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Radiobiological models, such asthe lethal and potentially le-
thal (LPL) model and the repair-misrepair (RMR) model, have
been reasonably successful at explaining the cell killing effects
of radiation. However, the models have been less successful at
relating cell killing to the formation, repair and misrepair of
double-strand breaks (DSBs), which are widely accepted asthe
main type of DNA damage responsible for radiation-induced
cell killing. A fully satisfactory model should be capable of pre-
dicting cdll killing for a wide range of exposur e conditionsusing
a single set of model parameters. Moreover, these same param-
eters should give realistic estimates for the initial DSB yidd,
the DSB regoining rate, and the residual number of unrepaired
DSBs after all repair is complete. To better link biochemical
processing of the DSB to cell killing, a two-lesion kinetic (TLK)
model is proposed. In the TLK model, the family of all possible
DSBs is subdivided into simple and complex DSBs, and each
kind of DSB may have its own repair characteristics. A unique
aspect of the TLK mode is that break ends associated with
both kinds of DSBs are allowed to interact in pairwise fashion
to form irreversible lethal and nonlethal damages. To test the
performance of the TLK model, nonlinear optimization meth-
ods are used to calibrate the model based on data for the sur-
vival of CHO cells for an extensive set of single-dose and split-
dose exposure conditions. Then some of the postulated mech-
anisms of action are tested by comparing measured and pre-
dicted estimates of the initial DSB yield and the rate of DSB
regjoining. The predictions of the TLK model for CHO cell sur-
vival and theinitial DSB yield and regjoining rate are all shown
to be in good agreement with the measured data. Studies sug-
gest ayield of about 25 DSBs Gy~ cell~*. About 20 DSBs Gyt
cell-* are rgoined quickly (15-min repair half-time), and 4 to
6 DSBs Gy ' cell-tarergoined very dowly (10- to 15-h repair
half-time). Both the dowly and fast-rgoining DSBs make sub-
stantial contributions to the killing of CHO cells by radiation.
Although the TLK model provides a much more satisfactory
formalism to relate biochemical processing of DSBs to cell kill-
ing than did the earlier kinetic models, some small differences
among the measured and predicted CHO cell survival and DSB
regjoining data suggest that additional factors and processes not
considered in the present work may affect biochemical pro-
cessing of DSBs and hence cell killing. © 2001 by Radiation Research
Society
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INTRODUCTION

The radiobiological models that have been proposed dur-
ing the last 50 years range from quasi-empirical models
such as the widely used linear-quadratic (LQ) formula (1—
4) to more mechanistic models, including the lethal and
potentialy lethal (LPL) model (5), the repair-misrepair
(RMR) model (6), and others (7-10). The LPL and RMR
models are representative of a class of kinetic (reaction
rate) models that attempt to link radiation damage to higher-
level end points through biologically plausible first- and
second-order repair processes [for a review, see ref. (11)].
The second-order repair process is often termed binary mis-
repair or pairwise damage interaction. The LPL and RMR
models, as well as many other models, have been reason-
ably successful at explaining the cell killing effects of ra-
diation (2, 12, 13). However, double-strand breaks (DSBs)
are widely accepted as the main type of DNA damage re-
sponsible for radiation-induced cell killing (8-11, 14-16),
and the LPL and RMR models do not provide an entirely
satisfactory formalism to directly link biochemical process-
ing of DSBs to cell killing [e.g., see ref. (8)].

A fully satisfactory model should be capable of predict-
ing cell killing for a wide range of exposure conditions
using a single set of model inputs. Moreover, these same
model inputs should give redistic estimates for the initial
number of DSBs Gy~* cell%, the DSB rejoining rate, and
the residual number of unrepaired DSBs after all repair is
complete. To improve the modeling of radiation effects for
split-dose and fractionated exposure conditions, it is partic-
ularly important to model the rate of DSB rejoining accu-
rately. Nonexponential or multiexponential DSB rejoining
kinetics is often seen experimentally (17—22), but it is un-
clear whether the observed rejoining kinetics arise because
radiation creates two (or possibly more) different kinds of
DSBs or because of second-order repair processes such as
those postulated in the LPL and RMR models. The ob-
served DSB rejoining kinetics could also arise because re-
pair systems saturate at higher doses or because multiple
pathways and biochemical steps are involved in break-end
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rejoining (23, 24). The experimentally observed DSB re-
joining kinetics may ultimately be found to arise because
multiple pathways remove a spectrum of different kinds of
DSBs through first- and second-order, saturable biochemi-
cal processes.

To better link radiation damage to cell killing, this article
extends and refines the formalism of the earlier LPL and
RMR kinetic models to account for the possibility that ra-
diation creates two distinct kinds of DSBs. This two-lesion
kinetic (TLK) model is then used to investigate the putative
link between the DSB and cell killing. As in the earlier
LPL and RMR models, the TLK model includes both first-
and second-order, nonsaturable repair processes. No specif-
ic assumptions are made about the biochemica steps in-
volved in DSB rejoining. Instead, details of the DSB re-
joining process are treated using the lumped parameter ap-
proach of the LPL and RMR models.

As damage repair processes are modeled in more and
more detail, the number of adjustable (tunable) model pa-
rameters inevitably increases. Model calibration and testing
thus becomes increasingly challenging. Goodness-of -fit sta-
tistical tests based on survival data alone (12, 13) are not
sufficient by themselves to test postulated mechanisms of
action rigorously. Consequently, the performance of the
TLK model will be tested using a multi-end point approach.
That is, experimental data for one biological end point (cell
survival) are used to generate a model calibration. Then the
performance of the model is judged by comparing mea
sured and calibrated-model predictions for other causally
related end points (number of DSBs Gy cell-* and the
rate of DSB rejoining). Poor agreement between the mea-
sured and model-predicted data for the test end pointsis an
indication that the postulated mechanisms of action may be
incomplete or inaccurate.

Because the TLK model is conceptualy similar to earlier
kinetic models, the mechanisms postulated in the TLK
model are discussed and contrasted with those used in the
LPL model. The performance of the TLK model is aso
contrasted with the performance of the LPL model. The
models are calibrated using data for CHO cell survival for
arather extensive set of single-dose and split-dose exposure
conditions (25). Large data sets such as the one reported
by Stackhouse and Bedford (25) are needed to generate a
reliable (accurate) model calibration. Then measured data
for the rate of DSB regjoining in CHO cells (26) and the
initial number of DSBs Gy—* cell-* (27) are used to test
the predictive power of the LPL and TLK models.

SUMMARY OF THE LPL MODEL

The original formulation of the LPL model (5) assumed
two general classes of DNA damage: potentially lethal le-
sions and fatal lesions. A potentially lethal lesion is not
lethal to a cell unless it interacts with another potentially
lethal lesion through a pairwise (quadratic or binary mis-
repair) damage interaction process. Potentially lethal le-

sions are aso removed from the DNA through biochemical
processes that repair individual potentially lethal lesions
without any chance the cell will be killed, i.e. a first-order
(linear) repair event. That is, some potentially lethal lesions
are either repaired correctly (no change in the wild-type
base sequence) or they are misrepaired in a way that is not
lethal to the cell (e.g., a point mutation is formed in a non-
critical section of the DNA). On the other hand, a fata
lesion is an irreversible mutation or unrepairable damage
that prevents a cell from ever producing viable progeny.

