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Issues should be addressed 3

pMore realistic biological geometry
- ρbp ~ 0.008 bp/nm3 (typical ρbp ~ 0.015 bp/nm3)
Ø Developed new Geom.  ρbp ~ 0.012 bp/nm3

pImprove computing performance
- Tsim~ 3 weeks 
Ø Implement IRT chemistry (Mathieuʼs ver), Tsim ~ 10h 

pIntroduce biological repair process
Ø Introduce biological repair model
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Fig. 3.12 We represent a base pair of DNA as six molecules, two deoxyriboses (red), two
phosphates (yellow) and two base pairs (grey). They are modelled internally in Geant4 as
ellipsoids, cut along their z-axis.

by physical processes, and their boundaries are effectively ignored by chemistry. Chemical
reactions are able to look up nearby molecules using an octree data structure, eliminating any
navigational problems that could arise from placing a complicated geometry in the chemistry
stage of the simulation.

Reading in DNA placement volumes

When placement volumes are read into the Molecular DNA application, a few changes to
them need to be made to eliminate any overlaps between the volumes. These changes are
designed to satisfy the following criteria:

• Phosphate molecules are aligned to point to the next sugar molecule in the backbone.
They are cut along this axis so they do not overlap the following deoxyribose molecule.

• Deoxyribose molecules are aligned to point along their respective DNA backbones to
the next phosphate molecule in the chain.

• Base pairs are oriented along the axis running from their centre position to their
adjoining deoxyribose molecule. They are cut along this axis so as not to overlap
neither the deoxyribose molecule nor their complementary base pair. They are shrunk
along the DNA’s long axis so that their height along this axis never exceeds 1.7 nm,
thus preventing two adjacent molecules from overlapping.

• The first and last molecules in a placement volume (which would otherwise extent
beyond the boundary of the volume) are oriented to face the placement volumes wall
along their z-axis. They are then cut along this axis so as not to overlap the volume
boundary.

3.3 Implementation of the molecular level DNA simulation 93

Fig. 3.13 OpenGL render of DNA arranged DNA placements inside the Geant4 viewer. Note
that the major and minor curves of the DNA molecule are visible. (Yellow: Phosphate; Red:
Deoxyribose; Green: Guanine; Cyan: Cytosine; Blue: Thymine; Magenta: Adenine.

These criteria are shown schematically in Figure 3.12, and their appearance in Geant4’s
OpenGL viewer is shown in Figure 3.13.

Octrees for Rapidly Localising DNA Molecules

When energy is deposited, we want to rapidly see if it has occurred in the vicinity of a DNA
structure or not. To do this, the molecules near to any energy deposition need to be quickly
found. In three dimensional space this can be easily done using octrees, which are a tree
data structure that divides any given region (node) into exactly eight smaller regions (nodes).
An octree is made for each different placement volume, and is stored in a map based on it’s
memory address. The octrees contain a position based record of all physical volumes they
contain. As tracks in Geant4 know their location in a hierarchy of physical volumes, they can
identify whether the current volume they are in, or one of their parent volumes, possesses an
octree.

This allows energy depositions an arbitrary distance from the base pair molecules to be
assigned to base pairs (Algorithm 1). This is important as not all damage models assume
that strand break-causing energy depositions occur inside a molecule’s van der Waal’s radius.
Furthermore, this is important in chemistry simulations, where even distant molecules must
be locatable in order to identify possible chemical reactions.

Arranging placement volumes

Having built the placement volumes they are physically placed in the simulation according
to a separate definition file, commonly built from a fractal. The Euler angles in the input
file specified in Section 3.1 are converted into a Geant4 Rotation Matrix by the following
operation, which takes into consideration the different specifications of Euler angles used in

N. Lampe et al, Phys. Med. 2018; 48:135-145

Evaluation of Radiation DNA Damage in a Fractal Cell Nucleus DNA model using Geant4-DNA

Lampe21,22. DeoxyriboNucleic Acid (DNA) can be considered as being composed of phosphate83

and deoxyribose-sugar molecules forming a backbone that supports the nucleotide bases guanine,84

adenine, cytosine and thymine. The summary of the minimum allocation geometries is in Table I.85

TABLE I. The minimum allocation molecule geometries

Name Chemical formula Volume shape Radius (X) [Å] Radius (Y) [Å] Radius (Z) [Å]

Phosphate H3PO4 Sphere 2.28 2.28 2.28

Deoxyribose C5H10O4 Sphere 2.63 2.63 2.63

Guanine C5H5N5O Ellipsoid 3.63 3.80 1.89

Adenine C5H5N5 Ellipsoid 3.43 3.74 1.93

Cytosine C4H5N3O Ellipsoid 3.60 3.07 1.77

Thymine C5H6N2O2 Ellipsoid 4.21 3.04 2.00

Histone - Sphere 250.0 250.0 250.0

These DNA nucleotides can be assembled as DNA double helix structure as a pair of polynu-86

cleotides. Each base pairs are build based on the 3.3 Å separation between base pairs with their87

34 degree turn per base pair, and the overlap minimum allocation volumes have been scraped off.88

The spiral DNA furl by histones as a nucleosome, and the aggregate of these nucleosome is called89

chromatin fiber. To construct a fractal base nucleus, we have prepare three types voxel geometries90

of unit chromatin fiber, strait, turned, and turned-twisted (shown in Figure? ). Each unit chromatin91

fiber is stored in 75 × 75 × 75 Å cubic voxel. And rotational transformations for turned and92

turned-twisted were also made to bend the DNA by 90 degree for turned volumes, and twist the93

