,  micrometer-
scale  double-strand  break  (DSB)  clustering  is  inherently  interlinked  with  clustering  of  energy  deposition
events  on  nanometer  scale  relevant  for DSB  induction.  Due  to this  limitation,  the  role  of  the  micrometer
and  nanometer  scales  in  diverse  biological  endpoints  cannot  be  fully  separated.  To  address  this  issue,
hybrid  human-hamster  AL cells  have  been  irradiated  with  45  MeV  (60  keV/�m)  lithium  ions  or  20  MeV
(2.6  keV/�m)  protons  quasi-homogeneously  distributed  or  focused  to 0.5  × 1  �m2 spots  on regular  matrix
patterns  (point  distances  up  to 10.6  ×  10.6  �m), with  pre-defined  particle  numbers  per spot  to provide
the  same  mean  dose  of 1.7  Gy.  The  yields  of  dicentrics  and  their  distribution  among  cells  have  been  scored.
In parallel,  track-structure  based  simulations  of  DSB  induction  and  chromosome  aberration  formation
with  PARTRAC  have  been  performed.  The  results  show  that  the sub-micrometer  beam  focusing  does  not
enhance  DSB  yields,  but significantly  affects  the  DSB  distribution  within  the  nucleus  and  increases  the
chance  to  form  DSB  pairs  in  close  proximity,  which  may  lead to increased  yields  of  chromosome  aberra-
tions.  Indeed,  the  experiments  show  that  focusing  20  lithium  ions  or 451  protons  per spot  on  a 10.6  �m
grid  induces  two or three  times  more  dicentrics,  respectively,  than  a quasi-homogenous  irradiation.  The
simulations  reproduce  the  data  in part, but in  part  suggest  more  complex  behavior  such as  saturation

or  overkill  not  seen  in  the  experiments.  The  direct  experimental  demonstration  that  sub-micrometer
clustering  of DSB  plays  a critical  role  in the induction  of dicentrics  improves  the  knowledge  on  the  mech-
anisms  by  which  these  lethal  lesions  arise,  and  indicates  how  the  assumptions  of the  biophysical  model
could  be  improved.  It also  provides  a better understanding  of  the  increased  biological  effectiveness  of
high-LET  radiation.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Chromosomal aberrations are an important endpoint in radia-
ion biology [1]. They link the induction and repair of DNA damage
Please cite this article in press as: T.E. Schmid, et al., Sub-micromet
yields of dicentric chromosomes due to clustering of DNA double-stra
http://dx.doi.org/10.1016/j.mrgentox.2015.07.015

nd chromosomes with cell survival [2,3], and are thus relevant
or radiation therapy. Chromosome aberrations are also associated

ith cancer [4].
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Dicentric chromosomes are commonly considered as lethal
chromosomal aberrations. Elucidating the question how their
induction relates to temporal and spatial patterns of chromo-
some breakage is clearly of relevance for the basic understanding
of the mechanisms underlying biological effects of radiation.
Another area motivating studies on this issue corresponds to
laser-generated particles. These represent a potentially promis-
ing option by combining a hopefully compact, cost-effective unit
er 20 MeV  protons or 45 MeV  lithium spot irradiation enhances
nd breaks, Mutat. Res.: Genet. Toxicol. Environ. Mutagen. (2015),

with the well-known physical and biological advantages of proton
and ion radiotherapy. Due to the short pulse duration (typically in
nanosecond region), laser-generated particles may  be temporarily
correlated on nanosecond timescales, so that their biological effec-

dx.doi.org/10.1016/j.mrgentox.2015.07.015
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iveness could differ from that of particles generated by standard
ources.

Regarding the temporal distribution of DNA damage, theoreti-
al studies with the biophysical track-structure based simulation
ool PARTRAC have predicted significant effects on DNA double-
trand break (DSB) yields from interactions between two tracks
nly if they were applied in spatial (<10 nm)  and temporal (<10 ns)
icinity; this could be the case only if very high particle yields
ere generated in very short pulses [5]. Using the ion microprobe

NAKE (Superconducting Nanoprobe for Applied nuclear [Kern]
hysics Experiments) facility of the 14 MV  Munich tandem acceler-
tor, no significant difference has been determined in the induction
f dicentrics in human-hamster hybrid AL cells for 20 MeV  pro-
ons between pulsed (exposure with 1-ns pulse durations) and
ontinuous (applied over 150 ms)  irradiation modes [6]. Also no
vidence for a different relative biological effectiveness (RBE) was
bserved between pulsed and continuous 20 MeV  protons when
he induction of micronuclei was analyzed as an alternative mea-
ure to score structural chromosome aberrations in HeLa cells or in
eratinocytes of a 3D human reconstructed skin tissue [7,8]. Fur-
hermore, also in vivo no significant difference in tumor growth
elay was observed in tumor-bearing mice after irradiation with a
ingle dose of 20 Gy applied in a pulsed or continuous mode [9,10].

Although the biological effectiveness is not influenced by the
ime course of dose deposition in the studied range, spatial dis-
ributions of energy deposition events and the resulting DSB
istributions do affect the outcome as shown already in the 70ies
nd 80ies of the last century using spatially correlated ions pro-
uced from diatomic ions [11]. Recently, an enhanced yield of
icentrics was observed in AL cells by spot application of a bunch of
0 MeV  protons (with linear energy transfer, LET, of 2.65 keV/�m)
ompared to a quasi-homogeneous irradiation [12].

The present investigation aims to elucidate in more detail how
he induction of dicentrics depends on the spatial distribution of
he dose deposition and DNA damage. Experiments in AL cells have
een performed with 45 MeV  lithium ions and 20 MeV protons,
sing four submicrometer irradiation fields within discrete matrix
odes up to 10.6 × 10.6 �m under matched culture and evalua-

ion conditions. Data obtained earlier under identical conditions
or irradiation with 55 MeV  carbon ions on a 5.4 × 5.4 �m grid [12]
ave been included in the present analysis too.

To improve the mechanistic understanding of the observations
nd to enable drawing implications on spatial scales relevant for
icentrics induction, the experiments have been complemented
ith a corresponding PARTRAC modelling study. PARTRAC is a

tate-of-the-art tool for Monte Carlo simulations of radiation track
tructures, damage induction in cellular DNA, double-strand break
epair [13] and the formation of chromosomal aberrations [14].
he code and the underlying models have been thoroughly tested
gainst physical, chemical and biological data. In particular, PAR-
RAC has been shown to provide solid predictions of DNA damage
rom direct (unscavengeable) and indirect (scavengeable, •OH-

ediated) effects including DSB yields and DNA fragmentation
atterns for low- and high-LET radiations [13,15].