Curtis (5) tentatively suggested that potentialy lethal le-
sions are double-strand breaks. Because DSBs are now
widely believed to be the main initial type of damage re-
sponsible for cell killing, the subsequent development of
the LPL model and the discussion on the mechanisms of
action in the LPL model assume that potentially lethal dam-
age is unequivocally the same as a DSB. Others have also
tested the LPL model by equating the potentially lethal le-
sion to the DSB (8). In the most commonly used version
of the LPL model, the DSB formation, repair and misrepair
processes are modeled by afirst-order, nonlinear differential
equation (5), i.e.,

dL o (t : — —

%() = 2D()Y24p — {Aaw + MNawlaw®} L) (1)
Here Ly (t) is the expected (average) number of DSBsin a
cell at timet, D(t) is the instantaneous absorbed dose rate
at timet (Gy h%), Y is the number of base pairs (bp) per
cell, 3, is the expected number of DSBs initially created
by radiation per nucleotide per gray (the factor of 2 con-
verts base pairs to number of nucleotides), A4, is the DSB
repair probability (h-1), and m, is the DSB-DSB (binary
misrepair) interaction probability (h~*). For the special case
when 1., = 0, the expected number of DSBs per cell de-
creases exponentially with time after irradiation. For such
first-order unsaturated rejoining kinetics, it is useful to re-
late the repair probability \,y, to the expected DSB repair
half-time 74, which is the expected amount of time re-
quired for a cell to remove (repair or misrepair) half of the
DSBs initially produced in a cell by an acute dose of ra
diation. For first-order rejoining kinetics, Aoy, = IN2/74y,.

The expected rate at which fatal lesions accumulate in a
cell is modeled by the differential equation (5)

dL, (t : - =

SO — DOV, + nulwllad. @
where L, is the expected number of fatal lesions per cell at
timet and X, is the expected number of fatal lesionsinitially
created by radiation per nucleotide per gray. Equations (1)
and (2) are the same as those used in the original formu-
lation of the LPL model (5), but the notation is different
(i.e, 2YZ4y = Mpy Naw = Epuy Naw = E2p, AN 2YE, =
M.). The LPL model has four *“ adjustable”” parameters: 3.,
(or the product 2YZ2..), 2 (or the product 2Y2,.), Ay (OF
equivaently T.), and mggy.
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Interpretation of the Mechanisms of Action of the LPL
Model

lonizing radiation produces DSBs instantaneously &t a
rate that is proportional to the absorbed dose rate, Dt. First-
and second-order repair processes rejoin double-strand
breaks. Lethal damages are never formed by the first-order
(linear) repair mechanism. On the other hand, the second-
order (binary misrepair) process always produces a fatal
damage. Fatal lesions are also produced directly in the
DNA at a rate proportional to Dt. lonizing radiation pro-
duces chromosome aberrations, and it is believed that chro-
mosome aberrations develop from DSBs (9, 11, 28, 29).
Thus a plausible interpretation of the mechanisms of action
postulated in the LPL model is as follows:

1. Direct formation of lethal damage?

Curtis (5) suggested that the instantaneous fatal lesion
production term 2YD(t)X,, arises because of intratrack
proximity effects. That is, two DNA damages are formed
in spatial proximity by energy deposits associated with the
same particle track. Because this pairwise damage inter-
action process instantly converts the initial damages into an
irreversible (unrepairable) form of damage, there is no
chance that these lesions can undergo either a linear or a
binary repair event. Because pairs of DSBs formed in this
way are, by definition, never repaired, the fatal lesions aris-
ing from this process should eventually appear as simple
chromosome breaks (or residual unrepaired DSBS).

An alternative explanation for the instantaneous fatal le-
sion production term is that some types of radiation-in-
duced damage, perhaps a DSB accompanied by additional
nearby damage, are so severe that the cell is incapable of
repairing or misrepairing the initial damage. Thus a fatal
lesion is created instantaneoudly. If thisisthe case, it seems
likely that the direct, instantaneous formation of an unre-
pairable fatal lesion would again result in the eventual cre-
ation of a simple chromosome break. A third possibility is
that a DSB is created in a critical gene and then rapidly
misrepaired. Thus cell killing is due to the inactivation of
a critical gene through mutation. However, mutations can-
not be formed instantaneously. In this interpretation, the
LPL mechanism of action should be viewed as an approx-
imation to the linear misrepair mechanism included in the
RMR model (6). A fourth possibility is that this term rep-
resents the physiochemical fixation of a DSB. The ** sticky
ends’ of a DSB might interact irreversibly with histone
proteins or other DNA-bound molecules to form a smple

2 As a phenomenological model to predict cell killing, the fine points
of the interpretation of the direct fatal lesion production term are moot.
However, for the purposes of testing postulated mechanisms of action,
they may not be moot. If the direct fatal lesion production term represents
a kinetic process such as physiochemical fixation or damage misrepair, it
may be possible to ater the fate of the damage by manipulating the cell
microenvironment after irradiation. On the other hand, if the process is
instantaneous and irreversible, postirradiation manipulation of the cellular
environment should not affect the fate of the damage.

chromosome break. Or individual DSBs might be converted
into unrepairable breaks or crosslinked (DNA-DNA or pro-
tein-DNA) damages by the postirradiation treatment of a
cell with a chemical agent. In this interpretation, the mech-
anisms of action of the LPL model should again be viewed
as an approximation, because the fixation process cannot
occur instantaneously.

2. Binary misrepair of DSBs

The binary misrepair term m,q Ly (t)Lag(t) Says the rate
at which break ends associated with two different DSBsare
incorrectly rejoined is proportiona to the sguare of the
number of unrepaired DSBsin acell. The expected number
of break ends in a cell at timet is 2L (t). The incorrect
rejoining of break ends associated with two different DSBs
involves relatively large sections of DNA, and misrepaired
damages formed by the binary misrepair mechanism are
reasonably linked to various classes of intra- or interchro-
mosomal (complete or incomplete exchange-type) aberra-
tions, e.g. dicentrics, acentric rings, and translocation ab-
errations. When the pairwise damage interaction process is
complete, an acentric fragment will be formed along with
the dicentric or acentric ring. If the DSB interaction process
is incomplete, the dicentric or acentric ring will be accom-
panied by two acentric chromosome fragments. One of the
two is an excess acentric fragment.

As a model to predict the yields of chromosome aber-
rations, the LPL model has some obvious limitations. On
theoretical grounds, Sachs et al. (11) have suggested that
the binary misrepair term in Eq. (2) should be multiplied
by a factor of 1/4 to account for the creation of nonlethal
chromosome aberrations (e.g. trandocations) and for the
fact that two DSBs disappear each time one dicentric or
centric ring plus an accompanying acentric fragment is
formed. Also, the complex aberrations (30) formed at high-
er doses through the rejoining of break ends associated with
more than two DSBs are not explicitly modeled. However,
the LPL model is capable of predicting the cell killing ef-
fects accurately, even for doses as high as 25 to 50 Gy
[e.g., seeref. (5)]. This observation suggests that complex
aberrations may be formed through the sequential or si-
multaneous rejoining of multiple break-end pairs. That is,
multiple DSBs are required to form a complex aberration,
but the rate at which break ends are misjoined is still pro-
portional to Ly (t)Lag(t).

Within the framework of the LPL model, the fatal lesions
responsible for cell killing are reasonably interpreted as a
mix of dicentrics, acentric rings, chromosome breaks, and,
for large doses, complex aberrations formed through the
rejoining of break ends associated with multiple DSBs. For
dose conditions in which many complex aberrations are
formed, the outputs of the LPL model cannot be compared
easily to measured yields of aberrations. However, for low-
er-dose conditions, comparisons of the outputs of the LPL
model and some types of aberration yields may be reason-
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able. Each acentric fragment plus an acentric ring or dicen-
tric should be counted as a single fatal lesion (11). Extra
(residual or nonpaired) chromosome breaks should aso be
counted as fatal lesions. In the LPL model, these residual
chromosome breaks are accounted for in the direct fatal
lesion production term, 2D(t)YZ,. The fractional number of
unrepaired (residual) DSBs measured using techniques such
as PFGE should be approximately equal to 2,/(Z. + 2.