DNA by 90 degree along its long axis to ensure strands joined continuously.94

The overview of assembling scheme of a whole cell nucleus is shown in Figure 2. The three unit95

chromatin fibers which are newly developed in this work are shown in Figure 2-(a), DNA double96

5
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3.3 Implementation of the molecular level DNA simulation 91

Fig. 3.11 Chromosomes are defined independently of the geometry and serve as a means of
implementing geometries. Only placement boxes with their centre inside a chromosomal
region are placed in the simulation and count towards damage (cyan/magenta shaded boxes).
In the case of overlapping chromosomes, the first chromosome defined in the user macro
file (blue in this case) takes precedence over any overlapping chromosomes for assigning
damage.

facilitates the use of more traditional DNA structures, as DNA is only placed when the centre
of a placement volume lies inside a chromosome. This entails some loss of continuity in
the DNA strands we simulate, however the effects of this are small.

3.3.2 Reading in geometries

The geometry that we read in is based on the inputs established in Section 3.1, and requires
a number of steps to be realised. First, individual placement volumes need to be constructed,
which are filled with DNA. Both local rotations of the base pair need to be considered in
addition to the position of the base pair in relation to other molecules near it. Also, an
effective way of spatially searching DNA molecules is necessary for both the physical and
chemical stages of the simulation, as physical damage models and chemical reaction models
require a knowledge of nearby molecules, independent of the radius of the placement volume
for a given molecule. After the placement volumes have been built, the fractal geometry
can be built, and data structures are needed to let the application keep track of which DNA
strands are continuous.

Use of parallel worlds The Geant4 chemistry module has difficulty dealing with compli-
cated geometries due to dissociation processes, which can place the products of the molecular
dissociation of an energetic molecule way from the dissociating molecule. To avoid having
too many geometrical boundaries in our simulations, all the physical volumes are placed
in a separate parallel world, using the layered geometries offered by Geant4 (Enger et al.,
2012). Thus, the physically placed DNA molecules described in this section are only seen

N. Lampe et al, Phys. Med. 2018; 48:146-155
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Fig. 3.16 The amount of energy needed to induce a strand break is set via two parameters,
a lower and an upper break limit. The probability of a strand break varies linearly from zero
to one between these limits. The values plotted here (5 eV and 37.5 eV) are taken from
the PARTRAC simulation platform (Friedland et al., 2011).

by 1.6 Å.
We define the region in which energy deposits are assigned to DNA molecules based

on a single distance value. The energy from a given energy deposit is always assigned to
the closest sugar-phosphate moiety or base molecule, provided their is a molecule within
this radius (Figure 3.15, left panel). Also, for the purposes of calculating the chance of
a break, the sugar and phosphate molecules are considered together. By using the closest
molecule in our criteria for energy depositions in DNA, we do introduce a little bit of
complexity into the model when compared to other models, as the volume of DNA then
sensitive to ionising radiation does not vary simply with the distance parameter the user can
set. To allow a comparison to other platforms, in particular the semi-annulus model used
by Charlton & Humm (1988), we show in Figure 3.15 (right) the variation in the volume of
both the DNA strand (phosphate and deoxyribose) and base pair regions with the distance
parameter, calculated by Monte Carlo integration.

Both a minimum and maximum energy are able to be specified for the probability that
direct energy depositions in these regions causes a strand break. This allows a simulation of
damage following a PARTRAC-like model, and also following a fixed energy limit (Figure
3.16).

Scoring Chemical Damage

Chemical damage is scored when chemical reactions take place between radicals and DNA
molecules. Beyond the chemical reaction rates themselves, a number of parameters have
been used to determine whether a strand break follows a chemical reactions. Measurements

PARTRAC :  5    ‒ 37.5 eV
KURBUC  : 17.5 ‒ 17.5 eV

Rdirect :   3.5 angstrom
RPhosphate~ 2.28 angstrom
RSugar ~ 2.63 angstrom
RHydShell < 2       angstrom

Edep assigned to closest strand molecule
Edep

Physics and Direct Damage
• Nanometre-scale accurate physics models are provided by 

Geant4-DNA (small scales and small energies).
• We need however a way of modelling physical damage (where 

excitation or ionisation of DNA molecules breaks DNA).
• Three parameter model, a distance from DNA to consider 

damage contributions, and break likelihood limits

28Nathanael Lampe, May 2017
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•OH
H•

e-aq
OH-

POH = 0.13     : KURBUC (1997)
POH = 0.13     : PARTRAC (2003)
POH = 0.4       : Lampe (2018)
POH = 0.405  : This work
POH = 0.42     : Meylan (2016)
POH = 0.7    : Kreipl (2009)
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Fig. 3.12 We represent a base pair of DNA as six molecules, two deoxyriboses (red), two
phosphates (yellow) and two base pairs (grey). They are modelled internally in Geant4 as
ellipsoids, cut along their z-axis.

by physical processes, and their boundaries are effectively ignored by chemistry. Chemical
reactions are able to look up nearby molecules using an octree data structure, eliminating any
navigational problems that could arise from placing a complicated geometry in the chemistry
stage of the simulation.