Recent PARTRAC extensions to DSB repair by non-homologous
nd-joining (NHEJ) and the induction of chromosome aberrations
14,16,17] are still subject to further developments. Simulated
ields of dicentrics in human fibroblasts irradiated by �-rays
nd �-particles have provided correct dose dependence but sys-
ematically overestimated measured data in absolute terms [14].
evertheless, in principle the code should be capable of predicting

he impact of ion focusing on the formation of dicentrics, provid-
Please cite this article in press as: T.E. Schmid, et al., Sub-micromet
yields of dicentric chromosomes due to clustering of DNA double-stra
http://dx.doi.org/10.1016/j.mrgentox.2015.07.015

ng at least their relative yields for different irradiation patterns.
ndeed, PARTRAC calculations of dicentrics for the irradiation pat-
erns used in the pioneering experiments [12] reproduced the
-fold increased yield of dicentrics after single 55 MeV  carbon ions
 PRESS
earch xxx (2015) xxx–xxx

compared to quasi-homogeneous 20 MeV  protons, and showed for
focused protons an enhanced yield, which however exceeded the
experimental result [18].

The present PARTRAC calculations provide another, even more
stringent test of its mechanistic approach for interchromosomal
misrejoining events. To take into account the key difference in
chromosome numbers between the AL human-hybrid cells used in
the experiments (21CHO chromosomes plus human chromosome
11) and the human cell models (46 chromosomes), AL nuclei have
been modelled in PARTRAC by considering the 11 largest human
chromosome pairs. Energy deposition events, radical attacks, DNA
damage, and its processing by the NHEJ and the resulting chro-
mosome aberrations have been simulated for diverse irradiation
patterns. Since the agreement of model calculations with the exper-
imental data is not perfect the basic hypotheses in the chromosomal
aberration model in PARTRAC should be revised. Nevertheless, the
reported combination of experiments and modelling does provide
useful insights regarding spatial scales influential in dicentrics for-
mation. Nevertheless, the reported combination of experiments
and modelling does provide useful insights regarding spatial scales
influential in dicentrics formation.

2. Materials and methods

2.1. Cell line

In the experiments the AL cell line was  used, established in
our laboratory to investigate structural or functional chromosome
aberrations after exposure to ionizing or non-ionizing radiation.
This cell line was  originally derived from the Chinese hamster
ovary-K1 (CHO-K1) wild-type cell line, a subclone of an adult Chi-
nese hamster (Cricetulus griseus). The AL cells contain a standard set
of CHO-K1 chromosomes plus a single human chromosome 11. Our
previous chromosome analysis showed a modal number of 22 chro-
mosomes (85% of analyzed cells); 15% of the analyzed cells had a
loss or gain of chromosomes [6]. The cells were grown as mono-
layer cultures in RPMI-1640 medium (Sigma, Seelze, Germany)
supplemented with 16% fetal calf serum and antibiotics (peni-
cillin/streptomycin; Sigma, Seelze, Germany). The cell monolayers
were maintained at 37 ◦C in a humidified atmosphere of 5% CO2 in
air. Under these growth conditions, the AL cells had a doubling time
of 18 h.

2.2. Cell irradiation with 45 MeV lithium ions or 20 MeV  protons

For each experiment, a frozen aliquot of AL cells from the
same stock culture was  thawed and seeded as cultures with expo-
nentially growing unsynchronized cells into special irradiation
containers [8,19]. The irradiations were performed at the ion micro-
probe SNAKE adopted for use in biological analysis [19,20] which
allows the microirradiation of defined cell nuclei with single or
counted protons and heavier ions as described in detail previously
[21]. In brief, irradiation containers were built by stretching and
clamping a 6 �m Mylar foil between two  stainless steel plates.
About 30,000 AL cells were placed on this carrier foil which was pre-
treated with Cell-TAK (BD Bioscience). Shortly before irradiation,
about half of the culture medium was  removed and the irradiation
containers were tightly closed by clamping a second 6 �m Mylar
foil. The AL cell monolayers were irradiated at room temperature of
about 22 ◦C. During irradiation, the container with the cell mono-
er 20 MeV  protons or 45 MeV  lithium spot irradiation enhances
nd breaks, Mutat. Res.: Genet. Toxicol. Environ. Mutagen. (2015),

layer, mounted directly behind the beam exit nozzle, was placed
vertically in the focal plane of the ion microbeam. In this setup,
the cells were not covered by medium, but residual medium in a
reservoir ensured a saturated atmosphere.

dx.doi.org/10.1016/j.mrgentox.2015.07.015
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In this irradiation geometry, pre-defined numbers of either
5 MeV  lithium ions or 20 MeV  protons focused to spots of about
.5 �m × 1 �m size (full width at half maximum, FWHM), and spots
ere applied on a regular rectangular matrix with 2.3–10.6 �m grid

ize as described previously [12]. For a quasi-homogeneous irradi-
tion 4 protons were applied on a grid of 1 × 1 �m.  The particles
ere transported in a vacuum to the beam exit nozzle covered with

.5 �m kapton foil, traversed 30 �m of air and traversed the 6 �m
hick cell carrier foil before hitting the cells, i.e. the total water-
quivalent thickness of material traversed before hitting the cells
as about 16 �m.  Typically, the total time required for sample

reparation and irradiation, i.e. the time outside of the CO2 incu-
ator, was less than 15 min, including about 12 min  in the upright
osition. Under these conditions, there were no differences in the
umber of chromosome aberrations in non-irradiated cells and cell
amples remaining in the incubator [6].

To demonstrate reproducibility as well as inter-test variabil-
ty, two independent experiments were carried out, mostly with
wo replicates for exposure of AL cells to 45 MeV  lithium ions or
0 MeV  protons. Each irradiation was done not targeted to single
ells but in a regular pattern on a central area of 3 mm  diameter,
sing the same average dose of 1.7 Gy; the dose has been calcu-

ated from the number of ions per spot, grid size, and LET-energy
elation provided by the SRIM code [22]. As listed in Tables 1 and 2,
ounted ions of both radiation qualities were applied in a focused
ode to submicrometer irradiation fields within discrete matrixes

f 5.4 × 5.4 �m,  7.6 × 7.6 �m,  and 10.6 × 10.6 �m.  In addition, a
uasi-homogeneous exposure has been carried out applying single

ithium ions within a matrix of 2.3 × 2.3 �m or 4 counted protons
ithin a matrix of 1 × 1 �m.  As previously noted [12], the use of

ounted ions allows a very precise dose application with nearly
o fluctuations. Since the same experimental setup was used to
repare the submicrometer beam size for irradiation with counted

ons in focused and quasi-homogenous mode, potential systematic
rrors were compensated by direct comparison of the results from
he different irradiation modes. The systematic dose uncertainty is
nly given by the uncertainty of the LET of the particles and the
alibrations of the scanning unit, which have been estimated to be
ess than 3% [12].