THE TWO-LESION KINETIC MODEL

Asin the LPL model, ionizing radiation produces DSBs
instantaneously at arate that is proportional to the absorbed
dose rate D(t), and first- and second-order repair processes
rejoin the DSB break ends. However, in the TLK model,
the family of all possible DSB configurations is subdivided
into simple and complex DSB types, and each kind of DSB
may have unique damage repair characteristics. As a work-
ing hypothesis, a simple DSB is assumed to be a section
of the DNA 10 to 20 bp in length that contains a break in
each strand of the DNA. A complex DSB is a simple DSB
that contains additional elementary damage sites (base
damage, strand breaks, base deletion, etc.) within the same
section of DNA. Another difference is that the TLK model
replaces the direct fatal lesion production term that is in-
cluded in the LPL model with a physiochemical (not related
to repair) damage fixation mechanism and includes terms
to account for the linear misrepair of DSBs, as postulated
in the RMR model (6). Chromatin-related effects (31-35)
are treated implicitly in the TLK model using a single chro-
matin domain or state.

Double-strand break formation, repair and misrepair pro-
cesses are modeled by two first-order, nonlinear differential
equations in the TLK moddl; i.e.,

% — 2D(t)YEl —{& + N} El(t)

— L®M,L ) + my.L0] €)

% = 2D()YS, — {&, + N}L,(0)

— Ly()[m.,L ) + maL(0)]. 4

Here L,(t) is the expected number of simple (Type |) DSBs
per cell at timet, and L,(t) is the expected number of com-
plex (Type Il) DSBs per cell at timet. The DSB parameters
3., 25 Ay Ay My, M, @0d My, have a biophysical interpre-
tation analogous to the Ay, and m,y, parameters used in the
LPL model. The parameters ¢, and e, account for physio-
chemical fixation of DSBs.

The misrepair of a DSB results in either a lethal or a
nonlethal genetic ateration in the DNA. However, in the
TLK model, fixation always produces a lethal DNA dam-

age. The time-dependent accumulation of lethal DNA dam-
age in a cell is modeled by

dL () _ . L
— -~ [ a)Ba + el

+ [(1 = @B, + &)L + v, L (OL,()

+ 2y, ML L) + oL (OL,(), ©)

where a, and a, represent the fidelity of the linear misrepair
mechanism (e.g., &, = &, = 1 indicates correct repair). The
probabilities B,, B, Vi, V.. and vy, partition misrepaired
damages into lethal and nonlethal genetic alterations. For
example, B, = 1 means that linear misrepair of the first
kind of DSB aways produces a fatal lesion. The yield of
nonlethal genetic alterations (i.e. mutations) produced in a
cell can be plausibly linked to the activation or inactivation
of critical genes, the induction of genome instability, and
neoplastic transformation (36—38). The equation describing
the accumulation of nonlethal mutations is

- ) _
L0~ - a)a-pILO + - a) - BN

+ (1 = y)mLOL® + (1 = v2)m.L 0L
+ 2(1 = o)L (L. (6)

Interpretation of the Mechanisms of Action of the TLK
Model

In both the LPL and TLK models, the fatal lesions re-
sponsible for cell killing are mainly dicentrics, acentric
rings, chromosome breaks, and, for large doses, complex
aberrations formed through the rejoining of break ends as-
sociated with multiple DSBs. Binary misrepair of DSB
break ends produces exchange-type chromosome aberra-
tions (dicentrics, acentric rings, and translocations). A
unique feature of the TLK model is that break ends asso-
ciated with both simple and complex DSBs can interact in
pairwise fashion to form an exchange-type aberration. The
TLK model, unlike the LPL model, also includes damage
fixation and linear misrepair mechanisms. The interpreta-
tion of these mechanisms is as follows:

1. Linear misrepair

The linear misrepair mechanisms, (1 — a,)A,L,(t) and (1
— a,)\,L,(t), describe the incorrect rejoining of break ends
associated with individual DSBs. Since the linear misrepair
of individual DSBs most likely involves relatively small
sections of damaged DNA (~1 to 10 bp), this DSB mech-
anism is most likely to produce either a point mutation or
a deletion-type aberration. If multiple strand breaks and
other elementary damage sites are located within afew base
pairs of each other, it seems likely that the probability of
correct repair (a, and a,) is zero. The probability of correct
repair may even be close to zero for simple DSBs. How-
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ever, because most randomly formed point mutations and
deletion-type aberrations will not affect the control or cod-
ing section of a critical gene, the probability of lethal mis-
repair (3, and B,) ismost likely small. Based on the amount
of DNA associated with critical ‘*housekeeping” genes,
values of 3, and B, of the order of 0.1% to 10% are ex-
pected for a typical mammalian cell.

2. Damage fixation

The damage fixation mechanisms, &,L,(t) and &,L,(t), de-
scribe the time-dependent conversion of DSBs into lethal
damages by processes that are not related to biochemical
repair (i.e., the physiochemical fixation process discussed
in the Summary of the LPL Model). Because the fixation
and linear misrepair of damages occurs at a rate that is
proportional to the number of DSBsin acell [i.e., L,(t) and
L,(t)], it may be difficult to distinguish the linear misrepair
mechanism from the fixation mechanism if only data on
cell killing are used to test the model. However, in princi-
ple, damage fixation can be differentiated from linear mis-
repair of a DSB, because the fixation mechanism produces
chromosome breaks (residua unrepaired DSBs) while the
linear misrepair mechanism produces point mutations or de-
letion-type aberrations. Alternatively, a mutation that in-
activates a key repair gene will most likely alter the DSB
rejoining parameters (A;, A, My, My, and m,) but not the
DSB fixation parameters e, and e..

METHODS
Numerical Solution of the LPL and TLK Models

As a guide to the development of more realistic models for damage
repair processes, Stewart, Shultis and Montelone developed a very gen-
eral multilesion, multistate (MLMS) kinetic model (39). The formalism
of the MLMS model is sufficiently general to account for differences in
the initiadl DNA damage yield among chromatin types (e.g. euchromatin
and heterochromatin), and it allows for the inclusion and tracking of an
arbitrary number of different types of lethal and nonlethal damages. The
genera MLMS model has been implemented in the Kinetic Biological
Effects Modeling (KBEM) software package.® Because the LPL, RMR
and TLK models are all special cases of the general kinetic model (39),
the KBEM software can be used to simulate radiobiological effects using
any one of these models.

The KBEM software uses Visual Numeric's (http://www.vni.com)
IMSL® DIVPAG routine to integrate the MLMS system of differential
equations forward in time using Gear's backward differentiation algo-
rithm (40, 41) for an arbitrarily complex dose-rate function D(t). Ana-
lytical and numerical (KBEM-based) solutions for the LPL and RMR
models agree to better than six significant digits for a wide range of
absorbed dose and dose-rate exposure conditions. Additional testing in-
dicates that the KBEM software solves the system of differential equa-
tions used in the TLK model to the same level of accuracy.

Calculation of Cell Survival Probabilities

In delayed-plating experiments, the metabolic status of a cell is mod-
ified at some specific time after irradiation. For example, cells are shifted
from conditioned medium to growth medium several hours after irradi-

3 See http://www.pnl.gov/berc/kbem/.

ation. Cells are shifted to a growth medium so that the reproductive
viability of the cells can be tested. Alternatively, confluent, density-in-
hibited cells are irradiated and then incubated under the same conditions
for several hours before they are placed in growth medium. Changing the
metabolic status of a cell introduces a fundamental discontinuity into the
modeling of damage repair processes. That is, the kinetics of damage
repair before and after plating is likely quite different.

