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STATISTICAL ASPECTS OF RADIATION ACTION

Albrecht M. Kellerer

Early radiation biology had a particular attraction to the biologist as well as
the physicist. The kinetics of radiation action seemed to indicate that in the living
cell a single atomic or molecular random event can express itself in a macroscopic
result. This induced high expectations into the use of ionizing radiation as an
instrument to probe the structure of living matter. Today, some fifty years later,
these expectations have been somewhat dimmed. Still the questions asked in the
early days of radiation biology have lost little of their interest. It may therefore be
useful to point out the directions which radiation biology has been taking after the
setbacks encountered by some of the old ideas.

First some of the concepts may be recalled which have shaped quantitative
radiobiology in the past. Viruses and certain bacteria show an exponential decrease
of survival probability with radiation dose. The exponential relation is character-
ized by the fact that equal dose increments decrease the fraction of survivors by
equal ratios. In analogy to the kinetics of radioactive decay this has been taken as
an indication that the radiation damage is not due to continuous accumulation of
energy absorption. Instead it was assumed that the effect is brought about in a
single critical event. These hypothetical events were not identified by Dessauer
(1), who tentatively spoke of ‘point heat’. Crowther (2), however, who simulta-
neously developed the statistical concept of radiation action proposed that the
critical events were in fact single ionizations.

The single hit concept was the starting point for a formalism which is based
on the assumption that the statistical fluctuations of energy deposition and not the
reaction kinetics of the cell determine the survival curve. It was assumed that this
is true not only for exponential dose effect curves but also for ‘sigmoidal’ curves
which were considered to be the expression of damage accumulated in a certain
number of statistically independent critical random events.

The statistical models of radiation biology have been discussed in a vast liter-
ature of their own. Biologists have always been hesitant to accept the highly
formal analysis of dose effect relation which has been developed in target theory
(3). But it was only in recent years that the weak points in the conventional anal-
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14 Albrecht M. Kellerer

ysis have been pinpointed, and that alternative approaches have been indicated
(4). There are two essential aspects: First, the conventional formalism is mathe-
matically inconsistent. Secondly, it is wrong to assume that all random factors
which express themselves in the survival curve are connected with the fluctuations
of energy deposition; additional stochastic factors are equally important.

In order to outline the implications of these facts there will be first some gen-
eral remarks on the analysis of the random factors involved in radiation action.
Then the special problem of the statistics of energy absorption will be discussed.
Finally some of the random factors characteristic for the biological processes will

be dealt with.

The dose response relation as an expression of statistical processes.

The conventional evaluation of dose effect curves has been based on the
assumption that the biological effect, e.g. cell inactivation, is due either to a single
energy absorption event or to a succession of random events of energy absorption
in the cell. One obtains characteristic dependencies of inactivation probability on
dose if one assumes different numbers of events for the critical threshold. There
have been various methods to distinguish the resulting curves and to infer the criti-
cal threshold values. The mathematical techniques employed have not always been
the most efficient ones, but the basic ideas have been the same.

One may summarize the reasoning by the statement that, if the critical
number of statistically independent events is n, then one obtains a so-called gam-
ma-distribution of order n as reaction curve. The inactivation probability, P(D),
as a function of absorbed dose is then given by:

(kD n—1

D
P(D) =0J ke—*p ( dD (1

n— 1!
where k is the mean number of critical events per unit dose.

Equation (1) is more commonly given in the form:

n—1
kD)*
P(D) = Zo e~+P %

It is easy to show that both forms are equivalent. Equation (1) has the advantage
that it clearly shows that the differential distribution, p(D), of the inactivation
dose is indeed a gamma-distribution:

dP(D) ,_(kD)»!
p(D) = D = ke™* =1 (3

Fig. 1 represents the inactivation curves. Fig. 2 represents the corresponding dif-
ferential distributions of inactivation dose. Probability theory offers simple ways to
distinguish these curves and to infer the characteristic index n. The easiest method
is a comparison between the mean inactivation dose and its variance. If few random
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Fig. 1. Reaction curves according to equ. (1) or (2). The curves are integral gamma-
distributions of order 1, 2, 4, and 10. The dose is in arbitrary units.
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Fig. 2. Probability densities of inactivation dose according to equ. (3). The curves are
the derivatives of the curves in fig. (1), i.e. they are gamma-distributions of order
1, 2, 4, and 10.

events are sufficient to bring about the effect, the random nature of the process is
strongly expressed, and the response curve instead of being a step-like function
must be fairly washed out. If a great number of events is involved in cell inactiva-
tion, the random fluctuations are less expressed and one may obtain a curve which
is rather steep. Thus the standard deviation, o, of the inactivation dose as com-
pared to the mean inactivation dose, D, indicates the influence of the random fac-
tors involved in the process. The mean inactivation dose is defined as:

b= j D p(D) dD 0
0
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which in the special case of the gamma-distribution leads to:

0

5=kjpe—kb((7"%ff)—l!-dp=£ ®)

The variance, o2, is defined as:

© o«

2 = J' (D — D)? p(D) dD = J D? p(D) dD — D? (6)
V] 0
and with equation (3) one obtains:

(kD)1 n nn+1) n* n
Co-0 TS T TET R @

o=k | Do
0

Thus the ratio D2/¢*> which measures the steepness of the curve is equal to the
critical number of events:

=n (8)

It is remarkable that only the first two moments of a dose-response curve have to
be known to obtain the parameter n.