.3. Post-irradiation culture and chromosome analysis

The cell culture conditions have been described in detail previ-
usly [12]. In brief, immediately after irradiation, a 1 mm2 biopsy
unch of AL cells from the central part of the irradiated area
as cut out. The cells were trypsinized and reseeded in 4 ml
PMI-1640 medium supplemented with 20% fetal calf serum and
ntibiotics (penicillin/streptomycin) and incubated at 37 ◦C in a
umidified atmosphere of 5% CO2 in air. Colcemid (Life Technolo-
ies Darmstadt, Germany) at the concentration of 0.1 �g/ml was
resent in the cultures during the last 4 h of the total incuba-
ion time of 20 h. Chromosome preparation and Giemsa staining
ere carried out according to our standardized laboratory proce-

ure originally described for human lymphocytes [23]. All object
lides were coded. Only complete cells containing the modal num-
er of 22 chromosomes were analyzed for dicentrics. Tricentric
hromosomes were counted as two dicentrics, and similarly chro-
osomes with N > 3 centromeres, if present, as N-1 dicentrics.

ince the measured dicentric yields are generally used as the most
haracteristic and quantitatively reproducible biological endpoint
Please cite this article in press as: T.E. Schmid, et al., Sub-micromet
yields of dicentric chromosomes due to clustering of DNA double-stra
http://dx.doi.org/10.1016/j.mrgentox.2015.07.015

f radiation-induced chromosome-type aberrations, only the data
or dicentrics were used in the quantitative analysis, although the
ields of centric rings and acentric fragments were also deter-
ined.
 PRESS
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2.4. Statistical analysis of the data

A null hypothesis that the observed differences between the
mean frequencies of dicentrics (±SE) determined either in two
replicates of an experiment or in two independently performed
experiments are not different was tested according to the z-test
statistics. Since the conditions for the application of the normal
probability distribution hold for these data (i.e. both sample sizes
are much larger than 100 cells and the products of sample sizes
and proportions are greater than five), this statistical procedure
could be applied. A difference at the two-sided p-value <0.05 was
considered statistically significant.

The intercellular distribution of aberrations has been tested for
deviating from a Poisson distribution. To this point, a test quantity
u has been used which is related to the numbers of cells analyzed
(N) and dicentrics scored (n), the dispersion ratio (variance �2 over
mean y = n/N) by Schmid et al. [24]

u = (
�2

y
− 1)

√
N − 1

2(1 − 1
n )

For a Poisson distribution, �2 = y and hence u = 0. Values of u in
excess of 1.96 indicate overdispersion at the 5% level of significance.

2.5. Model calculations

The model for chromosome aberration induction within the
PARTRAC suite of biophysical codes combines the simulation of
radiation tracks, chromatin structures, initial DNA damage, kinetics
of DSB repair and DNA end mobility.

2.5.1. Modelling DNA damage
Radiation tracks are simulated on an event-by-event basis, i.e.

all relevant interactions of the primary ion as well as of all sec-
ondary electrons are followed. Subsequently, the energy deposition
events taking place in the volume of DNA are scored as direct effects.
Events outside but close to DNA are passed to the pre-chemical and
chemical modules in which the formation, diffusion and mutual
reactions of reactive species are modelled. Attacks of •OH radicals
on the DNA are scored as indirect effects. These reactive species
have a diffusion range of about 5 nm in the nuclear environment.
The DNA and chromatin target structures accounted for in PAR-
TRAC include atomic models of base pairs, nucleosome, chromatin
fibre, chromatin loops and domains, and chromosome territories
within spherical or ellipsoidal human cell nuclei. The directly and
indirectly induced DNA damage is analyzed with respect to damage
types including lesion complexity.

The cell nucleus model for AL cells used in this work has been
generated from the 22 largest chromosomes with 4.2 × 109 base
pairs (bp) of the standard PARTRAC model for a human lympho-
cyte which has a spherical nucleus with 10 �m diameter [13].
Preliminary calculations have indicated that such a spherical model
nucleus irradiated from random directions provides a better mod-
elling basis than a unique distribution of chromosomes in an
ellipsoidal nucleus irradiated in parallel to the short axis. It would
be preferable to consider an ensemble of ellipsoidal nuclei with
varying chromosomal arrangements, but this could not be achieved
within the present study. No differentiation between heterochro-
matic and euchromatic regions was  considered.

2.5.2. Modelling DSB repair and induction of chromosome
aberrations
er 20 MeV  protons or 45 MeV  lithium spot irradiation enhances
nd breaks, Mutat. Res.: Genet. Toxicol. Environ. Mutagen. (2015),

The calculated DNA damage is used as an input for modelling the
non-homologous end-joining (NHEJ) repair pathway for DSB. The
simulation starts with a DSB recognition and chromatin remod-
elling step after which the DSB is assumed to open, i.e. form

dx.doi.org/10.1016/j.mrgentox.2015.07.015
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Table 1
Frequencies (±standard errors of the mean, SE) of dicentrics and their intercellular distributions in AL cells following exposure to 1.7 Gy of 45 MeV  lithium ions.

Matrix exposure (�m) Counted ions Cells scored Dicentrics per cell (±SE) Intercellular distribution of dicentrics

0 1 2 3 4 �2/y u-Value

Control* – 5312§ 0.0006 ± 0.0003 5309 3 1.0 −0.02
Control – 2000 0.0010 ± 0.0006 1998 2 1.0 −0.01

Experiment I
10.6 × 10.6 20 238 0.206 ± 0.034 200 29 7 2 1.33 3.63
10.6  × 10.6 20 203 0.187 ± 0.032 171 26 6 1.13 1.36
7.6  × 7.6 10 272 0.151 ± 0.026 238 28 5 1 1.24 2.88
7.6  × 7.6 10 208 0.134 ± 0.028 185 18 5 1.23 2.43
5.4  × 5.4 5 281 0.121 ± 0.025 254 22 4 0 1 1.47 5.67
5.4  × 5.4 5 242 0.120 ± 0.025 218 19 5 1.23 2.57
2.3  × 2.3 1 241 0.108 ± 0.023 219 18 4 1.21 2.29
2.3  × 2.3 1 227 0.093 ± 0.022 209 15 3 1.20 2.16

Experiment II
10.6 × 10.6 20 236 0.186 ± 0.028 196 36 4 1.00 −0.02
10.6  × 10.6 20 220 0.218 ± 0.032 176 41 2 1 0.99 −0.60
7.6  × 7.6 10 212 0.142 ± 0.028 187 20 5 1.20 2.06
7.6  × 7.6 10 223 0.153 ± 0.029 194 25 3 1 1.21 2.20
5.4  × 5.4 5 162 0.111 ± 0.028 146 14 2 1.09 1.89
5.4  × 5.4 5 219 0.123 ± 0.027 197 18 3 1 1.33 3.48
2.3  × 2.3 1 232 0.095 ± 0.023 214 14 4 1.27 3.02
2.3  × 2.3 1 241 0.091 ± 0.021 222 16 3 1.19 2.09

§ Control, background frequency [12]; �2/y, dispersion ratio; u-value, test quantity.

Table 2
Frequency (±SE) of dicentrics and their intercellular distribution in AL cells following exposure to 1.7 Gy of 20 MeV  protons within different matrix exposures; �2/y, dispersion
ratio;  u-value, test quantity.