A common way to approach the analysis of delayed-plating experi-
ments is to assume that all the unrepaired damage in a cell becomes
irreversible and lethal at some fixed (effective) time after irradiation (5,
8). In general, it is not correct to assume that the time available for repair
is always the same as the interval before the cells are plated (8); i.e.,
unrepaired DSBs are not necessarily converted into irreversible and lethal
DNA damage the instant the cells are placed in growth medium.

The LPL and TLK models can be used to provide estimates of the
expected amount of lethal DNA damage in a cell as a function of time
during and after irradiation. The differential equations describing the for-
mation, repair and misrepair of DNA damage [Egs. (1) and (2) for the
LPL model or Egs. (3) to (6) for the TLK model] are integrated forward
in time until a cutoff time is reached (the effective time available for
repair) or until all of the radiation damage is repaired correctly, rejoined
incorrectly, or fixed (i.e., the time available for repair is effectively infi-
nite). If the cutoff time is reached before al of the damage is repaired,
misrepaired or fixed, it is assumed that the damage becomes irreversible
and lethal. Prior to irradiation, it is assumed that no DSBs or fatal lesions
are present, so that L,(0) = L{(0) = 0 (LPL model) or L,(0) = L,(0) =
L{(0) = O (TLK model). The expected fraction of cells surviving irradi-
ation is S = exp{—Lg} (5, 11). Here L, denotes the expected number of
fatal lesions per cell at the end of the simulation (i.e., after the time cutoff
is reached or al of the initial damage is repaired, misrepaired or fixed).

In general, L(t) for t > t, approaches the value L(«) at an exponential
rate. Here t, is the time when the radiation exposure ends. For t > t, +
N\ (LPL model) or t > t, + n/min(A;,\,) (TLK model), L(t) isindis-
tinguishable from L,(«) for values of n greater than about 10 or 15, that
is, for times equivalent to 10 or 15 DSB repair haf-times after the irra-
diation ends. Even for n = 2, a large fraction of the initial DSBs will
aready be repaired correctly, misjoined or fixed, so that it may be chal-
lenging to detect changesin cell survival for delayed plating times greater
than about 2 or 3 DSB repair half-times. Except where explicitly noted
otherwise, it is assumed in this article that the time available for repair
is effectively infinite.

Calculation of the Fraction of the Activity Released (FAR) out of the
Well

Data on the rate of DSB rejoining are often reported in the earlier literature
in terms of FAR (percentage DNA released from the plug). The random
breskage model (42, 43) provides a suitable formalism to convert the pre-
dictions of the model for the number of unrejoined DSBs into an estimate
of FAR. The equation converting unrepaired DSBs into FAR is (44)

_ K _
FAR = Fm{l — |1+ KNdS,,(l - M) eprNasn}. )

0,

Here F, . is the maximum fraction of the cellular DNA that can enter
the gel, M, is the average chromosome size, and K is the gel exclusion
size (DNA fragments larger than K do not move out of the well). At
various times after the irradiation ends, N, iS set equal either to L,(t)/
Y (LPL model) or to [L,(t) + L,(t)]/Y (TLK model). In generd, the frac-
tion of the DNA migrating out of the agarose plug (well) tends to increase
as the gel exclusion size increases and decreases as the average chro-
mosome Size increases.

Stackhouse and Bedford (26) collected data on DSB rejoining for qui-
escent CHO cells using electrophoresis conditions that separated either
Saccharomyces cerevisiae chromosomes (260-2500 kbp) or Schizosac-
caromyces pombe chromosomes (3—7 Mbp). A gel exclusion-size param-
eter in the range from 2 Mbp to 8 Mbp is appropriate for this data set.
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Except where explicitly stated otherwise, the results reported in this ar-
ticleare based on F.,, = 1, Y = 4682 X 10° bp (45), K = 6 X 10° bp,
and M, = 101.8 X 10° bp (~46 chromosomes/cell).

Lower and Upper Bounds on LPL Parameters

Although the DSB yield 2Y%,, (Gy-* cell-) and the repair proba-
bility N4, (h~1) can be measured or at least constrained to a reasonable
range of values, computer-based techniques to automatically optimize
or “‘tune’’ these parameters as well as identify values for the misrepair
probability m,, (h~%) and fatal lesion yield 2Y3, (Gy * cell-?) are of
obvious practical value. Because constrained parameter optimization
tasks are often easier than unconstrained ones, it is useful to establish
bounds on al model inputs. All four of the input parameters used in
the LPL model can be constrained to non-negative values on biophys-
ical grounds. Further, the initial DSB yield is about 23 to 28 Gy—* cell -1
for Chinese hamster cells (27),* and the repair probability A, can be
conservatively constrained to values between 0.0277 h-* (25-h repair
half-time) to 20.79 h-* (2-min repair half-time) (22).

An upper bound on the yield of fatal lesions can be established by
solving Eq. (2) for the specia case when m4, = 0. Namely, for an ab-
sorbed dose D > 0,

In S(D
n30) ®)
where SD) is a measured cell survival probability for some exposure
condition. Because of the interplay between DSB formation, repair and
binary misrepair processes, and uncertainties in the input parameters as-
sociated with these processes, a simple analytical expression that estab-
lishes a firm upper limit on the binary misrepair interaction probability
is not possible. However, for a given level of radiation-induced cell kill-
ing, the value of n,, must, in general, decrease as the value of 2YX,
increases and increase as the value of A,y increases.

Y3, = —

Lower and Upper Bounds on the Parameters of the TLK Model

The most general form of the TLK model has 16 biologically signifi-
cant parameters (alv Bi Y 217 Ny, My, €1, Ay By N1z Y120 Yor 227 Aoy M
and &,). On biophysical grounds, the following constraints can be im-
posed with no loss in the generality of the model.

0=a, By &, Bs Va» Y2 Y2 = 1 (9)
0 = Ai, &1, Ny &2 My, My Mo (10
0=23, 3, (11)

To reduce the number of adjustable parameters, the following additional
(ad hoc) equality constraints are imposed in thiswork: a, = a, = 0 (repair
of a DSB aways results in a lethal or nonlethal mutation), ¢, = &, = 0
(no DSB fixation), v, = vi2 = v, = v, ad m; = My, = M = m. Under
these constraints, Egs. (3), (4), (5) and (6) simplify to

% = 2D(H)YS, — MLy (0 — L M[L, (1) + L], (12)
% = 2D(OYE, — \L() — LOILO + Lo, (13
dl_(;t(t) = BAL () + BALo(t) + yn[Ly(t) + L2, (14)
dL, - _

Lst(t) = (1 = BINL() + (1 — BINL(D)

+ (1 = Ik + LO (15)
For Chinese hamster cells, the quantity 2Y(2, + 3,) equals about 25

“DSBs Gy ! cell* estimate is based on a DNA content of approxi-
mately 4.682 X 10° bp (45).

DSBs Gy cell 1. The repair probabilities A, and A, can be constrained
to the range 0.0277 h-* (25-h repair half-time) to 20.79 h=1 (2-min repair
half-time). Numerical studies using representative parametersfor the TLK
model suggest that the binary misrepair probability, n, is most likely less
than 10-3 to 10-2 h-%.

