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A Survey of Approaches to Radiation Biophysics

A. M, Kellerer

Institut fir Med.Strahlenkunde der Universit&t Wiirzburg
Versbacher pandstraﬁe 5, D-8700 Wiirzburg

ABSTRACT: Current and past lines of reasoning in radiation
biophysics are reviewed. The emphasis is on the connection of
biological suppositions and microdosimetric data.

Two main fields of inquiry are considered. The first is the
non-cumulative action which has first been treated by Lea in
terms of the associated volume concept. The second is the cu-
mulative action which underlies radiation effects on eukary-
otes. A brief survey over present approaches is given.

The second part of the article contains quantitative crite-
ria for the applicability of absorbed dose, LET, and related
concepts. This defines those situations where the use of mi-
crodosimetry is essential.

The last section deals specifically with the determination
of the combination distance of cellular sublesions. The ap-
proaches based on dose-effect relations and on LET-effect re-
lations are contrasted. Microdosimetric data are employed to
examine and reject the hypothesis that impairement of the
proliferative ability of mammalian cells is due to the for-
mation of individual double-strand breaks in DNA,
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INTRODUCTION

The microscopic distributions of energy deposition by charged
particles are of great complexity. This complexity may be suf-
ficient to attract the physicist or mathematician to the bio-
pPhysics of ionizing radiations. However it appears that the
physical and mathematical problems have often been treated in
detail while necessity and feasibility of the application to
radiation biology remained doubtful. Multi-target and multi-
hit theory illustrate this situation; these approaches have
not led to biophysical insights. One cannot avoid the ques-
tion whether microdosimetry and its application suffer from
similar defects.

A look at the various biophysical approaches to radiation bi-
ology may contribute to an answer. A systematic and complete
survey would be worthwhile. The present brief outline will
fall short of it. Fortunately there have been a number of pre-
sentations at these symposia which have dealt broadly with
the biological problems. One could mention the contributions
by Barendsen (l1-4), Fowler (5,6), Neary (7,8), Alper (9),
Booz (10), Rossi (1l1l), Hogeweg and Barendsen (12), Elkind and
Ben-Hur (13), and Powers (l14). A full list would contain ad-
ditional references. The existence of these studies may jus-
tify that the present considerations are focussed on a few
essentials.

The first part of this article will deal with the two dif-
ferent problems of radiation biophysics namely the non-cumu-
lative and the cumulative radiation action. Brief reference
will be given to some of the relevant studies.

A second section presents criteria which permit a decision
whether in a given situation the concept of absorbed dose is
adequate or whether the statistical fluctuations of energy
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deposition must be taken into account. If the fluctuations of
energy deposition must be taken into account one has a number
of alternatives. One may either rely on the concept of linear
energy transfer (LET), or one may adopt various corrections
and modifications of LET, finally one may apply rigorous mic-
rodosimetry. The applicability of these alternatives depends
on the size of the critical sites and on the type and energy
of the charged particles. Relevant quantitative criteria will
be presented.

A third section deals in more detail with the nature of the
quantitative statements obtained from the biophysical analy-

sis of the cumulative action of ionizing radiations.

GENERAL CONSIDERATIONS

A survey over the contributions to the past symposia and to
the present symposium shows a majority of investigations re-
lated to the technical aspects of microdosimetry; however it
also shows a substantial number of investigations which deal
with the application of microdosimetry to radiation biology.
These latter studies concern two different situations which
may be termed non-cumulative action and cumulative action of
ionizing radiations.

Non-cumulative Action

The term non-cumulative action refers to the case where indi-
vidual molecular alterations cause the effect. Sparsely ion-
izing radiations have maximum effectiveness in this case.
With densily ionizing radiations a saturation effect occurs,
i.e. more than one disturbance is produced in the affected
target. Accordingly the relative biological effectiveness
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(RBE) decreases with increasing LET. For non-cumulative ef-
fects one observes exponential dose-effect relations. However
one cannot reverse the statement; an exponential dose-effect
relation does not necessarily imply non-cumulative action.

The quantitative treatment of the non-cumulative radiation
action has been developed by Lea (15). He introduced to this
purpose the concept of assoctated volume. Lea has calculated
associated volumes for protons,-.a-particles, and for x-rays.
Katz et al. (16) have dealt with the same problem and have,
in effect, derived associated volumes for heavier ions. The
validity of the approximation which they have used will be
discussed in the second part of this article.