Matrix exposure (�m) Counted ions Cells scored Dicentrics per cell (±SE) Intercellular distribution of dicentrics

0 1 2 3 �2/y u-Value

Experiment I
10.6 × 10.6 451 168 0.131 ± 0.029 148 18 2 1.06 0.54
10.6  × 10.6 451 126 0.143 ± 0.039 111 13 1 1 1.31 2.54
7.6  × 7.6 232 210 0.105 ± 0.024 191 16 3 1.17 1.82
7.6  × 7.6 232 144 0.125 ± 0.031 128 14 2 1.11 0.92
5.4  × 5.4 117 232 0.082 ± 0.020 215 15 2 1.13 1.47
5.4  × 5.4 117 245 0.069 ± 0.017 229 15 1 1.04 0.55
homa 1 212 0.047 ± 0.016 203 8 1 1.16 1.71
homa 1 266 0.049 ± 0.014 254 11 1 1.11 1.31

Experiment II
10.6 × 10.6 451 218 0.138 ± 0.028 192 23 2 1 1.20 2.13
7.6  × 7.6 232 171 0.117 ± 0.030 155 12 4 1.29 2.75
5.4  × 5.4 117 262 0.096 ± 0.021 240 19 3 1.15 1.74
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homa 1 210 0.043 ± 0.0

a Quasi-homogeneous irradiation corresponding to 1 proton per 0.5 × 0.5 �m ma

wo mobile DNA ends (chromatin broken ends). The two  ends
re allowed to diffuse around limited by the genomic distance to
he nearest nuclear attachment site assuming a moderately con-
ensed fiber with 30 nm/kbp; each chromosome is organized in

oops between such nuclear attachment sites separated by up to
bout 100 kbp. By this, semi-confined diffusion mobility is consid-
red in the model; it results in a mean distance of 0.55 �m between
till unrejoined DNA ends and their nuclear attachment sites after

 day repair time.
In parallel with diffusive mobility of the DNA ends, the tempo-

al dimension of the repair process is considered as shown in Fig. 1,
eflecting the attachment and action of repair enzymes. After chro-

atin remodelling (step 1), Ku70/80 heterodimer has to bind to
n end (step 4), followed by the DNA-PKcs subunit (step 6), form-
ng together the functional DNA-PK enzyme. When two  ends with
NA-PK attached happen to be in close vicinity (<25 nm distance),

hey form a synaptic complex (step 8). The two DNA-PK molecules
Please cite this article in press as: T.E. Schmid, et al., Sub-micromet
yields of dicentric chromosomes due to clustering of DNA double-stra
http://dx.doi.org/10.1016/j.mrgentox.2015.07.015

ross-phosphorylate each other, and further repair proteins bind
nd perform their tasks (step 9). In particular, end processing and
emoval of additional strand breaks and/or base lesions take place
step 10) before the final ligation of the two DNA ends happens
201 9 0.96 −0.42

oint.

(step 11). Occasional enzyme detachment and processing failures
are considered too (steps 7, 12, 13).

Note that in agreement with the real case, not only the original
partners, i.e. the two broken DNA ends of one DSB, but also another
pair of DNA ends may  get ligated. This occurs when a free end diffus-
ing around with attached DNA-PK finds an incorrect partner ready
for joining, e.g. because its original partner, though perhaps in prox-
imity, lacks DNA-PK and thus cannot be ligated yet. Whenever such
incorrect joining takes place, information is stored on the chro-
mosomal origin of the joined fragments and whether centromere
regions are involved. Further details on the methods and specific
assumptions used can be found elsewhere [13,14].

Model parameters as described by Friedland et al. [14] were used
for the simulation of DNA damage, DSB repair and the induction
of chromosomal aberrations, with two  exceptions regarding the
repair model: the period for which the formation of chromosomal
aberrations was  traced has been reduced from 4 days to 1 day to
er 20 MeV  protons or 45 MeV  lithium spot irradiation enhances
nd breaks, Mutat. Res.: Genet. Toxicol. Environ. Mutagen. (2015),

reflect the experimental protocol, and the cleaning of dirty DNA
ends (step 12) has been further retarded to yield an expected higher
fraction of the slowly rejoining DSB in the repair kinetic after C ion
irradiation.

dx.doi.org/10.1016/j.mrgentox.2015.07.015
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ig. 1. Scheme of DSB repair and chromosomal aberration formation model. Num-
ers in circles refer to individual steps in first order kinetics (see text), numbers in

talics are corresponding time constants in seconds.

The following hypotheses have been incorporated in the present
SB repair model: broken DNA ends rejoin correctly after attach-
ent of Ku70/80 and DNA-PKcs provided that they are still in

patial vicinity. For dirty DNA ends (i.e., DNA ends carrying fur-
her single-strand breaks or base damage), the attachment of Ku
nd DNA-PKcs is frequently delayed (steps 2 and 3), therefore, loss
f spatial vicinity occurs with higher probability compared to clean
NA ends. Very short DNA fragments (<25 bp) are unable to be lig-
ted as they cannot attach the repair enzymes. Since no break-up
f synaptic complexes is included in the scheme, the formation of
ynaptic complexes which corresponds to a rather early phase of
SB repair decides on the repair outcome. The outcome is classified

nto four principle categories: correct rejoining, formation of rings,
ntrachromosomal misrejoining and interchromosomal misrejoin-
ng; these are complemented by the two classes of unrejoinable
nd as yet unrejoined DSB ends. A dicentric chromosome has been
ssumed cytogenetically detectable only if the two  centromeric
egions were present completely and embedded in a DNA fragment
f at least 15 Mbp  size.

.5.3. Modelling focused irradiation on matrix grid
The layout of a radiation source corresponding to the experi-

ental setup has been defined in the track structure module of
ARTRAC. Given numbers of primary ions with given energy have
Please cite this article in press as: T.E. Schmid, et al., Sub-micromet
yields of dicentric chromosomes due to clustering of DNA double-stra
http://dx.doi.org/10.1016/j.mrgentox.2015.07.015

een started in bunches with two-dimensional Gaussian distri-
ution of elliptical shape (0.5 �m × 1 �m FWHM)  around centres
n a quadratic matrix of a given size. The source matrix has been

ocated in a layer at 20 �m distance from the centre of the nucleus,
 PRESS
earch xxx (2015) xxx–xxx 5

reflecting the water-equivalent thickness of material traversed by
the particles before reaching the cells (and 10 �m diameter of the
model cell nucleus). All ions were started exactly perpendicular to
the source layer. The source matrix has consisted of 30 × 30 spots
for 0.5 �m grid (single protons per spot), 5 × 5 spots for 2.3 �m grid
(single Li ions), 3 × 3 spots for 5.4 �m and 7.6 �m grids, and 2 × 2
spots for 10.6 �m grid (p, Li and C ions), respectively. This setup
has ensured sufficient coverage of cell nuclei by the matrix while
avoiding unnecessary long computation times.

For each irradiation setup 200 runs were calculated, i.e. irradi-
ation of 200 cells located randomly with respect to the irradiation
matrix pattern has been simulated. This random localization and
orientation has been realized by shifting the source matrix between
succeeding runs by random displacement up to half the grid size
in both axes normal to the emission direction and by rotating the
matrix randomly in three dimensions around the centre of the
nucleus.