Automated Identification of Model Inputs

The main goal of model optimization (caibration) is to identify the set
of model inputs that gives the best possible agreement between model-
predicted quantities and experimental observations. To accomplish this
goal, standard model calibration techniques typically seek to identify an
optimal parameter set by minimizing a positively weighted sum of the
error or figure of merit (FOM), i.e.,

1 N
FOM? = = Zl w[X, — P2 (16)

For the purposes of calibrating a radiobiological model, X is a measure-
ment of some biological end point (e.g. the cell surviving fraction) for
the ith experiment, P, is the model-predicted value for the same end point
and experimental conditions, and w; is the relative weight given to the
data for the ith experiment. The experiment weights are normalized such
that ,w, = 1. The right-hand side of Eq. (16) is divided by the square
of the number of data points N so that the FOM gives an indication of
the overall quality of a model calibration regardless of the number of
data points used to compute the figure of merit.

Data reported in the literature are too often available only in the form
of summary figures, and information to estimate the experiment weights,
w;, may not always be available. When the standard error in the measured
data is not available, the same value should be used for the experiment
weights, i.e., w; « 1/N. On the other hand, it is commonly assumed that
measurement errors are independent and are distributed normally. In this
case, the experiment weights are proportional to the inverse of the vari-
ance. Although information on the experiment weights is very desirable,
model inputs can still be tuned without this information by giving all or
some of the data points the same (or a nominal) value.

A variety of optimization techniques have been developed to locate a
parameter set that minimizes the value of a function that depends on one
or more independent variables [e.g., see ref. (46)]. In the current version
of the KBEM software, parameters for the LPL and TLK models (or the
RMR model) are tuned using a quasi-Newton gradient technique with an
active set strategy (47-50), as implemented in Visual Numeric's IMSL®
DBCONF routine. Although the FOM can potentially include information
from different kinds of experiments (e.g., cell killing and number of DSBs
Gyt cell-1), the FOM used in this work includes only data on cell killing
as a function of dose and dose rate. The LPL and TLK model parameters
are adjusted to minimize the difference between model-predicted and
measured estimates of L, = —IngD).

RESULTS®

The performance of the TLK and LPL models was tested
using a two-step procedure. First, the single-dose and split-
dose survival data reported by Stackhouse and Bedford (25)
were used to generate a model calibration. The survival
data include one-fraction exposures delivered at dose rates
of 0.12 Gy h-%, 0.5 Gy h~* and 45 Gy h-* as well as sur-
vival data for several two-fraction (split-dose) exposures
(16 Gy divided into two 8-Gy fractions separated by 1 to
12 h). After a calibration had been generated, the predictive

5 An executable version of the VC/KBEM application used to perform
the reported studies is available by contacting the author at trebor@
pnl.gov. See also http://www.pnl.gov/berc/KBEM/VC.
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FIG. 1. Survival of plateau-phase CHO 10B2 cells irradiated with 37Cs +y rays. Solid lines, three-parameter L PL
model fit (2Y2., = 25 cell-* Gy~1). Dashed lines, four-parameter LPL model fit (22, = 1.77 cell- Gy 1). Left
panel: Cell survival after a single dose of radiation; measured data (25) are shown with an estimated standard error
of 10% (J. S. Bedford, personal communication). Right panel: Cell survival after split-dose irradiation (8 Gy + 8
Gy); measured data (25) are shown with an estimated standard error of 30% (J. S. Bedford, personal communication).

power of the models was tested by comparing measured
(26) and model-calculated values for the FAR as a function
of time after an acute 20-Gy dose of radiation. Model es-
timates of the initial number of DSBs Gy —* cell -* were also
compared to the measured data (27). The goodness of fit
to the survival data (i.e. the FOM) was used mainly to
judge the accuracy of the model calibration. A large value
for the FOM could indicate that the model calibration is
not reliable or that the postulated mechanisms of action are
incomplete or inaccurate. To test the performance of the
model more thoroughly, several different sets of parameter
constraints were used to generate LPL and TLK model cal-
ibrations. The parameter constraints reflect uncertainties as-
sociated with the measured data for the initial number of
DSBs Gy* cell-* and the rate of DSB rejoining.

Results with the LPL Model

As a first attempt at model calibration, all four of the
LPL model inputs were adjusted to minimize the FOM,
subject to the constraints: 0 = 2Y2, = 1 cell 1 Gy 4, 0 =
2Y2,, = 40 cell* Gy 1, 00462 h™t = A\, = 832 h?
(equivalent to a 15-h and 5-min DSB repair half-time, re-
spectively), and 0 = m,, = 1 h~%. To maximize the chance
that the optimization algorithm would find the best possible
model calibration (i.e., the global optimum parameter set),
the model optimization was performed several times using
different parameter constraints and initial parameter esti-
mates. For al initial parameter sets and constraints inves-
tigated, the optimization routine converged to the same op-
timal parameter set. This observation strongly suggests that
a globally optimal calibration was found rather than a lo-
cally optimal parameter set. The globally optimal parameter
set (rounded to three significant digits) was found to be
2Y2, = 3.61 X 102 fata lesions cell-* Gy, 2Y2,, =

1.77 Gyt cell =%, Ay, = 0.122 h~* (5.68-h DSB repair half-
time), and M., = 2.19 X 10-2 h-*. The FOM for this pa-
rameter set is 4.04%. Because 1.77 DSBs Gy~ cell-t isa
factor of 14 lower than the 25 DSBs Gy—* cell-* expected
for a CHO cell, this model calibration resulted in a predic-
tion that was clearly inconsistent with independent mea-
surements of the same end point.

As a second attempt at model calibration, 2Y2., was set
to avalue of 25 DSBs Gy cell %, and the other three LPL
model inputs were adjusted to minimize the FOM, subject
to the constraints; 0 = 2Y2, = 1 cell - Gy 1, 0.0462 h*
= N\gg, = 8.32 h* (equivadent to a 15-h and 5-min DSB
repair half-time, respectively), and 0 =< m,, = 1 h=*. For
several different parameter constraints and initial parameter
estimates, the optimization routine converged to the same
parameter set, which indicates that a globally optimal cal-
ibration was found rather than a locally optimal parameter
set. The globally optimal parameter set was found to be
2Y3, = 4.69 X 10 2fatal lesions cell * Gy 2, Ay, = 0.113
h-* (6.16-h DSB repair half-time), and 7., = 7.53 X 10-¢
h-1. The FOM for this parameter set was 4.26%.

Figure 1 shows a comparison of measured and LPL-cal-
culated surviving fractions. The LPL-predicted surviving
fraction is in excellent agreement with the measured data
for al of the single-dose exposure conditions. For illustra-
tive purposes, the four-parameter fit to the survival datais
also shown in Fig. 1. The LPL-predicted trends in the split-
dose data show possibly significant deviations from the
measured data. For both of the three- and four-parameter
calibrations, the LPL model predicts that the split-dose sur-
viving fraction continues to increase for doses separated in
time by as much as 10 to 12 h. On the other hand, the
measured data for the split-dose exposure conditions sug-
gest that the surviving fraction may reach a maximum for
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FIG. 2. DSB rgjoining kinetics in plateau-phase CHO 10B2 cells after
irradiation with 20 Gy delivered at a dose rate of 356.1 Gy h-'. Filled
triangles: measured data (26). Solid line: three-parameter LPL model fit
(2Y2yy = 25 cell-* Gy1). Dashed lines: estimated lower and upper
bounds on LPL model rejoining kinetics. Estimated bounds on the FAR
are based on (K = 2 Mbp, M, = 4,682 X 10¢ bp) and (K = 8 Mbp, M,
= 50.9 X 10° bp). Data for the FAR are normalized to unity O h after
irradiation.