The associated volume is closely linked and is, in fact, pro-
portional to the so-called event frequency, ¢(o), which is
one of the essential quantities among the microdosimetric
concepts introduced by Rossi (17,18). Values of -¢(o) for
much larger regions than those considered by Lea and by Katz
et al. can be directly measured; they have also been calcula-
ted (19-23).

It had earlier been assumed that non-cumulative action occurs
in the inactivation of certain bacteria and generally in the
inactivation of virusses and bacteriophages. These biologi-
cal systems have therefore been usually treated in terms of
the associated wvolume concept. However we know today that one
deals with different kinds of damage even in these relatively
simple systems. Barendsen (4) has given a useful survey over
these matters at the last symposium on microdosimetry. It
suffices to say that non-cumulative action appears to apply
to single-strand breaks in DNA and to nucleotide damage. It
does not apply to double-strand breaks in DNA.
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Cumulative Action

The term cumulative action refers to the case where two or
more molecular alterations are necessary to produce the ef-
fect. These alterations may be produced by the same ionizing
particle (intra-track effect); one obtains then linear or ex-
ponential dose-effect relations. They may also be produced by
separate ionizing particles (inter-track effect); then one
finds sigmoidal dose-effect relations. However a common char-
acteristic of both cases is that the RBE goes through a max-
imum at high values of LET.

An example of the cumulative action is the production of dou-
ble-strand breaks in DNA. Two molecular alterations in close
proximity are necessary to cause a double-strand break. This
will, at least in general, require two energy transfers (ioni-
zations) in a proximity of the order of 10 nm. Such neigh-
bouring transfers will frequently occur even in the tracks of
sparsely ionizing particles. However at absorbed doses up to

a few hundred or even a few thousand rad it is extremely rare
that two transfers from two independent particle tracks occur
in such proximity. This is likely only at much higher doses.
Accordingly one will at doses of a few hundred rad obtain lin-
ear dose-effect relations (intra-track effect) for this parti-
cular example of the cumulative effect. The postulate of Chad-
wick and Leenhouts (24,25) that individual double strand breaks
cause cell lethality is therefore in conflict with the ob-
served sigmoidal survival curves. A quantitative evaluation
will be found in the last part of this article.

Another case of cumulative action is the inactivation of eu-
karyotic cells or the production of dicentric chromosomes.

The cellular effect is in this case produced by several sub-
lesions; these sublesions can combine even if produced at dis-
tances of fractions of a micrometer to several micrometer.
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Such distances are comparable to the typical distances of
neighbouring electron tracks at an absorbed dose of a few
hundred rad. The sublesions can therefore either be produced
in the intra-track mode (densily ionizing radiation) or in
the inter-track mode (sparsely ionizing radiation). In the
latter case one obtains sigmoidal dose-effect relations.

Cumulative damage to eukaryotes is a much more complicated
case than cumulative action to molecular complexes. The rea-
son is twofold. In a site of molecular dimensions one deals
with clusters of a few ionizations. This situation is com-
plicated enough, but it is far less complicated than the in-
tricate pattern of track segments which may occur in regions
which are comparable to the dimensions of the cell nucleus.
The second reason is that the structure of the target is
highly variable; for example, it changes markedly in the dif-
ferent phases of the cell cycle. Moreover the reaction of the
eukaryotic cell is subject to various stochastic factors
which influence the dose-effect relations.

It is therefore not surprising to find a variety of appro-
aches to the problem. It is also not surprising that the
mathematical treatment of the cumulative action on eukaryo-
tes is usually either complicated or highly approximative.
In some cases it is both, for example in the so-called mul-
ti-target or multi-hit models. These models have neither led
to the definition of the sublesions nor to an estimate of
their spatial separation.

There are nevertheless a number of present approaches which
are, at least formally, related to the multi-target theory.
These approaches may be called semi-empirical insofar as they
use a mathematical expression, generally the so-called multi-
target equation, to fit observed survival curves for x-rays
and y-rays. This multi-step inactivation (gamma-kill (26) or
B-component (29)) is then,in the case of densily ionizing ra-
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diations, mixed with a one-event inactivation mode (ion kill
or a-component). The weight factors for the two components
are assumed to be certain functions of LET or of related
quantities such as velocity and charge of the particles.