3. Results

3.1. Dicentric data for cell exposure to 45 MeV  lithium ions or
20 MeV protons

The detailed results for dicentrics and their intercellular distri-
bution in AL cells are presented in Tables 1 and 2 together with
the corresponding background frequencies. The spontaneous fre-
quency of 0.0010 ± 0.0006 determined in 2000 cells (Table 1) of
the present experiments is not statistically different from the value
of 0.0006 ± 0.0003 obtained in 5312 cells (z = 0.60, p = 0.55) previ-
ously reported [12]. In a total of 6121 analyzed cells irradiated with
1.7 Gy of 45 MeV  lithium ions or 20 MeV  protons, 734 dicentrics
(including 12 tricentrics) were observed at the four spatial irradi-
ation modes. Whereas 10 tricentrics were observed in a total of
3657 cells exposed to lithium ions, practically independently of
the spatial irradiation mode, only 2 tricentrics could be found in
2464 cells exposed to protons, only in the 10.6 × 10.6 �m matrix.
At 12 from 16 exposures to 20 lithium ions and at 3 from 12
exposures to 117 protons per spot, the intercellular distribution
of dicentrics was over-dispersed (p-values from 2.06 to 5.67), as
assessed by the test quantity u [24]. The dicentric data determined
for exposure of AL cells to 45 MeV  lithium ions are summarized in
Table 1. No significant differences have been determined between
the yields of dicentrics which were observed in any exposure mode
between experiment I (p-values from 0.64 to 0.98) and experiment
II (p-values from 0.45 to 0.90). The corresponding dicentric data
obtained for exposure to 20 MeV  protons are shown in Table 2,
applying the same four submicrometer irradiation fields. In accor-
dance with the results for exposure to lithium ions, there are no
significant differences between the dicentric yields determined in
the two  replicates of experiment I (p-values from 0.61 and 0.93).
Therefore, the yields of dicentrics from the replicates within the
different experiments were pooled; the resulting mean values of
dicentrics in experiments I and II are plotted in Fig. 2. The panels
show a similar increase of dicentrics yields induced by both radi-
ation qualities between the four irradiation modes. Further, since
no significant differences could have been determined between the
pooled dicentric yields of experiments I and II induced either by
45 MeV  lithium ions (p-values from 0.76 to 0.92) or by 20 MeV  pro-
tons (p-values from 0.42 to 0.96), also the results of experiments I
and II could have been pooled. The pooled dicentric data and their
er 20 MeV  protons or 45 MeV  lithium spot irradiation enhances
nd breaks, Mutat. Res.: Genet. Toxicol. Environ. Mutagen. (2015),

intercellular distributions in experiments I and II are given at the
diverse exposure modes in Table 3. Increasing focusing gradually
increases the yields of dicentrics for both protons and lithium ions.
The highest degree of focusing analyzed here, namely 451 pro-
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Table 3
RBE (±SE) of 45 MeV  lithium ions or 20 MeV  protons relative to 70 kV X-rays derived for the induction of dicentrics in AL cells at different matrix conditions. Dicentric data
and  their intercellular distribution (�2/y and u-value) are given as mean values from two  independently performed experiments at an average dose of 1.7 Gy.

Particle Matrix exposure (�m) Counted ions Cells scored Dicentrics per cell (±SE) �2/y u-Value X-ray dose RBE (±SE)

Li 10.6 × 10.6 20 897 0.200 ± 0.016 1.11 2.43 5.51 3.24 ± 0.29
Li  7.6 × 7.6 10 915 0.145 ± 0.014 1.22 4.65 4.57 2.69 ± 0.24
Li  5.4 × 5.4 5 904 0.120 ± 0.013 1.31 6.57 4.08 2.40 ± 0.22
Li  2.3 × 2.3 1 941 0.097 ± 0.011 1.21 4.63 3.59 2.11 ± 0.20
P  10.6 × 10.6 451 512 0.137 ± 0.018 1.18 2.90 4.42 2.60 ± 0.27
p  7.6 × 7.6 232 525 0.114 ± 0.016 1.19 3.07 3.96 2.33 ± 0.25
p  5.4 × 5.4 117 739 0.083 ± 0.011 1.12 2.24 3.26 1.92 ± 0.20
p  homa 1 688 0.047 ± 0.009 1.08 1.51 2.27 1.33 ± 0.19
C§ 5.4 × 5.4 1 1694 0.197 ± 0.012 1.26 7.59 5.47 3.21 ± 0.27

a Quasi-homogeneous irradiation corresponding to 1 proton per 0.5 × 0.5 �m matrix point.
§ For comparison, previous data are given for exposure of AL cells to 1.7 Gy of 55 MeV 12C ions [12]; �2/ y, dispersion ratio; u-value, test quantity.

Fig. 2. Measured frequency of dicentrics induced by 1.7 Gy of 45 MeV lithium ions
(upper panel) or 20 MeV  protons (lower panel) in AL cells using different matrix
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Fig. 3. Measured RBE (±SE) of 45 MeV  lithium ions and 20 MeV protons with respect
to  70 kV X-rays. The values are evaluated against the product of LET and number of
onditions. Each of the values is the pooled result of two independently performed
xperiments I (light columns) and experiments II (dark columns). Standard errors
f  the mean (SE) are indicated by vertical bars.

ons or 20 lithium ions per spot on the 10.6 �m grid, increases the
nduction of dicentrics three- or two-fold, respectively.

.2. RBE dependence of 45 MeV  lithium ions and 20 MeV  protons
n spatial irradiation modes

Conventional differences in radiobiological effects are also
xpressed in terms of RBE. In order to calculate the influence of the
our spatial irradiation modes on the RBE of both radiation quali-
Please cite this article in press as: T.E. Schmid, et al., Sub-micromet
yields of dicentric chromosomes due to clustering of DNA double-stra
http://dx.doi.org/10.1016/j.mrgentox.2015.07.015

ies, our previously established dose-response curve of dicentrics
n AL cells exposed to 70 kV X-rays [12] was used. For this ref-
rence radiation quality, a weighted least-squares approximation
as applied to fit the dicentric data with the linear-quadratic
ions per matrix point using the four submicrometer irradiation fields at the same
average dose of 1.7 Gy. The previously reported RBE for 55 MeV  12 C irradiation on
a  5.4 × 5.4 �m matrix is included [12].

function, y = c + �D + �D2, where y is the dicentric yield, D is the
radiation dose, c is the background frequency of dicentrics, and
� and � are coefficients. The resulting linear-quadratic coef-
ficients (±SE) are c = 0.0006 ± 0.0005,  ̨ = 0.010±0.003 Gy−1 and