doses separated by times of the order of 4 to 8 h. Figure 2
shows a comparison of the measured and LPL-predicted
rate of DSB rejoining for the three-parameter LPL model
calibration. The LPL-predicted data for the rate of DSB
rejoining are inconsistent with independent measurements
made with a PFGE assay. Moreover, the disagreement be-
tween the measured and model-predicted data cannot be
easily attributed to uncertainties associated with the gel ex-
clusion parameter or the average chromosome size [refer to
Eq. (7)].
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A third model calibration was generated using the equal-
ity constraints 2Y2,,, = 25 DSBs Gy ! cell * and \,, =
0.231 h* (3-h DSB repair half-time). The linear repair term
was set to correspond to a 3-h repair half-time in an attempt
to force the LPL-predicted DSB rejoining kinetics into bet-
ter agreement with the measured data. The other two LPL
model inputs were constrainedto 0 = 2Y2, <= 1 cell 1 Gy ?
and 0 = my, = 1 h*. For this calibration, the binary mis-
repair term in Eq. (2) was multiplied by a factor of 1/4 as
suggested by Sachs et al. (11). The globally optimal param-
eter set for this set of parameter constraints was found to
be 2Y2, = 9.20 X 102 fatal lesions cell-* Gy—* and m,
= 596 X 105 h*, and the FOM was 6.57%. Figure 3
shows a comparison of the measured and model -predicted
survival data for this calibration. Figure 4 compares the
measured and model-predicted rate of DSB regjoining. As
the model-predicted DSB rejoining kinetics are forced into
better agreement with the measured data (i.e., as the value
of A\ increases), the goodness of fit to the survival data
decreases. These same inconsistencies in LPL model pre-
dictions are seen for values of 2Y2, in the range from 20
to 40 DSBs Gy cell-* (data not shown).

Results with the Two-Lesion Model

Even with a data set as large as the one of Stackhouse
and Bedford (25, 26), calibration of the eight-parameter
TLK model is challenging. If more than six parameters are
treated as adjustable, several combinations of model inputs
give equally good fits to the survival data. That is, severa
different parameter sets in the feasible space defined by
Egs. (9), (10) and (11) yield about the same value for the
FOM. An effective way to overcome this difficulty is to
require that the quantity 2Y(2, + 3.,) equal a predetermined
value in the range from 20 to 60 DSBs Gy~* cell-* and y
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FIG. 3. Survival of plateau-phase CHO 10B2 cells irradiated with ¥7Cs +y rays. Solid line: three-parameter LPL
model fit (2Y2,, = 25 cell-* Gy1). Dashed line: two-parameter LPL model fit [2Y2.q, = 25 cell 2 Gy 2, Ay, =
0.231 h™* (3-h DSB repair half-time)]. Left panel: cell survival after a single dose of radiation; measured data (25)
are shown with an estimated standard error of 10% (J. S. Bedford, personal communication). Right panel: cell
survival after split-dose irradiation (8 Gy + 8 Gy); measured data (25) are shown with an estimated standard error

of 30% (J. S. Bedford, personal communication).
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FIG. 4. DSB rejoining kinetics in plateau-phase CHO 10B2 cells after
irradiation with 20 Gy delivered at a dose rate of 356.1 Gy h-*. Filled
triangles: measured data (26). Solid line: three-parameter LPL mode! fit
(2Y2y, = 25 cell-* Gy1). Dashed line: two-parameter LPL model fit
[2Y34 = 25 cdl T Gy 1, Ny, = 0.231 h~* (3-h DSB repair haf-time)].
Dash-dot lines: estimated lower and upper bounds on LPL model rejoin-
ing kinetics. Estimated bounds on the FAR are based on (K = 2 Mbp,
M, = 4,682 X 10° bp) and (K = 8 Mbp, M, = 50.9 X 10° bp). Data for
the FAR are normalized to unity O h after irradiation.

= 1/4 as suggested by Sachs et al. (11). A practical way
to implement the 2Y(3, + X,) constraint is to set 2Y3, to
a specific value (e.g. 20 DSBs Gy* cell %) and then adjust
(optimize) the value of 2Y2, subject to the constraint that
0 = 2Y2, = 40 DSBs Gy ! cell . Studies of sensitivity
suggest that calibration of the TLK model is not especialy
sensitive to the a priori selection of a value for 2YZ, for
yields in the range from 20 to 30 DSBs Gy* cell .

With the constraints y = 1/4, 2Y2, = 20 DSBs Gy!
cell1,0=3,=40DSBs Gy tcdl % 0=a,a =1,
278 X 102h*= )\, A, =832hYand0=n=1h1
the optimal model calibration was found to be \, = 0.671
h-1 (1.03 h repair haf-time), 3, = 1.52 X 1073, 3, = 5.09
DSBs Gyt cell-%, A, = 439 X 102 h=t (15.8-h repair
half-time), B, = 0.00, and y = 1.18 X 104 h~%. The FOM
for this parameter set was 2.9%. The overal goodness of
fit to the survival data is about the same if 2Y2, is set to
avaue of 25 or 30 DSBs Gy* cell * instead of 20 DSBs
Gy cell-*. For values of 2YZ,, higher than 30 DSBs Gy !
cell-1, the FOM tends to increase dightly. As the data
shown in Fig. 5 demonstrate, the TLK model does an ex-
cellent job of explaining al the single-dose and split-dose
survival data. Moreover, a DSB yield of 25.1 Gy* cell*
(0.536 DSB Gy~* per 100 Mbp) is within the range mea-
sured by Cedervall et al. (27) for CHO cells (0.5 to 0.6
DSB Gy * per 100 Mbp). On the other hand, the DSB
rejoining kinetics predicted with this calibration are not in
close agreement with the measured data (Fig. 6).

To improve the agreement with the measured DSB re-
joining data, a second model calibration was generated by
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FIG. 5. Survival of plateau-phase CHO 10B2 cellsirradiated with 3'Cs
v rays. Solid lines: six-parameter TLK model fit (see main text). Dashed
lines: three-parameter LPL model fit (2Y2., = 25 cell-* Gy1). Left
panel: cell survival after a single dose of radiation; measured data (25)
are shown with an estimated standard error of 10% (J. S. Bedford, per-
sonal communication). Right panel: cell survival after split-dose irradia-
tion (8 Gy + 8 Gy); measured data (25) are shown with an estimated
standard error of 30% (J. S. Bedford, personal communication).

setting A, = 2.77 h™* (15-min repair half-time) and >, =
20 DSB Gy~* cell=*. For this set of equality constraints, the
optimal model calibration was found to be 8, = 0.00, X,
= 443 DSBs Gyt cell =%, A, = 6.16 X 102 h~* (11.3 h
repair half-time), B, =5.51 X 1073, and q = 4.20 X 104
h-1. The FOM for this parameter set is 3.3% (compared to
2.9% for the six-parameter calibration). The five-parameter
TLK calibration gives excellent agreement with the single-
dose survival data (Fig. 7, left panel) and good agreement
with the DSB rejoining data (Fig. 8). However, the mea-
sured and TLK-predicted surviving fractions for the split-
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FIG. 6. DSB rejoining kinetics in plateau-phase CHO 10B2 cells after
irradiation with 20 Gy delivered at 356.1 Gy h-*. Filled triangles: mea-
sured data (26). Solid line: six-parameter TLK model (see main text).
Dashed line: three-parameter LPL model fit (2Y2,, = 25 cell-* Gy 9).
Dash-dot lines: estimated lower and upper bounds on TLK model rejoin-
ing kinetics. Estimated bounds on the FAR are based on (K = 2 Mbp,
M, = 4,682 X 10° bp) and (K = 8 Mbp, M, = 50.9 X 10° bp). Data for
the FAR are normalized to unity O h after irradiation.
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FIG. 7. Surviva of plateau-phase CHO 10B2 cells irradiated with 3Cs v rays. Solid lines. five-parameter TLK
model calibration (see main text). Dashed lines: six-parameter TLK model fit (see main text). Left panel: cell survival
after a single dose of radiation; measured data (25) are shown with an estimated standard error of 10% (J. S. Bedford,
personal communication). Right panel: cell survival after split-dose irradiation (8 Gy + 8 Gy); measured data (25)
are shown with an estimated standard error of 30% (J. S. Bedford, personal communication).

