
451

RADIATION RESEARCH 161, 451–457 (2004)
0033-7587/04 $15.00
q 2004 by Radiation Research Society.
All rights of reproduction in any form reserved.

A Fast Monte Carlo Algorithm to Simulate the Spectrum of DNA
Damages Formed by Ionizing Radiation

V. A. Semenenko and R. D. Stewart1

Purdue University, School of Health Sciences, West Lafayette, Indiana 47907-2051

Semenenko, V. A. and Stewart, R. D. A Fast Monte Carlo
Algorithm to Simulate the Spectrum of DNA Damages
Formed by Ionizing Radiation. Radiat. Res. 161, 451–457
(2004).

Ionizing radiation produces both singly and multiply dam-
aged DNA sites. Multiply damaged sites (MDS) have been im-
plicated in radiation-induced cell killing and mutagenesis. The
spatial distribution of elementary damages (strand breaks and
base damages) that constitute MDS is of special interest, since
the complexity of MDS has an impact on damage repair. A
fast and easy-to-implement algorithm to simulate the local
clustering of elementary damages produced by ionizing radi-
ation is proposed. This algorithm captures the major trends
in the DNA damage spectrum predicted using detailed track-
structure simulations. An attractive feature of the proposed
algorithm is that only four adjustable parameters need to be
identified to simulate the formation of DNA damage. A con-
venient recipe to determine the parameters used in the fast
Monte Carlo damage simulation algorithm is provided for se-
lected low- and high-LET radiations. The good agreement
among the damage yields predicted by the fast and detailed
damage formation algorithms suggests that the small-scale
spatial distribution of damage sites is determined primarily
by independent and purely stochastic events and processes.
q 2004 by Radiation Research Society

INTRODUCTION

Low-LET radiation creates approximately 1,000 single-
strand breaks (SSBs) and 40 double-strand breaks (DSBs)
per gray in a typical mammalian cell (1). In addition, ion-
izing radiation causes massive amounts of damage to nu-
cleobases. The level of base damage is estimated at 2,500
to 25,000 Gy21 cell21 (2). Besides isolated damages, ion-
izing radiation is known to produce multiply damaged sites
(MDS) consisting of two or more elementary damages
within a few helical turns of the DNA. Here the term ele-
mentary damage means either a strand break or a base dam-
age. Isolated strand breaks and multiple strand breaks on
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the same DNA strand within a few turns of the DNA are
detected as an SSB in most experimental assays. DSBs are
formed when at least two strand breaks are formed in prox-
imity on opposite strands of the DNA. DSBs and other
classes of MDS may be the primary cause of radiation-
induced cell killing (3) and mutagenesis (2). The biological
significance of MDS is attributed to the fact that they are
likely to present a special challenge to DNA repair systems
(1, 4, 5).

Knowledge of the spatial configuration of elementary
damages within an MDS is important. For example, the
experimental studies show that the outcome from repair de-
pends on the types and relative positions of the elementary
damages (see refs. 6 and 7 for reviews). Most of the ex-
perimental techniques used to detect radiation damage to
the DNA provide only limited information about the exact
number and spatial configuration of elementary damages
within one or two turns of the DNA. Instead, detailed in-
formation about the spectrum of possible damage configu-
rations produced by ionizing radiation is often obtained us-
ing Monte Carlo track structure simulations in combination
with geometrical models of the DNA and chromatin (8–
12). Although detailed simulations such as these will most
likely remain the ‘‘gold standard’’ for predicting the spec-
trum of damage configurations produced by radiation, this
approach is very expensive computationally and may be
impractical for some applications, e.g. estimating the ab-
solute yield of some rare but possibly difficult to repair
damage configurations.

In this article, we propose a simple and fast Monte Carlo
scheme to simulate the formation of singly and multiply
damaged DNA sites by radiations of different quality. The
Monte Carlo damage simulation (MCDS) algorithm re-
quires the determination of only four adjustable parameters.
Two of these parameters can be constrained to a reasonable
(and rather narrow) range of values using measured data.
Comparisons of results from the fast and detailed (track
structure) Monte Carlo damage formation algorithms sug-
gest the possibility that the small-scale spatial distribution
of elementary damages is determined primarily by inde-
pendent and purely stochastic events and processes. That
is, all of the nucleotides within one or two turns of the
DNA are equally likely to be damaged by radiation.
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FIG. 1. Diagram illustrating how elementary damages are grouped into
lesions. Each square cell represents a nucleotide. Crosses indicate the
locations of elementary damages (strand breaks or base damages).