 ̌ = 0.0048 ± 0.0012 Gy−2. The RBE values were calculated using
the X-ray doses that produced the same response as 1.7 Gy  of
the presently applied radiation qualities, i.e. the necessary X-ray
doses have been determined by inverting the fitted dose–response
curve. As the fit parameters are highly correlated for calculation
of RBE errors, not only the diagonal elements of the covariance
matrix, the parameter errors, are taken into account but also the
non-diagonal elements, describing the correlation of parameters.
A detailed description of the RBE calculation was given previously
[12]. The resulting RBE values of 45 MeV  lithium ions and 20 MeV
protons are given in Table 3. As demonstrated in Fig. 3, the RBE
values evaluated against the product of LET and number of ions
per matrix point increase with increasing matrix grid size, for both
radiation types. In detail, the RBE is significantly higher (z = 3.21,
p < 0.001) when 20 lithium ions were focused per submicrome-
ter spot on a 10.6 × 10.6 �m matrix (RBE = 3.24 ± 0.29) compared
to a quasi-homogeneous exposure by single lithium ions on a
er 20 MeV  protons or 45 MeV  lithium spot irradiation enhances
nd breaks, Mutat. Res.: Genet. Toxicol. Environ. Mutagen. (2015),

2.3 × 2.3 �m matrix (RBE = 2.11 ± 0.20). Comparable findings are
obtained for exposure to 20 MeV  protons. The RBE is significantly
higher (z = 3.85, p < 0.001) when 451 protons were focused per spot
on a 10.6 × 10.6 �m matrix (RBE = 2.60 ± 0.27) compared to single

dx.doi.org/10.1016/j.mrgentox.2015.07.015
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ig. 4. Calculated distribution of DNA double-strand breaks for all irradiation set-
irection (z-axis) on x-y plane. Panel B: projection perpendicular to beam direction

rotons on a 0.5 × 0.5 �m matrix (RBE = 1.33 ± 0.19). Due to the dif-
erent LET values of both radiation qualities, exposure of AL cells to
ingle lithium ions on a 2.3 × 2.3 �m matrix induces a significantly
igher RBE of 2.11 ± 0.20 than the RBE of 1.33 ± 0.19 applying single
rotons on a 0.5 × 0.5 �m matrix (z = 2.83, p = 0.005).

.3. Initial DNA damage

The main results of simulating the initial DNA damage with PAR-
RAC are listed in Table 4. Single Li ions on a 2.3 �m grid have a 10%
igher fluence than the Li ion bunches on larger grids. This leads
o significantly higher DSB yields, but otherwise ion focusing has
o impact on total amount of initial DNA damage. This holds for
SB yields as well as for the formation of short DNA fragments

<25 bp) that are assumed to be intrinsically unrejoinable in our
epair model. The fractions of dirty DNA ends (i.e. DNA ends with
earby single strand breaks or base lesions) are not affected by the

ocusing, either. All these characteristics of the initial DNA damage
eflect the intrinsic properties of individual particle tracks, and (for
he three cases studied here) increase with increasing LET. This is
articularly pronounced for the numbers of unrejoinable DSB from
ltrashort fragments.

The spatial distribution of DSB inside the nucleus reflects both
he focusing effect as well as characteristics of the incident particles
Fig. 4). For a quasi-homogeneous proton irradiation (single protons
n 0.5 �m grid), the DSB distribution is almost homogeneous (but
andom). With increasing focusing and/or ions’ LET, streaks of DSB
an be seen. After C ion irradiation DSB are found along or in close
icinity to the ion trajectories (note that two tracks almost over-
ap in the x-z projection, Fig. 4B), whereas for protons a fraction of
bout 20% of DSB is located outside the spots due to the larger range
f �-electrons which depends on the energy per nucleon of the inci-
Please cite this article in press as: T.E. Schmid, et al., Sub-micromet
yields of dicentric chromosomes due to clustering of DNA double-stra
http://dx.doi.org/10.1016/j.mrgentox.2015.07.015

ent ions (up to 10 �m for 20 MeV  protons compared to about 1 �m
or carbon ions with 4.5 MeV/nucleon). To further analyze quanti-
atively the spatial distribution of DSB, histograms of distances are
hown in Fig. 5 for DSB pairs on different chromosomes due to pro-
ach point denotes a DSB, circles outline the nucleus.Panel A: projection in beam
 plane.

tons (Panel A) and lithium or carbon ions (Panel B), compared to
pairs of DSB within the same chromosomes (Panel C for protons
and Panel D for lithium or carbon ion irradiations). It should be
noted that the distributions for inter-chromosomal distances are
affected by the morphology of the cell model which e.g. excludes a
peak corresponding to the largest grid size in the distributions on
Panel A and B. For each chromatin free end (two DNA termini per
each DSB), the geometric distances to all other chromatin free ends
(in the same nucleus, i.e. same simulation run) have been deter-
mined and tallied into histograms for inter- or intra-chromosomal
pairs with 100 nm binning. Excluded from this analysis have been
ends of DNA fragments which are not linked to nuclear attachment
sites (rather short fragments arising from at least two DSB on the
same ∼100 kbp chromatin loop). For intra-chromosomal pairs of
DNA ends (Panels C and D), the frequency in the smallest distance
interval is enhanced for all distributions and largely independent
of the number of particles per spot. For irradiations with multiple
ions per spot a maximum occurs at about 0.7 �m distances likely
given by the spot size; the height of this peak is given by the number
of particles per spot. For pairs of DNA termini on different chromo-
somes (Panels A and B), the distance distributions are characterized
for irradiations with multiple particles per spot by elevated fre-
quencies for distances between about 1 and 3 �m,  again given by
the number of ions per spot, and by a peak for grid sizes of 5.4 and
7.6 �m at about this value. A corresponding histogram has also been
obtained for single C ions. For single protons a Gaussian distribution
around 5 �m is seen corresponding to an almost random distribu-
tion of DNA ends within the nucleus; a complex distribution results
for single Li ions on 2.3 �m grid.

3.4. Modelling of DSB repair
er 20 MeV  protons or 45 MeV  lithium spot irradiation enhances
nd breaks, Mutat. Res.: Genet. Toxicol. Environ. Mutagen. (2015),

The simulated repair kinetics (Fig. 6) for the diverse irradiation
schemes group mainly according to the ion type: with increas-
ing LET of the incident ions, increased fractions of slowly rejoining
DSB are observed. Nevertheless, the characteristic times for repair

dx.doi.org/10.1016/j.mrgentox.2015.07.015
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Table 4
Setup of model calculations and the predicted initial DNA damage.

Particle Energy (MeV) Matrix grid (�m) Number of ions DSB yield per cell Fraction of dirty DNA ends (%) Unrejoinable DNA ends per cell

Li 45 10.6 × 10.6 20 76.0 59.5 5.5
Li  45 7.6 × 7.6 10 75.8 59.0 4.8
Li  45 5.4 × 5.4 5 76.6 59.5 5.4
Li  45 2.3 × 2.3 1 86.8 59.5 5.9
p  20 10.6 × 10.6 451 45.6 36.0 0.8
p  20 7.6 × 7.6 232 46.2 36.0 0.7
p  20 5.4 × 5.4 117 45.5 35.9 1.1
p  20 homa 1 44.1 36.0 0.9
C  55 5.4 × 5.4 1 142 85.7 67

a Quasi-homogeneous irradiation corresponding to 1 proton per 0.5 × 0.5 �m matrix point.