dose exposures (Fig. 7, right panel) show some small in-
consistencies, although it is difficult to judge how signifi-
cant these differences are because of the uncertainties in
the measured data. Other TLK model calibrations with A\,
in the range from 2.77 h—* to 20.79 h~* yield similar results.
Larger values of \, (slower repair half-times) tend to im-
prove the fit to the survival data but decrease the agreement
with the DSB rejoining data.
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FIG. 8. DSB rgjoining kinetics in plateau-phase CHO 10B2 cells after
irradiation with 20 Gy delivered at a dose rate of 356.1 Gy h-'. Filled
triangles: measured data (26). Solid line: five-parameter TLK model cal-
ibration (see main text). Dashed line: six-parameter TLK model caibra-
tion (same as Fig. 6). Dash-dot lines: estimated lower and upper bounds
on TLK model rejoining kinetics (five-parameter calibration). Estimated
bounds on the FAR are based on (K = 2 Mbp, M, = 4,682 X 10° bp)
and (K = 8 Mbp, M,0 = 50.9 X 10° bp). Datafor the FAR are normalized
to unity O h after irradiation.

DISCUSSION

The results shown in Fig. 1 confirm that the LPL model
captures the essential trends in the survival data. On the
other hand, the LPL model does not provide an entirely
satisfactory formalism to establish the putative link be-
tween the DSB and cell killing. An initial yield of 1.77
DSBs Gy~* cell-* gives the best agreement with the CHO
cell survival data. Similar yields of potentialy lethal dam-
age (i.e. 2Y2,,) have been suggested for other mammalian
cells (5). However, 1.77 DSBs Gy~ cell* is clearly much
lower than the 25 DSBs Gy~* cell-* expected for a CHO
cell. When the LPL model is calibrated using the equality
constraint 25 DSBs Gy—* cell~2, the goodness of fit to the
survival data decreases slightly but may still be considered
acceptable (see Fig. 1). However, the LPL-predicted DSB
rejoining rate for this calibration is not at all consistent with
the measured data (Fig. 2).

The parameters of the LPL model can be selected to
force the DSB rejoining rate into better agreement with the
measured data (Fig 4), but the overall agreement with the
cell survival data decreases as the LPL-predicted rate of
DSB rejoining increases (Fig. 3). Collectively, these studies
strongly suggest that the LPL model does not provide a
fully satisfactory formalism to link biochemical processing
of the DSB to cell killing. Others have also noted concep-
tual problems with some aspects of the original LPL model
(8). The major consequence of the observed discrepancies
isthat data from PFGE or other DSB assays cannot be used
to estimate LPL model inputs reliably.

One way to resolve the apparent inconsistencies among
the measured and LPL-predicted data on cell survival and
DSB rejoining is to postulate the existence of two distinct
kinds of DSBs. Biochemical processing of the two kinds
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of DSBsis different because of the local complexity of the
damage site. For example, DSBs that contain additional
strand breaks or base damage within the same section of
the DNA are repaired less efficiently than simple DSBs
(two strand breaks on opposite sides of the DNA double
helix within about 10 bp). The formalism of the TLK model
explicitly considers the possibility that radiation may create
two kinds of DSBs. A unique feature of the TLK model is
that both kinds of DSBs are allowed to interact in pairwise
fashion. Thus DSB repair processes are characterized by
two first-order and two second-order repair processes. Dou-
ble-strand break repair is afirst-order process if break ends
associated with the same DSBs are rejoined and a second-
order process if the break ends associated with two different
DSBs are involved in the repair event. Second-order, pair-
wise damage interaction processes are a central feature of
breakage-and-reunion models of chromosome aberration
formation (51, 52).

Calibration and parameter sensitivity studies suggest that
a single set of TLK model inputs can be used to explain
experimental observations on the initial number of DSBs
Gyt cell %, the rate of DSB rejoining (Fig. 8), and the data
for survival of CHO cells after single-dose and split-dose
irradiation (Fig. 7). However, the TLK model calibration
that gives the best agreement with the measured data on
DSB rejoining (Fig. 8, solid lines) results in some small
differences in the data on split-dose surviva (Fig. 7, solid
lines). These small discrepancies may indicate that addi-
tional effects not considered in the present work contribute
to biochemical processing of DSBs and cell killing. The
data shown in Fig. 5 suggest that the TLK model captures
the trends in the survival data better than the LPL model.
This observation suggests that both the fast- and slowly
rejoining DSBs contribute to cell killing. If only the fast-
or slowly rejoining DSBs were responsible for the cell kill-
ing effects observed, the LPL model could explain the
CHO cdll survival data as well as the TLK model.

Studies with the TLK model suggest that both kinds of
DSBs make a substantial contribution to the killing of CHO
cells by radiation. For an acute 1 Gy dose, the fast-rejoining
(simple) DSBs account for approximately 74% of the pre-
dicted cell killing effects. At 10 Gy, the fast-rejoining DSBs
account for approximately 68% of the lethal DNA damage.
These data suggest that the contribution of the slowly re-
joining DSBs to cell killing tends to increase as the dose
increases. However, this trend and the relative contribution
to cell killing of the fast- and slowly rejoining DSBs most
likely vary from cell type to cell type. For example, Lange
et al. (8) found that fast- and slowly joining DSBs contrib-
uted equally to killing of V79 cells.

Stackhouse and Bedford (25) used delayed plating times
ranging from 6 to 12 h. Rather than assume a priori that
al unrepaired DSBs at the time of plating become irre-
versible and lethal, the model calibrations reported in this
work are based on the asymptotic case when an effectively
infinite amount of time is available for repair before plating.

Because both the LPL and TLK models predict that not all
of the initial DSBs are repaired or misrepaired 10 h after
irradiation (e.g., see Figs. 6 and 8), the time to plating may
have had some impact on the CHO cell survival data. How-
ever, the split-dose survival data (Fig. 7, right panel) appear
to be close to a plateau after 6 to 8 h. This observation
suggests that the majority of the lethal DNA damage was
formed during the interval before the cells were plated; i.e.,
thetime available for repair is effectively infinite for plating
times greater than 6 to 8 h.

Studies using fixed values for the available repair time
also confirm that the time to plating had a minimal effect
on the CHO cell survival data. For example, if the TLK
model is calibrated using an effective repair time of 10 h,
the optimal model calibration is A, = 0.644 h-* (1.08-h
repair half-time), 3, = 1.71 X 1073, 3, = 6.33 DSBs Gy *
cell-1, N\, = 5.65 X 102 h~* (12.3-h repair haf-time), 3,
= 0.00, and m = 1.09 X 10-* h-*. For an effectively infinite
amount of time before plating, the optimal TLK model cal-
ibration is A, = 0.671 h-* (1.03-h repair haf-time), B, =
152 X 1073 3, = 5.09 DSBs Gyt cell =%, \, = 4.39 X
102 h~* (15.8-h repair half-time), B, = 0.00, and ny = 1.18
X 104 h=% The initial DSB yield increases from 5.09 to
6.33 DSBs Gy * cell* and the DSB repair half-time de-
creases from 15.8 h to 12.3 h. The goodness of fit to the
survival data is the same for both parameter sets (i.e., the
FOM is 2.9%). The differences between these two model
calibrations are not sufficient to resolve the observed in-
consistencies in the predicted DSB regjoining data (Fig. 6,
solid lines). Other time-to-plating sensitivity studies (not
shown) indicate that the trends seen in other LPL and TLK
model calibrations are not significantly different for effec-
tive repair times in the range from 8 to 12 h.