METHODS

Algorithm to Simulate DNA Damage

To simulate the formation of DNA damage, four adjustable parameters
must be specified:

1. Number of strand breaks Gy21 cell21, sSb.
2. Number of base damages Gy21 cell21, sBd. The yield of base damages

may conveniently be specified in terms of the base damage to strand
break ratio, i.e. f [ sBd/sSb.

3. DNA segment length in base pairs (bp) Gy21 cell21, nseg. This DNA
segment length is an ad hoc parameter and should not be considered
equivalent to the DNA content of a specific chromosome or cell.

4. Minimum length of undamaged DNA (bp) between neighboring ele-
mentary damages such that these elementary damages are said to be-
long to two different lesions, Nmin. Here the term lesion means both
isolated elementary damages and MDS.

The proposed Monte Carlo damage generation algorithm has two major
steps: (1) randomly distribute in a DNA segment (nseg parameter) the
expected number of elementary damages produced in a cell by a specified
amount of radiation and (2) subdivide the distribution of elementary dam-
ages in the segment into lesions. The grouping of elementary damages
into lesions is determined primarily by the Nmin parameter. The step-by-
step procedure to distribute elementary damages in the DNA segment is
as follows:

1. Compute the parameters for a specific absorbed dose, D (Gy). The
segment length cell21 is Nseg 5 gnsegD. The total number of strand
breaks cell21 is SSb 5 gsSbD. Here g is a dimensionless scale factor
that can be used to adjust the absolute yield of DNA lesions to better
mimic experimental observations for specific cell types (see the Dis-
cussion). When cell-specific information is not available, g should be
set to unity. The number of base damages cell21 can be calculated
from the number of strand breaks cell21, i.e. SBd 5 f SSb.

2. Select a nucleotide pair at random from the DNA segment; i.e., select
a uniformly distributed integer in the range [1, Nseg].

3. Select a DNA strand (1 or 2) at random. If the selected nucleotide is
not already damaged, record the strand break at the location. Other-
wise, go to step 2.

4. Set SSb 5 SSb2 1. If SSb . 0, go to step 2.
5. Repeat steps 2 through 4 for base damages.

The second major step in the damage simulation algorithm is the
grouping of elementary damages into lesions. This elementary damage
grouping process is the somewhat arbitrary procedure of identifying a
subset of the elementary damages in the DNA segment that are expected
to behave as a single entity. Such entities—DNA lesions—arise as a result
of energy deposits created by radiation tracks in small, of the order of
1–4 nm (13), isolated regions of DNA that are separated from each other
by long segments of undamaged DNA. In the proposed damage simula-
tion algorithm, the Nmin parameter determines the manner in which ele-
mentary damages are grouped into lesions. That is, two elementary dam-
ages separated by at least Nmin base pairs are treated as different lesions.
Elementary damages separated by less than Nmin base pairs are considered
part of the same lesion (an MDS in this case). Figure 1 shows an idealized
schematic illustrating the manner in which elementary damages are
grouped into lesions. The value specified for Nmin results in a unique
grouping of elementary damages into lesions. Moreover, the proposed
definition of a lesion guarantees that any elementary damage in a lesion
is within Nmin bp of another elementary damage. The proposed lesion
identification (elementary damage grouping) algorithm is as follows:

1. Start at one end of the DNA segment and locate the first elementary
damage on either or both strands. Set the start of the DNA lesion to
the location of the elementary damage(s).

2. Starting with the base pair after the last identified elementary damage
(upstream elementary damage), move along the DNA segment in the
same direction, and count the number of undamaged base pairs present

before the next (downstream) elementary damage is encountered. If
the end of the DNA segment is reached before encountering another
elementary damage, set the end of the DNA lesion to the location of
the last detected elementary damage and quit.