Fig. 5. Calculated distribution of distances between ends of DNA fragments connected to the nuclear matrix. Panel A: DNA ends on different chromosomes after proton
irradiation, panel B: DNA ends on different chromosomes after Li or C ion irradiation, panel C: DNA ends on the same chromosome after proton irradiation, panel D: DNA
e ions 5
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nds  on the same chromosomes after Li or C ion irradiation. Thick histogram line: C 

B,D);  dotted line: protons (A,C) and Li ions (B,D) 5.4 �m grid; dash-dot line: proton

slopes of the lines) are similar for different particles. Increased
umbers of Li ions per spot lead to slightly faster repair. For pro-
ons this holds only during the initial phase, but after 10 h more DSB
ave rejoined after being quasi-homogeneously distributed than

or focused protons.
The fraction of unrejoined DNA ends depends only slightly

n the grid size or the number of ions per grid point, while the
ractions of intra-chromosomally and inter-chromosomally misre-
Please cite this article in press as: T.E. Schmid, et al., Sub-micromet
yields of dicentric chromosomes due to clustering of DNA double-stra
http://dx.doi.org/10.1016/j.mrgentox.2015.07.015

oined DNA ends increase about linearly with the grid size (Fig. 7).
gain, these fractions are higher for the ion types with higher LET.
he fraction of rings (not shown) increases with the grid size for
rotons from 0.01 to 0.05 and has a grid size independent frac-
.4 �m grid (panels B,D); solid line: protons 0.5 �m grid (A,C) and Li ions 2.3 �m grid
 and Li ions (B,D) 7.6 �m grid; dashed: protons (A,C) and Li ions (B,D) 10.6 �m grid.

tion of 0.09 for Li ions. On the other hand, the fractions of correctly
rejoined DNA ends (not shown) decrease about linearly with the
grid size, from 0.89 to 0.52 for protons, from 0.49 to 0.26 for Li ions,
and contribute 0.09 for C ions.

3.5. Modelling of dicentrics

For the nine irradiation setups the calculated yields of dicentrics
er 20 MeV  protons or 45 MeV  lithium spot irradiation enhances
nd breaks, Mutat. Res.: Genet. Toxicol. Environ. Mutagen. (2015),

are presented in Fig. 8 together with the experimental results in
Table 3. The calculated yields of dicentrics overestimate for quasi-
homogeneous protons as well as for single carbon ions the observed
yields of dicentrics by about 50%. The model clearly overestimates,

dx.doi.org/10.1016/j.mrgentox.2015.07.015
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Fig. 6. Calculated DSB rejoining kinetics. Thick line: 55 MeV  C ions (5.4 �m grid);
medium line: 45 MeV  Li ions (solid, dotted, dashed, dash-dot–dot line: 2.3 �m,
5.4  �m,  7.6 �m,  10.6 �m grid, resp.); thin line: 20 MeV  protons (solid, dotted,
dashed, dash-dot–dot line: 0.5 �m,  5.4 �m,  7.6 �m,  10.6n�m grid, resp.).

Fig. 7. Calculated fractions of DNA end states after 24 h repair time. Small sym-
bols: 20 MeV  proton irradiation; large open symbols: 45 MeV  Li ion irradiation; filled
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Fig. 8. Simulated yieldsof dicentrics in dependence on the degree of focusing (empty
symbols; protons ♦, Li ions �, C ions �)  compared to the experimental data from
Table 3 (filled symbols; protons �, Li ions �, C ions �).  Also shown are the simulated
ymbols: 55 MeV  C ion irradiation. Lines are drawn to guide the eyes only (solid:
nter-chromosomal misrejoined DNA ends, dashed: intra-chromosomal misrejoined
NA ends, dotted: still unrejoined DNA ends).

ore than three-fold, the effects of focusing for protons on the 5.4
nd 7.6 �m grids. Li ions on the 2.3 �m and 5.4 �m grids are over-
stimated about five-fold, and then unlike the experiments, show

 decreasing trend with increasing grid sizes. Indications for such
 decreasing trend, or at least saturation at grid sizes above 5 �m,
an be seen in model predictions for protons as well.

Also shown in Fig. 8 is the calculated total induction of exchange
berrations. These simulation results reproduce quite correctly the
easured trends for dicentrics for Li ions and for multiple protons

er spot, as well as the relation between the effects of Li and C ions,
ut overestimate the focusing effect for protons and the relation
etween the effects of Li ions and protons.

. Discussion
Please cite this article in press as: T.E. Schmid, et al., Sub-micromet
yields of dicentric chromosomes due to clustering of DNA double-stra
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Conventional radiobiological experiments with different LET
adiation types are inherently limited by linkage of radiation track-
tructure properties on different scales. Namely, with increasing
yields of total chromosomal exchange aberrations (other symbols; protons +, Li ions
×,  C ions *). Lines showing the trends in data or simulation results for focused proton
and lithium irradiations are drawn to guide the eyes only.

LET, the clustering of energy deposition events and hence also the
DNA damage increases both on the nanometer scale relevant for
DSB induction and on the (sub-) micrometer scale that governs the
spatial distribution of DSB and DNA fragmentation pattern. Con-
ventional experiments can hardly elucidate how these two scales
contribute to the increased biological effectiveness of high-LET
radiation in terms of induction of chromosomal aberrations or cell
killing. The reported microbeam experiments with sub-micrometer
focusing of protons or lithium ions represent a novel approach tai-
lored to solve this issue. Indeed, PARTRAC track structure-based
simulations, thoroughly benchmarked against data on DSB yields
and DNA fragmentation [13,15], show that the nanometer cluster-
ing, i.e. yield of DSB, remains constant for a given particle type,
independent of the focusing (Table 4). With increasing number
of particles per spot (and increasing grid size so that the average
dose is kept constant), however, the (sub-) micrometer clustering of
DSB increases. The distributions of distances between chromosome
free ends (Fig. 5) show the increase in the number of nearby DNA
ends from the same as well as from different chromosomes. Conse-
quently, both intra- and inter-chromosomal misrejoining increase
with increasing number of ions per bunch (increasing grid size), as
presented in Fig. 7.

The reported experiments show how the cells ‘integrate’ the nm
and (sub-) �m DNA damage patterns. Apart from the very first sin-
gle datum comparing focused protons and single carbon ions on a
5.4 �m grid [12], to our knowledge the present data provide the first
direct experimental demonstration of the role in dicentrics forma-
tion on the (sub-) micrometer clustering of DNA damage. Studies
will be reported elsewhere on how this sub-micrometer focusing
affects other biological endpoints, especially cell survival, serving as
a hitherto unprecedented benchmark of amorphous track structure
models such as the local effect model used in carbon ion radiother-
apy [25].