The TLK model has been developed without specific as-
sumptions about the biochemical mechanisms responsible
for the postulated first- and second-order repair processes.
Break-end rejoining scenarios can be envisioned in which
both the nonhomologous end joining (NHEJ) and the ho-
mol ogous recombination (HR) pathways (53, 54) contribute
to first- and second-order DSB repair processes. When only
a few DSBs are present in a cell, both the NHEJ and HR
pathways rejoin DSBs mainly through first-order repair pro-
cesses, because opportunities for pairwise damage interac-
tion are small. When a large number of DSBs are present
in acell (i.e. a higher doses), two DSBs may be formed
in spatial proximity on the same or a different chromosome,
and second-order repair processes become more likely. For
an acute 1-Gy dose, studies with the TLK model (best-fit
calibration) suggest that pairwise damage interaction pro-
cesses account for about 40% of the lethal DNA damage.
At 10 Gy, the proportion of lethal damage formed through
binary misrepair increases to 86%. For lower doses, first-
order repair events predominate. However, the relative im-
portance of second-order repair processes increases rapidly
with dose. The longer a DSB remains in a cell, the higher
the probability that the DSB will interact in pairwise fash-
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ion. Thus second-order repair processes are more important
for the slowly rejoining DSBs than they are for the fast-
rejoining DSBs.

If two DSBs in gpatial proximity to each other happen
to occur in regions of the DNA with sequence homologies
(e.g., in the repetitive DNA sequences common to mam-
malian cells), break ends associated with two different
DSBs could be migoined by HR. The NHEJ pathway can
rejoin break ends in regions of the DNA that have few or
no sequence homologies (54). The specific biochemical
pathway that is responsible for the rejoining of a particular
break-end pair will most likely depend on factors such as
the spatial arrangement of the chromosomes in the nucleus,
the state of the chromatin (e.g., binding of the DNA to
histone proteins may hold break ends together and facilitate
repair), the presence or absence of sequence homologiesin
a nearby section of undamaged DNA, and the complexity
of the damage (e.g., the additional base damage or strand
breaks that define a DSB as **complex™ could hamper HR,
NHEJ or both).

In contrast to the current work, Cucinotta et al. (24) used
multistep HR models to link the kinetics of DSB rejoining
to the formation of simple exchange-type aberrations. Al-
though they considered only first-order repair events, mul-
tistep biochemical repair models can give rise to DSB re-
joining kinetics that appears nonexponential or multiexpo-
nential because of saturation effects and pathway interac-
tions. Saturation of biochemical repair mechanisms may be
important only for high-dose exposure conditions (i.e., un-
der conditions when the number of unrepaired DSBs is
much greater than the number of available repair enzymes).
On the other hand, pairwise damage interaction processes
are determined mainly by spatial and temporal factors that
are independent of the biochemical mechanisms of repair.
Pairwise damage interaction processes can occur even for
very low doses of radiation, because a single ionizing par-
ticle is al that is required to create two DSBs in spatial
proximity (33-35).

To understand the role and relative importance of the
multitude of factors and processes that influence damage
repair and cellular responses more fully, datasets that are
even more comprehensive than the one used in this work
are needed. Additional experiments that characterize DSB
rejoining kinetics and cell killing as a function of particle
LET would be especialy useful. High-LET radiation pro-
duces pairs of spatially correlated damages more frequently
than low-LET radiation (33-35), and the binary misrepair
interaction probability m (or n,, m, and m,,) should increase
as the particle LET increases (a proximity effect). Also,
experimental and theoretical studies (55, 56) suggest that
the ratio of complex to simple damages (i.e., the ratio of
3, to X,) most likely increases as particle LET increases.
On the other hand, the repair characteristics of the individ-
ual damage types (A, N\, &, &, B, and 3,) and the damage
fixation probabilities &, and &, are most likely independent,
or almost independent, of particle LET.

For routine applications, calibration of the TLK model
will most likely be limited to adjusting a few key param-
eters. Parameter sensitivity studies suggest that an effective
strategy is to use the available cell survival data to tune the
M, A\, and \, DSB regoining parameters and the damage
yield parameter 3.,. Other model inputs can be set a priori
to reasonable values such as 2, = 20 DSBs Gy 1 cell 1, a,
=a =0, B, =000, B, =5 X 103 and y = 0.25.
Calibration of the TLK model is not overly sensitive to the
a priori selection of a particular value for the quantity
2Y(Z, + X,). For CHO célls, values of 2Y(2, + X.) in the
range from about 20 to 30 DSBs Gy * cell-* appear opti-
mal.

Although calibrating the TLK model using cell survival
data will yield better results for applications such as radi-
ation therapy where tumor cell killing is to be maximized,
some model inputs can most likely be adjusted directly or
indirectly to reflect data from assays for DNA damage or
chromosome damage. For example, data from PFGE assays
could be used to scale the DSB yield 2Y(X, + 3.,) to better
reflect the characteristics of a particular cell line. Alterna-
tively, the fast-rgjoining rate parameter A, could be set to
avalue that is consistent with experimental observations on
the initial DSB rejoining rate. It may also be possible to
estimate 3, and X, directly using ab initio (Monte Carlo)
damage formation models. Nikjoo et al. (55) estimate that
about 30% of the DSBs produced by low-LET radiation are
accompanied by additional strand breaks and may be con-
sidered ““complex’’. For comparison, the studies reported
here suggest that approximately 20% of the initial DSBs
are complex, as judged by their damage rejoining kinetics.
If the reasonable agreement between these values is not
purely fortuitous, the LET dependence of X, and 3, can
most likely be predicted from first principles.

CONCLUSIONS

The studies reported here demonstrate that the TLK mod-
el provides a more satisfactory formalism to link biochem-
ical processing of the DSB to cell killing than the LPL
model. A single set of TLK model inputs gives reasonable
agreement with all the measured cell survival data, the ini-
tial yield of DSBs Gy—* cell %, and the rate of DSB regjoin-
ing. The reported studies support the hypothesis that radi-
ation creates fast- and slowly repairing DSBs. About 20
DSBs Gy * cell * are rejoined quickly (15-min repair half-
time), and 4 to 6 DSBs Gy cell -* are rejoined very slowly
(10 to 15-h repair half-time). Split-dose experiments with
CHO cells by Nelson et al. (57) aso indicate that DNA
damage with repair half-times of the order of 18 h may be
involved in cell killing. Both kinds of DSBs make a sub-
stantial contribution to the killing of CHO cells by radia-
tion.

Sensitivity studies suggest that, even with the two first-
order repair processes and two second-order repair pro-
cesses included in the TLK model, some small differences
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are seen among the measured and predicted CHO cell sur-
vival and DSB rejoining data. These inconsistencies sug-
gest that effects not considered in the present work may
affect biochemical processing of the DSB and hence cell
killing. In contrast, Lange et al. (8) found that two first-
order DSB repair processes were sufficient to link biochem-
ical processing of the DSB to cell killing. Large, multi-end
point datasets, such as the one of Stackhouse and Bedford
(25, 26), can provide useful tests of the putative, sometimes
subtle processes linking initial radiation damage to higher-
level cellular responses. Future work should expand the
model testing and intercomparison studies reported here to
include other radiobiological models (710, 24).
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