3. If the number of undamaged base pairs is $Nmin, set the end position
of the lesion to the location of the upstream elementary damage. Then
set the start position of the next lesion to the location of the down-
stream elementary damage.

4. Go to step 2.

After all of the elementary damages in the DNA segment have been
grouped into lesions, the properties of the lesions can be analyzed further
in terms of the nature and spatial distribution of the elementary damages
forming each lesion. For example, lesions can be grouped into various
categories of simple and complex SSBs and DSBs according to the
scheme proposed by Charlton and Humm (14).

Parameter Estimation

The Monte Carlo damage generation algorithm requires the specifica-
tion of four adjustable parameters (sSb, f, nseg and Nmin). To produce 1,000
SSBs and 40 DSBs Gy21 cell21 (1), the number of strand breaks must be
at least 1,080 Gy21 cell21 (1,000 SSBs Gy21 cell21 1 2 strand breaks per
DSB 3 40 DSBs Gy21 cell21). Therefore, sSb is ; 103 Gy21 cell21 for
low-LET radiation. Ward (15) estimated that the base damage to strand
break ratio, f, is 2.7. More recent measured data suggest that this ratio
may be as high as 25 (2). The nseg parameter and, to a lesser extent, the
Nmin parameter are used to adjust the amount of spatial clustering among
adjacent elementary damages. For example, the amount of elementary
damage clustering tends to increase as the value of nseg decreases. On
theoretical grounds, nsegD . Nmin for all absorbed doses, even doses that
approach 0 Gy. Moreover, practical considerations suggest that nsegD k
Nmin. Otherwise, elementary damages that are many thousands or millions
of base pairs apart will be scored as a single lesion.

To refine the estimates of sSb and f and estimate appropriate values for
the quasi-phenomenological parameters nseg and Nmin, we conducted a se-
ries of studies to identify the optimal model inputs for radiations of dif-
ferent quality. Nikjoo et al. (10, 11) reported a battery of values that
describe different aspects of DNA damage complexity with respect to
both strand breakage and base damage. Both low-LET (electrons) and
high-LET (a particles and protons) radiations were considered. To obtain
the best agreement between the values predicted using the proposed Mon-
te Carlo scheme and the damage yields reported by Nikjoo and col-
leagues, we minimized a criterion defined as

2(O 2 E )i iC 5 , (1)O
Ei i

where Oi is the yield of the ith type of DNA lesion obtained with the
fast Monte Carlo algorithm and Ei is the yield of the ith type of DNA
lesion obtained from the detailed Monte Carlo algorithm (10, 11).

The fitted parameters reported in this work are based on the absolute
SSB and DSB yields (converted to units of Gy21 cell21) reported in Table
2 of ref. (11) and the relative yields of different types of breaks (including
information about base damage) reported in Table 1 of ref. (11): SSB,
SSB1, 2SSB, DSB, DSB1, DSB11, SSBc, SSBcb, DSBc and DSBcb.
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FIG. 2. Dependence of the goodness-of-fit criterion, C, on the number
of strand breaks, sSb. Ratio of base damages to strand breaks, f, is 3.0
for all radiations. For each data point, nseg and Nmin are such that C is
minimized.

FIG. 3. Dependence of the goodness-of-fit criterion, C, on the ratio of
base damages to strand breaks, f. The number of strand breaks is 900 for
electrons and 1,400 for protons and a particles. For each data point, nseg

and Nmin are such that C is minimized.

FIG. 4. Optimal values of the segment length parameter, nseg, as a
function of proton and a-particle energy. Error bars expressed as one
standard deviation are generally smaller than the symbols (not shown).
Linear regression lines for each data set are shown.

For 4.5 keV electrons, there appears to be an inconsistency in the SSB
and DSB yields reported by Nikjoo et al. (9–12). Since we expect the
SSB and DSB yields to decrease with increasing electron energy, we
adopted the values reported in Table 4 of ref. (10) for 4.5 keV electrons
instead of the corresponding values reported in ref. (11).

