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Abstract: The several theoretical models of cell inactivation or cell survival fraction are introduced.

Emphasis is placed on a new model

Ionization Ionization Clustering Cluster model. In order to

understand some of the mechanisms of DNA damage related to cell killing and their dependence on

radiation quality, the yields of single track lethal events are compared with the estimated yields of

different classes of complex DNA lesions calculated by a fast Monte Carlo methods.
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1 Introduction

Tonizing radiation can induce various kinds of
biological effect, its relative biological effectiveness
(RBE) varies not only with the type of radiation
and its energy, but also with the type of biological
target and the biological end point concerned. The
cell survival curve describes the relationship be-
tween the fractional survival of a population of ra-
diated cells and the dose of radiation to which the
cells were exposed. The end point for survival in
experiments is referred to the ability of a cell to re-
produce (reproductive death). It does not describe
the continued existence of a single cell. The theo-
retical models estimating the fraction of surviving
cells are of the utmost importance to the applica-
tion of ionizing radiation in radiotherapy. In the
case of hadron radiotherapy the biological effect is
not given by applied dose only. For example, their
RBE has been shown to vary hugely with kinds and

energy or linear engery transfer CLET) of ions.
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The track structure model can simulate the trans-
port of charged particle in medium and give the
spatial distribution of the energy deposit in the
scale of nanometer. Considering the stochastic of
the energy deposit, a concept of ionization cluster-
ing cluster to model the mechanism of lethal dama-
ges production is proposed. A way is being tried to
find to understand some of the mechanisms of
DNA damage related to cell killing and their de-

pendence on radiation quality.

2 Theoretical Models of Cell Inacti-

vation

The target theory is considered to be the first
basic theory of radiation biological effect'! 2,
There exists local region or structure called “tar-

” in cell, which is sensitive to radiation. The

get
target being hit by radiation can be induced some
damage. Cell survival is linked to the number of

the hit targets. If target has one hit, it is single
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target single hit theory (STSH model), the cell

survival fraction S(D) is

S(D) :exp@Dj : D
0

where D is the absorbed dose, D, is the average
dose of one hit. In multi-target single hit theory

(MTSH model), S(D) is

- N
s<D):1—[1—exp(DDH . 2
0

where N is the number of the target.

Although the target theory is supported by
lots of experiments, there exist some problems.
With STSH model in the semi-logarithmic plot,
the survival curve represents a straight line. How-
ever, experimentally cell survival curves exhibit
“shoulder” shape. With MTSH model there exists
zero slope at zero dose which has never been ob-
served in experiments.

The linear-quadratic (LQ) model* " is being
widely used in clinical radiotherapy. In this model
DNA is assumed to be the most important and key
target for the irradiation. The double strand breaks
(DSB) of DNA are considered to be the crucial ini-
tial damage responsible for subsequent biological

effects. The cell survival fraction is
S(D) =exp[— (e D +BD")] . (D)

L.LQ model provides a simple parameterization
of cell survival characteristics, which roughly
agrees with experimental data.

1[5]

The generalized linear-quadratic model->" gives

S(D) =exp[— (a(D)D+BD")] .

a<D>:ar[1+($—1j exp(;Dj:| LW
a, D.

where a,, a,, and D., together with 3, are phe-
nomenological parameters that have to be deter-
mined by analyzing experimental data. a, repre-
sents the initial slope in the low-dose region and a,
describes the initial slope of the parabolic approxi-
mation to the data in the high-dose region. With all

four parameters this model enables one to describe

the low-dose hypersensitivity phenomenon.

For photo and electron beams, LLQ model is
used commonly, as the biological effects of these
particles are determined by the dose only. The pa-
rameters (a, ) are established for the given tis-
sue, used for beams of various energies. On the
contrary, large variations have been observed be-
tween the effects irradiating by diverse ions of dif-
ferent LET values.

Local effect model (LEM) ™ describes the
differences in cell inactivation by diverse particles
related to their track structures. The basic inputs
in LEM are: the radial dose profile around the path
of the primary particle; the size of the cell nucleus;
the photon cell-survival curve.