Reading in DNA placement volumes

When placement volumes are read into the Molecular DNA application, a few changes to
them need to be made to eliminate any overlaps between the volumes. These changes are
designed to satisfy the following criteria:

• Phosphate molecules are aligned to point to the next sugar molecule in the backbone.
They are cut along this axis so they do not overlap the following deoxyribose molecule.

• Deoxyribose molecules are aligned to point along their respective DNA backbones to
the next phosphate molecule in the chain.

• Base pairs are oriented along the axis running from their centre position to their
adjoining deoxyribose molecule. They are cut along this axis so as not to overlap
neither the deoxyribose molecule nor their complementary base pair. They are shrunk
along the DNA’s long axis so that their height along this axis never exceeds 1.7 nm,
thus preventing two adjacent molecules from overlapping.

• The first and last molecules in a placement volume (which would otherwise extent
beyond the boundary of the volume) are oriented to face the placement volumes wall
along their z-axis. They are then cut along this axis so as not to overlap the volume
boundary.

Chemistry Limits
Time duration             : 5ns
Correspond Diff. Dist. : 9nm 

Histone Size
PARTRAC  : 45 nm
This work   : 25 nm 
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in asynchronous WIL-2NS human B-lymphoblast cell culture after
exposure to X-rays at the dose of 4 Gy (MacPhail and Olive, 2001).
The curve computed in this way corresponds to the combination of
solutions for ½ssDNA d RPA", ½ssDNA d RPA d Rad51=Rad51par=
BRCA2", and ½ssDNA d RPA d Rad52" complexes. It reflects all
possible sources of fluorescence in this case. This fitting step
results in determining of P1, P # 1, P2, P3, P # 3, P4, P5, P # 5, P6, P # 6,
P7, P8, P # 8, P9, Q1, Q # 1, and Q2 parameters of the model by
considering three systems of equations Eqs. (A.1), (B.1) and (C.1)
with zero initial conditions for the intermediate complexes and
the corresponding values of Nir and D (Table A.2). The calculated
curve (Fig. 5) was normalized per maximum value of solutions for
the sum of Y8, Y10, and Z2 obtained at $ 5 h after irradiation.

The parameters P8, P # 8, and P9 were evaluated by fitting the
model curve for the sum of the solutions for Y10, Y11, and Y13 to
experimental data on Rad51 foci remaining in asynchronous HF19
and V79-4 cell cultures after exposure to 1 GeV/u 56Fe ions at the
dose of 1 Gy (Anderson et al., 2010) and γ-rays at the dose of 10 Gy
respectively (Harper et al., 2010). The values of the previously
produced P6, P # 6, and P7 parameters, which are also referred to the
activity of Rad51, were verified for the compliance with this data.
As in the preceding fitting stage, the combination of solutions was
applied to consider all possible sources of the fluorescent signal
which corresponds to induction of Rad51 foci. Thus, there have
been considered the complexes named as ½ssDNA d RPA d Rad51=
Rad51par=BRCA2", ½Rad51 filament", and ½Rad51 filament d DNAinc".
In order to acquire the values of the mentioned parameters, Eqs. (A.1),
(B.1) and (C.1) were processed simultaneously. Moreover, the reaction

rates from previous fitting stages were exploited. The initial condi-
tions for the intermediate complexes were also taken as zero. The
values of the Nir parameter were set up according to the type of
radiation (Table A.2). The different doses of radiations were also taken
into account by assigning the corresponding values for D parameter in
Eq. (1). In the case of 56Fe ions, we fit the model curve to the data on
the percentage of the cells with Rad51 tracks observed in the
experiment, assuming that the remaining of these cells is propor-
tional to the remaining of Rad51 foci in each cell. The obtained values
of the P8, P# 8, and P9 parameters are presented in Table A.1 and their
scaling is shown in Appendix B. The correspondence of the calculated
curves to the experimental data is demonstrated in Fig. 6, inwhich we
scale the calculated and measured data per their maximal values
measured 2 h and 1.5 h after irradiation with 56Fe and γ-rays
respectively.

3.5. Parameters of Alt-NHEJ and γ-H2AX foci induction

The last group of parameters which includes K8, K9, K10, K11, K12,
P8, P9, Q3, Q # 3, Q4, Q5, Q # 5, Q6, R1, R # 1, R2, R3, R4, R # 4, and R5 was
evaluated by fitting the model curve for X14 to different sets of
experimental data on γ-H2AX foci remaining in primary normal
human skin fibroblasts (HSF42) after various radiation exposures
(Asaithamby et al., 2008). In this case, the ODE systems Eqs. (A.1),
(B.1), (C.1), and (D.1) were processed simultaneously with the
corresponding values of Nir and D, zero initial conditions for all
intermediate complexes and reaction rates estimated at the pre-
vious fitting stages. The cell cycle distribution for asynchronous
culture is set as in previous sections.

The parameters were evaluated in the manner satisfying
the experimental measurements for both low- and high-LET
radiations. For the former ones, the reaction rates were checked
against the data on the exposure to γ-rays, when for the latter
ones, the data on irradiation with 16O, 28Si, and 56Fe ions were
used. Fig. 7 represents the results of curve fitting in comparison
with the experimental data obtained after exposure of HSF42 cells
to the above mentioned radiations at the dose of 1 Gy. The
parameters estimated in this step are presented in Table A.1. The
scaling procedure for them is shown in Appendixes A–D.