For a specific set of input parameters (sSb, f, nseg and Nmin), lesions
formed in one cell by a dose of 1 Gy were generated as described in the
previous section. Each lesion was then categorized according to the break
classification scheme of Nikjoo et al. (9). Absolute SSB and DSB yields
(Gy21 cell21), as well as percentage relative damage yields, were deter-
mined. A DSB was registered if at least one strand break was formed on
each DNA strand within 10 base pairs, i.e. the same DSB identification
scheme used by other investigators (8–12). The entire procedure was
repeated for a large number of cells, and the damage yields were aver-
aged.

To find the optimal combination of model parameters, the goodness-
of-fit criterion (Eq. 1) was computed for a range of model inputs. The
model inputs considered optimal for the simulation of DNA damage are
the ones that minimize the goodness-of-fit criterion.

RESULTS

Figure 2 shows an example of the goodness-of-fit crite-
rion, C, as a function of the number of strand breaks (Gy21

cell21), sSb. The criterion is very sensitive to the value of
sSb, and marked minima are observed for both low- and
high-LET radiation. For low-LET radiation, the optimal
value of sSb falls within the range 800 to 1,000 strand
breaks Gy21 cell21. For both protons and a particles, the
optimal value of sSb is within the range from about 1,300
to 1,500 strand breaks Gy21 cell21. Figure 3 shows trends
in C for base damage to strand break ratios in the range
from 2.2 to 3.5. Slightly better fits (smaller values of C) to
the data of Nikjoo et al. (10, 11) are obtained with a base
damage to strand break ratio of 2.7–3.0. In the Monte Carlo
simulations of Nikjoo et al. (10, 11), the base damage to
strand break ratio is ;2.2. A base damage to strand break
ratio in the range from 2.7 to 3.0 is consistent with the
lower bound of 2.7 estimated by Ward (2, 15). The trends

in the goodness-of-fit criterion for other particle energies
(not shown) are similar to those in Figs. 2 and 3.

Fixing the number of strand breaks (sSb) at 1,400 Gy21

cell21 and the ratio of base damages to strand breaks (f) at
3.0 for protons and a particles, the other two algorithm
parameters (nseg and Nmin) were adjusted to minimize C.
Figure 4 shows the optimal value of the DNA segment
length (nseg) for a range of proton and a-particle energies.
The optimal DNA segment length increases in an approx-
imately linear fashion as the particle energy increases. Fig-
ure 5 shows the dependence of nseg on LET for protons and
a particles. The optimal value of nseg tends to decrease as
LET, and correspondingly the amount of spatial clustering
among elementary damages, increases. Figure 6 shows the
best-fit value of the Nmin parameter as a function of proton
and a-particle energy. As the data shown in Fig. 6 illustrate,



454 SEMENENKO AND STEWART

FIG. 5. nseg parameter for protons and a particles as a function of
particle LET.

FIG. 6. Optimal values of the Nmin parameter as a function of proton
and a-particle energy. Error bars expressed as one standard deviation are
generally smaller than the symbols (not shown). The line at 9 bp is shown
for reference.

the same energy-independent value can be used to group
elementary damages into lesions for protons and a parti-
cles. The optimal value of Nmin for high-LET radiation is 9
bp (see reference line in Fig. 6). The data shown in Figs.
4–6 suggest that the nseg parameter is the key model input
that determines how elementary damages are clustered to-
gether in the DNA.

For high-LET radiations, our analyses suggest that the
optimal model inputs are:

21 21s (Gy cell ) 5 1,400Sb

f 5 3.0

12,125·T 1 53,372
 for 0.3 to 4 MeV protons

21 21 n (bp Gy cell ) 5seg
2,602·T 1 36,005

for 2 to 10 MeV a particles

N (bp) 5 9 (2)min

where T is the particle energy (MeV). Nikjoo et al. (10,
11) reported damage configurations generated by electrons
with energies from 0.3 to 4.5 keV. Because very low-energy
electrons exhibit effects similar to those of high-LET ra-
diation (16), we consider the optimal model inputs for 4.5
keV electrons (the highest energy for which the full damage
spectrum is available) to be representative of those expect-
ed from low-LET radiation, including X rays and g rays.
For sparsely ionizing radiation, the optimal model inputs
are:

21 21s (Gy cell ) 5 900Sb

f 5 3.0
21 21n (bp Gy cell ) 5 70,000seg

N (bp) 5 8 (3)min

Table 1 shows a comparison of damage configurations
predicted using the fast and detailed Monte Carlo damage
generation algorithms. The proposed (fast) Monte Carlo al-
gorithm captures the major trends in the DNA damage
spectra predicted by the detailed track structure simulations
(10, 11). Although the overall agreement between the two
data sets is quite good, some systematic differences do ex-
ist. For example, the fast Monte Carlo scheme overesti-
mates the percentage yield of simple SSBs by ;25–40%
and underestimates the DSB1 yields by ;40–55%. The
reasons for these differences are not entirely clear. These
differences may be an indication that the spatial distribution
of damage sites has some non-random characteristics (e.g.
associated with the structure of the DNA or chromatin).
Some of these differences may also be attributed to uncer-
tainties associated with the detailed Monte Carlo simula-
tions of Nikjoo et al. (10, 11). That is, accurate estimates
of low-frequency events (e.g. the yield of SSB1, DSB1
and DSB11 lesions) are notoriously difficult to obtain us-
ing analog Monte Carlo simulations.

To gain some additional insight into the nature of the
damage configurations generated using the fast Monte Car-
lo algorithm, we investigated the characteristics of the dam-
age sites produced by selected radiations. Figure 7 shows
representative distributions of the number of elementary
damages per lesion. The mean number of elementary dam-
ages per lesion increases as the particle LET increases [4.5
keV electrons (;0.2 keV mm21), 1.5; 0.3 MeV protons
(58.5 keV mm21), 2.5; 2.0 MeV a particles (168 keV mm21),
3.7]. Furthermore, the ratio of MDS ($2 elementary dam-
age per lesion) to singly damaged sites (1 elementary dam-
age per lesion) also increases with increasing LET (elec-
trons, 0.5; protons, 1.5; a particles, 2.7).

In Fig. 8, distributions of lesion lengths are shown for
the same types of radiation as in Fig. 7. Lesion length is
defined as a distance (in bp) between the first and the last
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TABLE 1
Comparison of DNA Damage Yields Obtained Using the Fast and Detailed

Monte Carlo Algorithms

End point

4.5 keV electrons

Track
structurea

This
workb

0.3 MeV protons

Track
structure

This
work

2.0 MeV a particles

Track
structure

This
work

SSB yield (Gy21 cell21)c

DSB yield (Gy21 cell21)c

SSB (%)
SSB1 (%)
2 SSB (%)
DSB (%)

741.0
46.8
24.1
2.3
0.3
1.5

747.2
45.9
29.9
1.8
0.2
1.6

858.0
136.5
26.5
7.1
1.5
4.8

879.0
130.6
32.9
5.2
1.7
3.5

663.0
156.0
23.0
7.0
2.0
4.8

675.8
158.5
32.9
8.2
3.6
4.6

DSB1 (%)
DSB11 (%)
SSBc (%)
SSBcb (%)
DSBc (%)
DSBcb (%)

0.5
0.04
9

37
29
62

0.3
0.05
6

49
17
62

3.6
1.3

24
70
51
90

1.6
0.8

17
75
40
87

6.2
5.7

28
75
73
96

3.0
2.8

26
85
56
94

a Calculations of Nikjoo et al. (10, 11).
b Damage yields are based on the optimal model inputs reported in the main text (Eqs. 2 and 3).
c SSB and DSB yields were converted into the units of Gy21 cell21 using the factor 3.9 3 1012 Da cell21 (650 Da

bp21 · 6 3 109 bp cell21).

FIG. 7. Distributions of number of elementary damages per lesion for
three radiations of different quality. Areas under each histogram are nor-
malized to unity.