Su. — exp U lnsx(#dsr] : (5)
Vv

where V' stands for the average nuclear volume,
the ion and photo characteristics are indicated ex-
plicitly.

In LEM the essential point is that, the “local
dose” is assumed to cause the same local damage to
cell nucleus as if the same dose were deposited by
photon. The total biological damage is obtained by
integrating the local damages over the nucleus and
all the tracks. The LEM does not address the
problem of DNA damage formation and repair ex-
plicitly. The non-linear nature of the biological
effects is taken account by referring to photon sur-
vival cure only. The assumption of equal effective-
ness of photon and ion track represents a certain
over-simplification. Consequently, also photon cell
survival curve has to be known over a very wide
dose range.

The probabilistic two-stage model™ describes
the physical and biological processes involved in
the corresponding radiobiological mechanism and
established the theoretical framework. The model
represent experimental cell survival curves not bet-
ter than the LQ model, its parameters is more than

ten.
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3  The Ionization Clustering Cluster
Model

The most important theoretical model for
physical process radiation damage is track structure
model. Track structure can provide the spatial dis-
tribution of the energy deposit in the scale of nano-
meter (dose distribution). The deposition of ener-
gy is a stochastic quantum mechanical process and
can form such as blob or spur structure’, Fig. 1
gives the interaction point of 1 keV electron track
in water vapor in two dimensions projection. From
the point view of track structure the irreparable le-
sions correspond to clustering clusters. Clustering
clusters are defined as the track entity that consists
two or more clusters (cluster size>3 ionizations,
proved to be able to cause a reparable DNA lesion,
or DSB) in a small space of 10 nm scale, which is

the characteristic scale of nucleosome.
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Fig. 1 The interaction point of 1 keV electron track in water

vapor in two dimensions.

Motivated by the assumption of interaction of
sub-lesions (clusters) in close spatial proximity,
on the basis of track structure we have proposed a
concept of ionization clustering cluster to model the
mechanism of lethal damages production, which is
called ICC model. In this model the survival frac-
tion is

S(D) =exp(— Nlellml) s
N = (ayny +ayn,) D+ BniD?, (6)

where a; » a; and p are biological specific factors. n,
and n, are defined as the average number of track
entities that can cause an initial reparable and ir-
reparable damages in a cell nucleus at unit ab-
sorbed dose. For deuteron ions at two cell cycle
phases the survival curves are calculated and shown
in Fig. 2. The results are in good agreement with

the experimental datat'®.
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Fig. 2 Calculated survival curves compared with those mea-
sured by exposing Chinese hamster V79 cells to mono-
LET charged particles.
@ Bird et al 20 keV/pm deuteron, a Bird et al 40 keV/um
deuteron, — ICC model 20 keV/pm deuteron, +++ ICC model
40 keV/pm deuteron.

4 Biophysical Interpretation of Le-
thal DNA Lesions

In order to understand some of the mecha-
nisms of DNA damage related to cell killing and
their dependence on radiation quality, we have
compared the yields of single track lethal events-!-
with the estimated yields of different classes of
complex DNA lesions calculated using fast Monte

Carlo methods'?.

Fig. 3 gives the initial yields of
DSBs, single strand breaks (SSBs), and total le-
sions with LET of protons with energies from 0. 57

to 5.01 MeV. The lethal events are taken from
11]

Kundrat result It shows that the majority of
the DNA damage is repaired in a way that is non-
lethal.

It is an extremely complex process from radia-

tion induced DNA damage to cell killing. So far,
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all the theoretical models are unsatisfactory. More

systematic work both on theoretical and experi-

mental sides is needed. It is a big challenge for us

to explore and develop the cell damage repair theo-

ry ba

sed on cellular response to the radiation in-

duced DNA damage.

Fig. 3
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Initial yield of DSBs, SSBs for protons with energies
form 0. 57 to 5. 01 MeV, yields of lethal events are

shown for comparison.
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