In the equation for γ-H2AX foci, we introduced the dependence
of Michaelis constant K10 on radiation LET and repair status of cells
through Nir. A number of experimental studies suggest that
induced DSBs can be attempted to be repaired via one pathway
at first, and then, if it fails, become a substrate for another system
(Shibata et al., 2011). Since it is impossible to identify the exact
stage at which an irrepairable lesion stops its contribution to the
work of a repair system, but continue its influence on fluorescent
signal from γ-H2AX foci, we suggest using the following function
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Fig. 5. Time-course of RPA recruitment after irradiation with X-rays at the dose of
4 Gy. The calculated curve is compared to experimental data on the percentage of
cells with RPA foci after the exposure of WIL-2NS lymphoblast to X-rays at the
corresponding dose (symbols) (MacPhail and Olive, 2001). The left scale refers to
the calculated value of RPA foci per cell; the right scale relates to the measured
percentage of cell with foci.

100 

80 

60 

40 

20 

Ra
d5

1 
fo

ci
 p

er
 c

el
l (

%
) 

Time (h) 
0 10     15 20

56Fe, 1 GeV/u, 1 Gy 
-rays, 10 Gy 

Cells w
ith Rad51 foci (%

) 

100 

80 

60 

40 

20 

255

Fig. 6. Time-courses of Rad51 recruitment after exposure to 1 GeV/u 56Fe ions
(1 Gy) and γ-rays (10 Gy). The curves are the calculated results; ● are the scaled
experimental data on relative number of cells with Rad51 foci in HF19 human
fibroblasts after irradiation with 1 Gy of 56Fe ions (Anderson et al., 2010); ■ are the
scaled experimental data on the average number of Rad51 foci per cell in Chinese
hamster lung fibroblast (V79-4) after exposure to 10 Gy of γ radiation (Harper et al.,
2010).
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Fig. 7. Time-courses of γ-H2AX remaining after exposure to 1 Gy of iron, silicon,
oxygen particles and γ-rays. The curves are the calculated results; symbols are the
experimental data referred to irradiation of human skin fibroblasts (HSF42)
(Asaithamby et al., 2008). The error bars represent SEM.
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3.2. Ku binding parameters

The first group of parameters was evaluated by fitting the
model curve for X2 to experimental data on the binding of Ku to
DSB after ultrasoft X ray (USX) irradiation of asynchronous culture
of Chinese hamster lung fibroblasts with doses of 27 Gy and
137 Gy (Reynolds et al., 2012). Since these data is measured in
the Ku80-EGFP fluorescently tagged cells, only K1, K!1, K2, and K!2

parameters were evaluated by using Eq. (A.1) and considering the
computation results for ½DSB d Ku# complex. The relation of these
dimensional parameters to dimensionless ones (ki) and the scaled
variables (xj) are presented in the corresponding section of
Appendix A. In order to estimate the first group of parameters,
we set other reaction rate constants in Eq. (A.1) and the initial
conditions of all intermediate complexes as zero. In such circum-
stances, Eqs. (B.1), (C.1) and (D.1) were not included into calcula-
tion procedure, since activity of Ku refers mainly to NHEJ. The
difference in radiation dose was taken into account by setting the
corresponding values for D parameter in Eq. (1). The LET and Nir

parameter for USX were set as it is stated in Table A.2. The NncDSB

and NcDSB values are calculated as described in Section 2.1. The
results of the parameter evaluation are presented in Fig. 3 in
comparison with the experimental data for two values of dose. The

computed curves were normalized to the value of X2 at 30 s after
irradiation that corresponds to the maximal recruitment of Ku
according to (Taleei and Nikjoo, 2013). In our work, the Newton–
Raphson method was applied for curve fitting. The obtained values
of K1, K!1, K2, and K!2 parameters are presented in Table A.1.

3.3. DNA-PKcs recruitment parametres

The second group of parameters, which includes K3, K4, K!4, K5,
K!5, K6, K!6, K7, and K!7, was estimated by fitting the model
curve, corresponding to the sum of the solutions for X5, X6, X8, X10,
and X12, to the experimental data on the recruitment of DNA-PKcs
to DSBs, induced by γ-rays and 1 GeV/u 56Fe particles at the dose
of 1 Gy (Asaithamby et al., 2008). The values of the K1, K!1, K2, and
K!2 parameters were taken from the previous fitting stage, and
the initial conditions were set in the same manner as in Section
3.2. The combination of solutions is exploited to provide an
adequate account of all active forms of DNA-PKcs which may
contribute to the fluorescent signal measured in the experiment.
Since we assume that the considered NHEJ enzymes remain
bound to a DSB site until end-joining, all intermediate complexes
containing the phosphorylated DNA-PKcs are referred to its
active forms. Therefore the complexes designated as ½DSB d DNA-
PK=ArtP#, ½Bridge#, ½Bridge d LigIV=XRCC4=XLF#, ½Bridge d
LigIV=XRCC4=XLF d PNKP#, and ½BridgedLigIV=XRCC4= XLFdPNKP
dPol# are taken into consideration. In our analysis, we fit the model
curve to the experimental data on quantification of pT2609 foci
produced in asynchronous HSF42 cells using anti-pT2609 (phospho-
specific DNA-PKcs) monoclonal antibodies (Asaithamby et al., 2008).
The obtained values of the K3, K4, K!4, K5, K!5, K6, K!6, K7, and K!7

parameters were similar both for γ-rays and 56Fe particles (Table A.1).
The computed curves compared to experimental data are presented
in Fig. 4. The difference between the results for two types of
radiations is achieved by variation of Nir and f parameters in
accordance with the values mentioned in Table A.2. The calculated
results are expressed as the percentage of pT2609 foci scaled per the
number of foci at the time of 0.5 h after irradiation, as it was done in
the experiment (Asaithamby et al., 2008).