FIG. 8. Distributions of lesion length for three radiations of different
quality. Areas under each histogram are normalized to unity.

elementary damage in the lesion, inclusive. For 4.5 keV
electrons, the average lesion length is 3.2 bp. The average
lesion lengths for protons (0.3 MeV) and a particles (2.0
MeV) are 7.4 bp and 11.4 bp, respectively. The apparent
plateaus at about 10 bp are due to the lesions (MDS in this
case) with two elementary damages per lesion. Such lesions
are the most abundant among MDS (refer to Fig. 7) and
their lengths are distributed uniformly between 1 and (Nmin

1 1) bp (the latter is the maximum lesion length for MDS
consisting of two elementary damages), thus forming a fine
structure in the lesion length distributions. The data shown
in Figs. 7 and 8 indicate that the fast Monte Carlo algorithm
predicts that DNA lesions become more complex as particle
LET increases, as expected.

DISCUSSION

Small-scale clustering of DNA damage sites is one of the
hallmarks of ionizing radiation. In contrast to ionizing ra-
diation, for example, endogenous processes create mainly
isolated damage sites. The proposed Monte Carlo scheme
provides a simple and fast algorithm to simulate the for-
mation of singly and multiply damaged DNA sites, includ-
ing various classes of SSBs and DSBs. The success of this
algorithm (Table 1) indicates that small-scale damage clus-
tering effects can be simulated without explicitly consid-
ering the structure of the DNA, the higher-order folding of
the chromatin, or the spatial distribution of energy deposits
created along a radiation track. This observation is consis-
tent with the hypothesis that the physical and chemical pro-
cesses responsible for creating local clusters of elementary
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damages (lesions) are initiated mainly by energy deposits
created within a few nanometers of the DNA (13). How-
ever, even in these nanometer-sized regions, different types
of radiation produce slightly different spatial distributions
of energy deposits. These effects are reflected in the radi-
ation-specific values of the sSb, f, nseg and Nmin parameters
(see Eqs. 2 and 3).

Although the proposed Monte Carlo algorithm success-
fully reproduces many of the small-scale damage clustering
effects predicted by track structure codes, the algorithm
provides no information about where the lesions are located
within the DNA of a cell. To mimic the spatial distribution
of lesions expected in a specific chromosome or cell, a
lesion placement algorithm needs to be specified. For ex-
ample, the lesions generated using the proposed Monte Car-
lo scheme could be placed at random locations in the DNA.
For low-LET radiation, distributing lesions at random with-
in the DNA of a cell is quite reasonable. As a first approx-
imation, the random placement of lesions within the DNA
could also be used for high-LET radiation. However, high-
LET radiation produces non-random break distributions
(see ref. 17 for a review), which implies that the distribution
of all classes of lesions may also be non-random. To mimic
the non-random spatial distribution of lesions produced by
high-LET radiation will most likely require formulating a
higher-level Monte Carlo scheme that accounts for the or-
ganization and structure of the chromatin as well as the
overall structure of radiation tracks.

Small-scale (non-random) damage clustering effects are
introduced into the damage simulation algorithm using two
ad hoc parameters (i.e. the nseg and Nmin parameters). Al-
though nseg and Nmin are specified in units of base pairs, no
biophysical significance should be assigned to either of
these parameters. For protons and a particles with a wide
range of energies, the optimal value of Nmin is 9 bp (see
Fig. 6). For 4.5 keV electrons, the optimal value is 8 bp
(see Eq. 3). These data suggest that the optimal value of
Nmin may be independent or nearly independent of the type
and energy of the radiation. The optimal value of the nseg

tends to increase with increasing particle energy (Fig. 4).
The same value for the nseg parameter can be used for pro-
tons and a particles that have the same LET (Fig. 5). The
readily discernible trends shown in Figs. 4–6 suggest that
the optimal values of the nseg and Nmin parameters may be
related to the nanometer-scale structure of radiation tracks.
The exact nature of this relationship remains to be eluci-
dated, and damage configurations for proton and a-particle
energies outside the range indicated in Eq. (2) should be
considered provisional.

The production of strand breaks and base damages is
linear with absorbed dose up to at least a few hundreds of
grays (2, 18). The proposed algorithm is premised on this
linear relationship. Implicit in the damage generation al-
gorithm is that (1) the spectra of produced damages do not
change with absorbed dose and (2) the SSB and DSB yields
per cell increase in direct proportion to the absorbed dose.