The reported PARTRAC simulations of the dicentrics experi-
ments are based on an ad hoc AL nucleus model that consists of
the 22 largest human chromosomes, using the geometry as in lym-
phocytes (spherical nucleus with 10 �m diameter). Omitting the
er 20 MeV  protons or 45 MeV  lithium spot irradiation enhances
nd breaks, Mutat. Res.: Genet. Toxicol. Environ. Mutagen. (2015),

smallest 24 human chromosomes leads to a structure with addi-
tional unoccupied regions compared to standard model nuclei. The
DNA content of this AL nucleus model is about 4.2 Gbp, approxi-
mately 76% of the estimated DNA content of AL cells: 5.4 Gbp for

dx.doi.org/10.1016/j.mrgentox.2015.07.015
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HO-K1 cells [26] plus 0.135 Gbp for human chromosome 11 [27].
SB repair capacity and kinetics in AL cells may  differ a lot from
uman cells, but detailed data on these issues are missing. Hence,
odel parameters describing DSB repair kinetics and DNA end
obility used in this work have been taken from model adaptation

o human fibroblast data [14].
The resulting model predictions systematically overestimate

he observed yields of dicentrics. This is not surprising, as dicentrics
ave been assessed experimentally in the first mitosis post irradi-
tion, and especially most heavily damaged cells might have died
ut or not pursued their cycle up to mitosis within the given time
rame, so that some dicentrics might have been missed by the given

ethod. The simulations also overestimate the effect of proton
ocusing in intermediate regions studied here, and yield a decreas-
ng trend with increasing focusing for lithium ions, contrary to the
ata. Note that in view of the aforementioned differences between
odelled and real cells, the agreement of the simulations with the

ata cannot be judged too strictly. Nevertheless, to test the effect
f varying model assumptions and the robustness of the predic-
ions, a number of additional simulations have been performed.
est simulations with the full set of 46 human chromosomes
6.6 Gbp DNA content of the model lymphocyte nucleus) have
ot qualitatively changed the results presented here but provided
bout three-fold higher absolute yields of dicentrics; the effect of
ltered chromosome number was more pronounced than that of
ncreased DNA content. The model lymphocyte has also a some-

hat smaller nucleus (10 �m diameter) than the AL cells (116 �m2

etermined from microscopy images). To test the role of nucleus
ize, simulations for lymphocytes have been compared to those for
uman fibroblasts with ellipsoidal shape (10 × 20 × 5 �m3); how-
ver, the main results have not changed qualitatively. Finally, a
umber of simulations with altered DSB repair parameters have
een performed, keeping the limitation that the simulations repro-
uced typical DSB rejoining features such as biphasic kinetics with

ncreasing role of the slow repair component for increasing LET and
bout 5% fraction of unrejoined breaks 1 day post irradiation [28].
gain, these altered DSB repair parameters have not changed the
imulation results qualitatively.

This robustness of the model predictions may  follow from the
act that the present PARTRAC repair model decides already at a
ery early repair stage on the DNA ends that will finally be ligated
r may  continue being attempted to be processed during the whole
odelling period. Namely, as soon as two DNA ends form a synaptic

omplex, they are determined to get ligated or, rather rarely, stay
ithin the process due to repair delay (steps 12–13 in Fig. 1), but

here is no chance in the present scheme for the ends to separate
nd find other partners with which to join. Future work will be
irected at testing whether altered assumptions on misrejoining
vents, e.g. allowing an exchange of DNA ends upon interaction of
wo synaptic complexes or break-up of synaptic complexes during
he repair process, may  modify the predictions qualitatively.

The experimentally observed yields of chromosome aberra-
ions in total (including dicentrics, centric rings, and acentrics) are
irectly proportional to the yields of dicentrics (data not shown).

nterestingly, total yields of inter-chromosomal exchange aber-
ations predicted by the reported PARTRAC simulations (Fig. 8)
how trends that agree with the observed dicentrics (and total
hromosome aberration) yields. Furthermore, preliminary data on
icentrics induced by single carbon ions on 5.4 �m and carbon ions

ocused to 7.6 and 10.6 �m grids show a decreasing trend with
ncreasing grid size (data not shown). Taken together, these indi-
ations suggest that the model estimates on dicentrics might be
Please cite this article in press as: T.E. Schmid, et al., Sub-micromet
yields of dicentric chromosomes due to clustering of DNA double-stra
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evised, while the predictions on the overall induction of aberra-
ions may  well be more precise.

The experimental data indicate that sub-micrometer focusing
ffects not only the yields of dicentrics and tricentrics which are
 PRESS
earch xxx (2015) xxx–xxx

seen predominantly upon irradiation with lithium ions, but also
their distribution among the irradiated cell population. Signifi-
cantly overdispersed distributions of dicentrics are obtained for
45 MeV  lithium ions at any of the four focusing degrees studied,
as well as for highly focused 20 MeV  protons. Quasi-homogeneous
irradiation with protons, on the other hand, leads to regular dis-
persion, indicating Poisson distribution of dicentrics. Although
intercellular distributions of dicentrics could be extracted also from
the simulations, this issue has not been evaluated in this work.

The yields of dicentric chromosomes increase by focusing up to
a factor of 2 for protons and 3 for lithium ions, respectively, com-
pared to quasi-homogeneous irradiation, i.e. irradiation with single
particles on a regular grid (0.5 �m for protons or 2.3 �m for lithium
ions, respectively). The focusing enhances the RBE relative to 70 kV
X-rays from 1.33 for quasi-homogeneous protons to 2.60 for those
focused on the 10.6 �m grid, and from 2.11 for quasi-homogeneous
lithium ions to 3.24 for the ones with the highest degree of focusing
(Table 3). Note that this RBE of 3.24 for dicentrics induction by Li
ions on the 10.6 �m grid is identical with that of single carbon ions
on the 5.4 �m grid.

The present data have been gathered and simulations performed
with AL human-hamster hybrid cells. Additional experiments with
human fibroblasts are planned to explicitly verify that the reported
findings can be generalized for different cell types.

5. Conclusion

Conventional experiments on radiobiological effects of radia-
tion types differing in their LET cannot separate the influence of
micrometer scale DSB clustering from the inherently interlinked
clustering on nanometer scale relevant for DSB  induction. Sub-
micrometer focusing of proton or lithium ions enables separating
these scales. Total DSB yields are not altered but remain constant,
characteristic of the given particle type. The focusing modifies the
spatial distribution of DSB on the (sub-) micrometer scale. The
reported data provide direct experimental demonstration that both
scales are relevant for the induction of dicentrics. The reported
study improves the understanding of the mechanisms by which
radiation induces these lethal chromosome aberrations, and indi-
cates the need for refining some of the assumptions on DSB repair
and dicentrics formation in the PARTRAC biophysical modelling
suite. More generally, such studies may  have implications for radio-
therapy with high-LET radiation regarding RBE. In particular, these
results indicate that significant variations in RBE can be expected
if low-, medium- or high-LET particles are applied in a spatially
correlated manner.
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