3.4. RPA and Rad51 involvement parameters

The next group of parameters was evaluated by fitting the
corresponding model curves to the experimental data on RPA and
Rad51 foci induction after irradiation of different cell types with
X-rays, γ-rays, and 1 GeV/u 56Fe ions.

At first, the model curve for the sum of the solutions for Y8, Y10,
and Z2 was fitted to the percentage of cells with RPA foci measured
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irradiated by X-rays, 14N, and 56Fe (Rydberg, 1996); ▲—primary human skin
fibroblasts (GM38) irradiated by X-rays, 14N, and 56Fe (Lobrich et al., 1996); ■—
normal human skin fibroblasts (GM5758) irradiated by γ-rays (60Co), 4He, and 14N
(Hoglund et al., 2000).

100 

80 

60 

40 

20 

Re
la

tiv
e 

flu
or

es
ce

nc
e (

%
) 

Time (min) 
0 10     20 40

USX, 137 Gy 
USX, 27 Gy 

30 6050

Fig. 3. Time-courses of Ku binding to DSB after exposure to USX at the doses of 27
and 137 Gy. The curves are the calculated results; the symbols are the experimental
data on fluorescence in Ku80-EGFP-tagged Chinese hamster lung fibroblasts after
exposure to USX at the corresponding doses (7SEM) (Reynolds et al., 2012). The
maximum values of computed curves exceed 100% at early stages, due to
divergences in scaling of the data in the experiment and in our calculations.
The results of experimental measurements are normalized per the fluorescence level
observed at 5 min after beginning of the detection, while the computed curves are
scaled per the value at 30 s that corresponds to maximal recruitment of Ku.

100 

80 

60 

40 

20 

pT
26

09
 fo

ci
 p

er
 c

el
l (

%
) 

Time (h) 
0 5  10     15         20 25

56Fe, 1 GeV/u, 1 Gy 
-rays, 1 Gy 

Fig. 4. Time-courses of DNA-PKcs recruitment to a DSB site after exposure to γ-rays
(137Cs) and 1 GeV/u 56Fe ions at the dose of 1 Gy. The calculated curves are
compared to experimental data on pT2609 foci induction in human skin fibroblasts
(HSF42) after irradiation with corresponding doses (symbols) (Asaithamby et al.,
2008). The error bars represent SEM.

O.V. Belov et al. / Journal of Theoretical Biology 366 (2015) 115–130122



Simulation Configuration 11

XY : 14.2 μm

Z : 5 μm

3 μm

Incident Particle plane

Cell Nucleus

XY : 28.0 μm

Simulation parameters
Rdirect : 3.5 ang
Ethdirect : 5-37.5eV
POH : 0.4
Tchen : 5.0ns
Rkill : 9.0 nm

DSB

10bp

6.4 Gbp :  0.012 bp/nm3
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Simulated SSB/DSB yields are good agreement 
with Exp. data for both of proton and gamma.
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RADIATION RESEARCH 171, 212‒218 (2009) 
Experiment :
Estimate degree of protection (DP) at infinite 
dimethylsulfoxide (DMSO) concentration.

213INDIRECT ACTION BY VERY HIGH-LET RADIATIONS

TABLE 1
Physical and Biological Parameters

Radiation

Primary
energy
(MeV/

nucleon)

Energy on
target
(MeV/

nucleon)
LETa

(keV/!m)
Indirect

actionc (%) Slope k (M)

Inactivation
efficiency

1/D10
d (Gy" 1)

Fractional inactivation efficiency (Gy" 1)/RBE

Direct/RBED Indirect/RBEI

X rays — — 9.4b 76 # 5 0.14 # 0.01 0.17 # 0.00 0.04 # 0.01/1.00 # 0.30 0.13 # 0.01/1.00 # 0.10
Carbon ions 290 144 20 65 # 2 0.51 # 0.01 0.14 0.05 # 0.00/1.23 # 0.27 0.09 # 0.00/0.72 # 0.05
Iron ions 500 416 200 50 # 21 0.74 # 0.27 0.48 0.24 # 0.10/5.99 # 2.79 0.24 # 0.10/1.89 # 0.80
Iron ions 90 53 797 52 # 4 1.07 # 0.04 0.25 0.12 # 0.01/2.97 # 0.66 0.13 # 0.01/1.02 # 0.10
Iron ions 90 29 1298 39 # 4 0.55 # 0.08 0.19 0.12 # 0.01/2.95 # 0.64 0.08 # 0.01/0.60 # 0.07
Iron ions 90 16 2106 32 # 2 1.21 # 0.05 0.15 0.10 # 0.00/2.55 # 0.54 0.05 # 0.00/0.38 # 0.03

a Dose-averaged LET obtained by the contribution of fragmented particles.
bICRU Report 16 (11). The track-averaged LET is 1.7 keV/!m.
c The values are shown as means # SE.
d Sensitivity was calculated using the dose (D10) giving a surviving fraction of 0.1.

ical analysis showed that the G value of OH radicals in
aqueous solution is almost zero at LETs above 1000 keV/
!m (8–10 ). G values were quoted as molecules/100 eV or
just as a number, in which case the units molecules/100 eV
are implied. Therefore, the contribution of indirect action
for cell killing should be investigated at LETs above 1000
keV/!m to reconcile the discrepancy between biological
studies and the radiochemical analyses.