The latter is well substantiated by data reported in the lit-
erature. For mammalian cells with a DNA content of about
6,000 Mbp per cell, the initial number of DSBs per cell
increases linearly with increasing dose up to at least 50 Gy
(19). In yeast cells, which have a DNA content about 250-
fold smaller than that of a mammalian cell, the initial DSB
yield per cell increases linearly with dose up to at least
2400 Gy (20). For mammalian cells, the proposed Monte
Carlo damage generation algorithm is thus valid up to doses
of at least a few tens of grays.

The proposed algorithm also has a lower dose limit. To
give meaningful results, the algorithm requires that nsegD
k Nmin. It follows that dose, D, should be much larger than
the ratio Nmin/nseg. The maximum value of this ratio occurs
for 2.0 MeV a particles, i.e. Nmin/nseg ø 2 3 1024 Gy.
Therefore, we expect that the damage generation algorithm
will be accurate for doses as low as ;1 cGy.

The reported best-estimate parameters (Eqs. 2 and 3) are
considered appropriate for an average mammalian cell. For
low-LET radiation, the reported parameters result in about
46 DSBs Gy21 cell21 (see Table 1). The dimensionless scale
factor, g, can be used to adjust the DNA damage yields to
better reflect the spectrum of DNA damage expected in a
particular type of cell (see Methods). If, for example, the
DSB yield (Gy21 cell21) is known for a specific cell line,
the factor g can be estimated as the ratio of the experimen-
tal DSB yield to 46 Gy21 cell21. The DSB yield is the most
frequently encountered piece of information that can be
used to estimate the scaling factor g. However, other infor-
mation, such as SSB yield, can also be used to estimate g.
Among eukaryotes, DSB formation is approximately pro-
portional to the DNA content of a cell. This empirical ob-
servation becomes readily apparent if DSB yields among
the lower and higher eukaryotes are expressed in units of
Gy21 bp21 (21). To approximate damage yields among dif-
ferent types of eukaryotic cells, g could be set equal to the
ratio of the DNA content of the cell of interest to the DNA
content of an average mammalian cell (;6 3 109 bp). In
the absence of any cell-specific information, the factor g
should be set to unity.

Although the proposed algorithm reproduces the general
trends in the DNA damage spectrum predicted using track
structure simulations (10, 11), questions remain about the
spatial arrangement of elementary damages within one or
two turns of the DNA. Ward et al. (22) estimated that, in
the case of low-LET radiation, elementary damages within
an MDS can be up to 30 bp apart. Taking into account
nucleosome periodicity, MDS up to 80 bp long are possible
(1). These lesion lengths are in good agreement with the
distributions shown in Fig. 8, which provides further con-
fidence in the proposed algorithm and parameter estimates.

CONCLUSIONS

A fast and easy-to-implement method of generating ran-
dom DNA damage configurations has been shown to re-
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produce the major trends in the spectrum of DNA damage
that is expected from more detailed, but computationally
expensive, Monte Carlo track structure simulations. The
good agreement between the fast and detailed Monte Carlo
damage generation algorithms suggests that the small-scale
spatial distribution of elementary damages is determined
primarily by independent and purely stochastic events and
processes. That is, all of the nucleotides within a few turns
of the DNA are equally likely to be damaged by radiation.
The generation of DNA damage configurations for 100,000
cells exposed to 1 Gy of radiation only takes about 1.5 min
on a 2.8 GHz Intelt Pentium III Xeon computer. The
amount of computer memory required to perform the sim-
ulations is nominal, i.e. less than 1.3 megabytes.2

Parameters suitable for radiations of different quality are
reported in Eqs. (2) and (3). An attractive feature of the
proposed algorithm is that only four adjustable parameters
need to be identified to simulate the formation of DNA
damage by radiation. Two of these parameters (sSb and f)
have a clear physical meaning, and their values can be re-
stricted to a narrow range of values using data from the
literature. The other two model inputs (nseg and Nmin) are ad
hoc parameters that relate to the small-scale spatial clus-
tering of elementary damages within lesions. Reasonable
estimates for all parameters have been obtained as a func-
tion of radiation quality using previously published data on
DNA damage spectra (10, 11). Additional work to identify
appropriate parameters for other types of low-, intermedi-
ate- and high-LET radiations is desirable.
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