The approach is descriptive rather than analytical since the
parameters in the multi-target equation are not linked to spe-
cified biophysical mechanisms. However dose-effect relations
for a mixed radiation field can be calculated once the numer-
ical values of the parameters for the components of the field
are chosen. This possibility of curve fitting has found parti-
cular interest in connection with attempts to use survival
curves for the investigation of the theoretical basis of ra-
diation therapy.

Due to their complexity it will not be possible to deal in de-
tail with these approaches. Instead one may refer to the work
of Katz et al. (26-28) and of Wideroe (29). Neufeld et al.

(30) have given a survey over these two-component theories;
they also propose various modifications of the microdosimet-
ric arguments, and occasional lack of microdosimetric argu-
ments, in these approaches.

A different approach which aims at the elucidation of biophy-
sical mechanisms rather than the description of survival cur-
ves goes back to the work by Sax (31) and Lea (15). These
authors dealt with the production of dicentric chromosomes in
plant cells. Considerations of the distance of separate par-
ticle tracks in the case of x-rays and of neutrons led to es-
timates of the order of one micrometer for the exchange dis-
tance between chromosome breaks.

This apprcach is closely linked to a number of later studies
(see for example (32-34)). It is similar in character to the
work of Neary (8) which is particular impressive as a precise
combination of physics and biology. Neary arrived at the con-
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clusion that the action of radiation on eukaryotes involves
the formation of pairs of sublesions separated by fractions
of one micrometer.

The treatment developed by Lea and by Neary was still based
on the LET-concept. More recently an accurate analysis of the
formation of chromosome aberrations by sparsely ionizing ra-
diations and by neutrons has been performed in terms of mi-
crodosimetry (35-36). This analysis has, in essence, confirmed
Lea's earlier results., It is particularly remarkable that the
microdosimetric analysis has not only led to a quantitative
explanation of the RBE for chromosome damage by neutrons as

a function of dose (37), but that it has also led to the pre-
diction and apparent confirmation of values of the increased
effectiveness of x-rays as compared to y-rays or fast elec-
trons (38,39). Whether the observed RBE of nearly 2 at small
doses applies also to the inactivation of mammalian cells is
an open question.

Kellerer and Rossi (40) have applied the microdosimetric an-
alysis to the RBE of neutrons and its dependence on absorbed
dose. For a wide variety of effects they found relations
which were analogous to the situation observed in the forma-
tion of "dicentric chromosome aberrations. One might take this
as an indication that chromosome aberrations play a wide role
in various cellular radiation effects. But this is not more
than a hypothesis, and it is possibly in conflict with ex-
perimental evidence (41) The essential result is that in the
cumulative action on eukaryotes one deals with pairs of sub-
lesions which contribute to the effect even when they are
produced at distances of the order of micrometers.

These results are at variance with conclusions by Barendsen
et al. (3,12) who have investigated inactivation cross-sec-
tions of mammalian cells zn vitro as a function of LET and
who have found that the data agree with the assumption that
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cumulative action occurs over distances of approximately 7 nm.
Barendsen has pointed out that part of the disagreement may
be resolved by the fact that one deals with cumulative action
both on the nanometer and the micrometer scale. Further re-
marks on this problem will be found in the last part of this
article.

The approach by Chadwick and Leenhouts (24,25) has already
been mentioned. It is formally identical to the other appro-
aches which deal with a quadratic process, however it is ba-
sed on the postulate that cell death is due to individual
double-strand breaks. Microdosimetric data which contradict
this postulate are found in the last part of this article.

In view of the variety of approaches to radiation biophysics
it is desirable to establish quantitative criteria for the
necessity to apply microdosimetry. First one may ask for the
applicability of the quantity absorbed dose, secondly one
may examine the validity of the approximative treatment in
terms of LET or related concepts. These points will be treat-
ed in the next section.

NECESSITY FOR THE APPLICATION OF MICRODOSIMETRY

Applicability of Absorbed Dose

Absorbed dose is only a statistical mean. If one considers
a small region, if the absorbed dose is small, and the ra-
diation is densily ionizing then the actual value of the

spezific energy, z, will fluctuate widely around this mean
value. On the other hand, for sufficiently large regions and
for sufficiently large absorbed doses the fluctuations may
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