In this paper, we estimated the contribution of indirect
action for cell killing by the DMSO method for very high-
LET regions of up to 2106 keV/!m. Furthermore, the LET-
RBE (relative biological effectiveness) relationship was as-
sessed separately for direct and indirect actions. With our
experimental results, we discuss the contribution and the
mechanism of direct and indirect actions of the high-LET
radiations relative to the RBE.

MATERIALS AND METHODS

Cell Culture

Chinese hamster V79 cells were grown in Ham’s F12 medium supple-
mented with 10% fetal bovine serum and antibiotics (100 U/ml penicillin
and 100 !g/ml streptomycin) under humidified air with 5% CO2 at 37$C.
Cultured cells were harvested with 0.2% trypsin and seeded onto 35-mm
(%) culture dishes at a concentration of 2–4 & 105 cells per dish. The
cells were cultured for 24 h prior to irradiations.

Irradiation and Colony Formation Assay

X irradiation was done using an X-ray generator (Shimadzu, Pantac
HF-320S) operating at 200 kVp and 20 mA with a filter of 0.5 mm
aluminum and 0.5 mm copper at a dose rate of 3.5 Gy/min. The dose-
averaged LET of X rays was 9.4 keV/!m (11). Exposure of samples was
done at a room temperature. Carbon ions with a dose-averaged LET of
20 keV/!m and iron ions of 200 keV/!m were provided by 290 or 500
MeV/nucleon beams, respectively, at the Heavy-ion Medical Accelerator
in Chiba (HIMAC) at the National Institute of Radiological Sciences. Iron
ions with LETs of 797, 1298 and 2106 keV/!m were provided by 90
MeV/nucleon beams at the RIKEN Ring Cyclotron (RRC) at the Institute
of Physical and Chemical Research (RIKEN). The energy of these beams
was modulated by inserting absorbing materials (PMMA for HIMAC,
aluminum for RRC) to obtain the appropriate LETs (Table 1). The dose-
averaged LET included the contribution of fragmented particles.

DMSO has been used to scavenge radiation-induced free radical spe-
cies, in particular OH radical. Cells growing on plastic dishes were filled
with 2 ml of medium with DMSO at final concentrations of 0–1.0 M and
were equilibrated at room temperature for 1 h. The medium was discarded
prior to irradiation, and dishes were covered with a polyvinyl chloride
film to prevent drying and were irradiated from the cellular side.

After irradiation, cells were harvested by trypsinization and seeded in
triplicate onto 60-mm-diameter culture dishes at densities to give ap-
proximately 150 colonies per dish. After 7 days of incubation, the colo-
nies were fixed with 10% formalin and stained with 1% methylene blue
in water. Colonies consisting of more than 50 surviving cells were scored.
The survival parameters were calculated by fitting the curves with the
single-hit multitarget model:

m
D

SF ' 1 " 1 " exp " . (1)! "[ ]D0

SF and D are the surviving fraction and the dose, respectively. D0 and m
are parameters of the cell survival curve. The value of m was set as 1
for the high-LET radiation, because the curves were linear exponential
above 200 keV/!m (12, 13 ).

Calculation of DP

The DMSO method was used to obtain the maximum DP, which was
defined as the proportion of the protection at an infinite concentration of
DMSO as proposed by Shinohara et al. (7 ). Briefly, the maximum DP
was calculated by extrapolating the reciprocals of surviving fractions over
those of DMSO concentrations. For the calculation of DP for low-LET
radiations, we used the data points beyond the shoulder regions of the
survival curve where the curves decreased exponentially. DP was defined
by the equation

ln SF " ln SF0 xDP ' . (2)
ln SF0

The parameters SF0 and SFx are the surviving fractions at 0 and xM of
DMSO, respectively. A regression line was then plotted over the recip-
rocals of DMSO concentration and DP as in Eq. (3). The maximum DP
can be obtained as the value at the point of intersection of the regression
where the concentration of DMSO (1/DMSO ' 0) is infinite.

1 1
' k · ( y)DP x (3)

1 1
y ' " k · .) DP x

k is a slope of the regression line against the reciprocal of the DMSO
concentration. The cross section of the Eq. (3), y), gives the reciprocal
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TABLE 1
Physical and Biological Parameters

Radiation

Primary
energy
(MeV/

nucleon)

Energy on
target
(MeV/

nucleon)
LETa

(keV/!m)
Indirect

actionc (%) Slope k (M)

Inactivation
efficiency

1/D10
d (Gy" 1)

Fractional inactivation efficiency (Gy" 1)/RBE

Direct/RBED Indirect/RBEI

X rays — — 9.4b 76 # 5 0.14 # 0.01 0.17 # 0.00 0.04 # 0.01/1.00 # 0.30 0.13 # 0.01/1.00 # 0.10
Carbon ions 290 144 20 65 # 2 0.51 # 0.01 0.14 0.05 # 0.00/1.23 # 0.27 0.09 # 0.00/0.72 # 0.05
Iron ions 500 416 200 50 # 21 0.74 # 0.27 0.48 0.24 # 0.10/5.99 # 2.79 0.24 # 0.10/1.89 # 0.80
Iron ions 90 53 797 52 # 4 1.07 # 0.04 0.25 0.12 # 0.01/2.97 # 0.66 0.13 # 0.01/1.02 # 0.10
Iron ions 90 29 1298 39 # 4 0.55 # 0.08 0.19 0.12 # 0.01/2.95 # 0.64 0.08 # 0.01/0.60 # 0.07
Iron ions 90 16 2106 32 # 2 1.21 # 0.05 0.15 0.10 # 0.00/2.55 # 0.54 0.05 # 0.00/0.38 # 0.03

a Dose-averaged LET obtained by the contribution of fragmented particles.
bICRU Report 16 (11). The track-averaged LET is 1.7 keV/!m.
c The values are shown as means # SE.
d Sensitivity was calculated using the dose (D10) giving a surviving fraction of 0.1.
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RBE (relative biological effectiveness) relationship was as-
sessed separately for direct and indirect actions. With our
experimental results, we discuss the contribution and the
mechanism of direct and indirect actions of the high-LET
radiations relative to the RBE.
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mented with 10% fetal bovine serum and antibiotics (100 U/ml penicillin
and 100 !g/ml streptomycin) under humidified air with 5% CO2 at 37$C.
Cultured cells were harvested with 0.2% trypsin and seeded onto 35-mm
(%) culture dishes at a concentration of 2–4 & 105 cells per dish. The
cells were cultured for 24 h prior to irradiations.

Irradiation and Colony Formation Assay

X irradiation was done using an X-ray generator (Shimadzu, Pantac
HF-320S) operating at 200 kVp and 20 mA with a filter of 0.5 mm
aluminum and 0.5 mm copper at a dose rate of 3.5 Gy/min. The dose-
averaged LET of X rays was 9.4 keV/!m (11). Exposure of samples was
done at a room temperature. Carbon ions with a dose-averaged LET of
20 keV/!m and iron ions of 200 keV/!m were provided by 290 or 500
MeV/nucleon beams, respectively, at the Heavy-ion Medical Accelerator
in Chiba (HIMAC) at the National Institute of Radiological Sciences. Iron
ions with LETs of 797, 1298 and 2106 keV/!m were provided by 90
MeV/nucleon beams at the RIKEN Ring Cyclotron (RRC) at the Institute
of Physical and Chemical Research (RIKEN). The energy of these beams
was modulated by inserting absorbing materials (PMMA for HIMAC,
aluminum for RRC) to obtain the appropriate LETs (Table 1). The dose-
averaged LET included the contribution of fragmented particles.

DMSO has been used to scavenge radiation-induced free radical spe-
cies, in particular OH radical. Cells growing on plastic dishes were filled
with 2 ml of medium with DMSO at final concentrations of 0–1.0 M and
were equilibrated at room temperature for 1 h. The medium was discarded
prior to irradiation, and dishes were covered with a polyvinyl chloride
film to prevent drying and were irradiated from the cellular side.

After irradiation, cells were harvested by trypsinization and seeded in
triplicate onto 60-mm-diameter culture dishes at densities to give ap-
proximately 150 colonies per dish. After 7 days of incubation, the colo-
nies were fixed with 10% formalin and stained with 1% methylene blue
in water. Colonies consisting of more than 50 surviving cells were scored.
The survival parameters were calculated by fitting the curves with the
single-hit multitarget model:

m
D

SF ' 1 " 1 " exp " . (1)! "[ ]D0

SF and D are the surviving fraction and the dose, respectively. D0 and m
are parameters of the cell survival curve. The value of m was set as 1
for the high-LET radiation, because the curves were linear exponential
above 200 keV/!m (12, 13 ).

Calculation of DP

The DMSO method was used to obtain the maximum DP, which was
defined as the proportion of the protection at an infinite concentration of
DMSO as proposed by Shinohara et al. (7 ). Briefly, the maximum DP
was calculated by extrapolating the reciprocals of surviving fractions over
those of DMSO concentrations. For the calculation of DP for low-LET
radiations, we used the data points beyond the shoulder regions of the
survival curve where the curves decreased exponentially. DP was defined
by the equation

ln SF " ln SF0 xDP ' . (2)
ln SF0

The parameters SF0 and SFx are the surviving fractions at 0 and xM of
DMSO, respectively. A regression line was then plotted over the recip-
rocals of DMSO concentration and DP as in Eq. (3). The maximum DP
can be obtained as the value at the point of intersection of the regression
where the concentration of DMSO (1/DMSO ' 0) is infinite.

1 1
' k · ( y)DP x (3)

1 1
y ' " k · .) DP x

k is a slope of the regression line against the reciprocal of the DMSO
concentration. The cross section of the Eq. (3), y), gives the reciprocal
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FIG. 1. X-ray survival of V79 cells in the presence of DMSO. Error
bars represent the standard deviations (n ! 2–3). These curves were fitted
by the single-hit multitarget equation as described in the Materials and
Methods.

FIG. 2. Degree of protection relative to the DMSO concentration. Panel A: The degree of protection was determined from Fig. 1 using Eq. (2).
Error bars represent the standard deviation (n ! 3). Panel B: Reciprocal plots of the data in panel A.

of the contribution of indirect action (IA), which is the maximum DP by
an infinite concentration of DMSO.

1
IA(%) ! " 100. (4)

y#

RESULTS

Figure 1 shows the survival of V79 cells irradiated with
X rays in the presence of various concentrations of DMSO.
The plating efficiency of the cells was not affected by
DMSO (0.87 $ 0.07 for 0 M and 0.83 $ 0.02 for 1.0 M),
demonstrating negligible toxicity of DMSO. DMSO effi-

ciently protected the cells from the killing action of X rays,
and the D10 values were 6.0, 8.2, 10.4, 10.8 and 12.8 Gy
for 0, 0.1, 0.25, 0.5 and 1.0 M DMSO, respectively.

For estimating DP, we chose the doses of 7, 9 and 12
Gy, where the survival was beyond the shoulder region of
the curve and decreased exponentially. V79 cells were ir-
radiated with these three doses and DP was calculated by
Eq. (2) (Fig. 2A and Table 2). DP increased with the con-
centration of DMSO and reached a plateau at high concen-
trations. Reciprocal plots were made and a linear regression
line was plotted as shown in Fig. 2B; the coefficient of
determination (R2) was 0.90. The maximum protectable
fraction at an infinite DMSO concentration was obtained as
the value of y#. The estimated value thus determined was
76 $ 5% (Table 1).

Figure 3 shows dose–survival curves for V79 cells ir-
radiated with a variety of heavy ions in the presence of
DMSO concentrations of 0.2, 0.5 and 1.0 M. The values of
D10 were 7.1, 2.1, 4.0, 5.3 and 6.7 Gy for 20, 200, 797,
1298 and 2106 keV/%m in the absence of DMSO, respec-
tively. The contribution of indirect action was plotted as a
function of the LET in Fig. 4 together with the values re-
ported previously (6 ) and listed in Table 1. The solid line
in Fig. 4 is a regression line for the data points of the
present study. The contribution of indirect action decreased
with increasing LET. Nevertheless, indirect action account-
ed for around 30% of cell killing even in the very high-
LET region of above 1000 keV/%m.

The steepness of the slope in Eq. (3), k, is also listed in
Table 1. The value of k increased with increasing LET up
to the very high-LET region, except for the data point for
iron-ion beams with an LET of 1298 keV/%m. The k value
correlates inversely with the propensity of OH radicals to
be scavenged by DMSO (6 ). Higher k values for high-LET
radiations therefore suggest that it is more difficult for OH
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Fig. 3.17 We follow the strand breakage scheme presented by Nikjoo et al. (1997). Breaks in
a DNA segment are classified both by complexity (left) and source (right). The model entails
two parameters, dDSB is the maximum separation between two damage sites on alternate
sides of a DNA strand for us to consider that a DSB has occurred (typically dDSB = 10 bp).
ds is the distance between two damage sites for us to consider that the damage events
should be considered as two separate breakages (yielding two separate segments that need
classification). Whilst many of the classifications are clear, we note that a DSB+ requires
a DSB and at least one additional break within a ten base pair separation, while a DSB++
requires at least two DSBs along the segment, regardless of whether they are within dDSB
of each other or not. For break complexity, the most complex break type is always chosen.
When classifying breaks by source, we pay attention not to all damage along the strand, but
to the damage which causes DSBs only. DSBs from only indirect sources are classified as
DSBi, and those only from direct sources are classified as DSBd. DSBhyb is distinguished
from DSBm, as DSBhyb requires that the DSB not occur in the absence of indirect damage.
Otherwise, a break caused by indirect and direct sources is classified as DSBm. Where
a segment contains both indirect and direct DSBs, it is classified as DSBm. Similarly, when
a segment contains a DSB classified as DSBhyb in conjunction with a direct DSB or mixed
DSB, it takes the DSBm classification, otherwise it keeps the classification DSBhyb.
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Fig. 3.17 We follow the strand breakage scheme presented by Nikjoo et al. (1997). Breaks in
a DNA segment are classified both by complexity (left) and source (right). The model entails
two parameters, dDSB is the maximum separation between two damage sites on alternate
sides of a DNA strand for us to consider that a DSB has occurred (typically dDSB = 10 bp).
ds is the distance between two damage sites for us to consider that the damage events
should be considered as two separate breakages (yielding two separate segments that need
classification). Whilst many of the classifications are clear, we note that a DSB+ requires
a DSB and at least one additional break within a ten base pair separation, while a DSB++
requires at least two DSBs along the segment, regardless of whether they are within dDSB
of each other or not. For break complexity, the most complex break type is always chosen.
When classifying breaks by source, we pay attention not to all damage along the strand, but
to the damage which causes DSBs only. DSBs from only indirect sources are classified as
DSBi, and those only from direct sources are classified as DSBd. DSBhyb is distinguished
from DSBm, as DSBhyb requires that the DSB not occur in the absence of indirect damage.
Otherwise, a break caused by indirect and direct sources is classified as DSBm. Where
a segment contains both indirect and direct DSBs, it is classified as DSBm. Similarly, when
a segment contains a DSB classified as DSBhyb in conjunction with a direct DSB or mixed
DSB, it takes the DSBm classification, otherwise it keeps the classification DSBhyb.



Conclusion

pAfter 10 years from Geant4-DNA launched, we have 
achieved to develop applications for evaluating ionising
radiation induced DNA damage, as a milestone of the 
Geant4-DNA studies.

pThe simulated results describe good agreements with the 
radiobiological experiments for gamma and proton.

pWe are now ready to explore the mechanisms of ionising
radiation induced DNA damage.  
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