The mean value, D, depends on the cross-section constant k (see equ (5)).
The absolute position of the curves is therefore irrelevant to the statistical analysis.
The curves in fig. 1 and 2 are arbitrarily normalized to the same mean value. The
width of the curves indicates how the relative deviations from the mean inactiva-

tion dose D decrease with increasing value of n.

These considerations have been dealt with in some detail because they have
actually been applied, though not always in the most consistent mathematical form,
to a number of different fields. The application to the action of ionizing radiation
has already been mentioned; an excellent survey of this application has been given
by Zimmer (5). Independently the formalism has been used to derive the criti-
cal number of light quanta to evoke a light sensation in the human eye (6,7,8,9).
If one plots observation frequency as a function of the intensity of a short light
flash one should see the influence of the statistical fluctuations of the number of
photons striking the retina. By analysing this curve the threshold numbers have
been determined by various workers, who have found various values for the criti-
cal numbers; an example is given in figure 3. A third application has been in phar-
macology where the possibility has been discussed that toxic effects on cellular
units are the result of the action of a small number of molecules of the pharmacon
(10,11,12). One has seriously considered this even in such an extreme case as the
killing of the large alga Nitella by copper-chloride. It is quite interesting to follow
the discussion of this problem for example in Clark’s chapter in the handbook
of pharmacology (13). Apparently quite similar discussions have been aroused by
the respective application in radiobiology, physiology, and pharmacology, but the
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Fig. 3. Observation frequency as function of the intensity of short light flashes. The
curves are from data presented by HECHT et al (7).

workers in these different fields seem to have been largely unaware of the parallel
approaches.

The weakness of the formal interpretation of the dose-response relations is
that it is based on an idealized model. In general—some of the light quanta exper-
iments may be an exception—one had been well aware of this limitation (3,5).
Specifically the biological variability of the exposed objects and the possible differ-
ences in the hypothetical critical events have been discussed. But more or less tac-
itly it was assumed that the sum total of all the deviations from the idealized
model might cancel out, so that the analysis, though blurred by additional parame-
ters, might still be essentially right. This assumption would imply that if for exam-
ple the attention of the observer in the light quanta experiments fluctuates this
would on the average cancel out. Similarly if the units of an irradiated population
responded differently the compound curve would have a shape which corresponds
to the mean of the individual hit numbers and threshold values.

This confidence in the mathematical formalism proved to be fundamentally
wrong. It has been shown that, far from averaging out, all deviations from the
idealized model work in one direction. The general effect is one of broadening the
response curve i.e. increasing its relative variance. In other words, the deviations
suggest a critical number which is too low. This can be illustrated by the two
curves of fig. 3. The parameters n deduced from these curves are 6 and 7. If one
pools the data from the two experiments and calculates the parameter n for the
averaged curve one does not obtain n = 6.5. Instead one finds a value of approxi-
mately 3. Thus the relative variance is sharply increased by averaging the two
experiments. It is interesting to note that the increase is appreciable even in this
case where the difference in the reaction of the test objects is moderate. If one
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studies the response of mammalian cells to ionizing radiation in the various phases
of their generation cycle one finds differences which are much more expressed. The
relative variance of the dose effect relation must then be largely due to the fluctua-
tions in cellular sensitivity. The fact is indeed brought out in studies with synchro-
nized cell cultures. But even with a well synchronized population one can not
assume that ¢* solely reflects fluctuations in energy deposition.

Therefore all one can formally deduce from a dose-response relation is a
lower limit for the number of interacting random events. This is true in the light
quanta experiments for the threshold of vision, it is clearly true in pharmacological
reaction curves, and it applies to radiation biology as well. Formally one can
always deduce the order of the reaction kinetics which expresses itself in the dose-
response curve. But this is in fact a purely formal index influenced by the full
complexity of the reaction of the biological object to an irradiation. It is rather
important to keep this in mind as it has too often been overlooked. In the determi-
nation of cross-sections one is well aware of the fact that these are in general
formal indices which represent only a lower limit for the true physical cross-sec-
tion. One should be equally aware that the same is true for the reaction order of a
survival curve, evaluated on the basis of whatever particular model.

There is little reason to believe that the interplay of fluctuations of energy
loss, of biological variability, and of statistical behaviour of the cell can be ade-
quately described either by equation (1) or any of its variations employed in
target theory. Curve fitting formulae with or without target theory interpretation
have brought little progress to radiation biology. Application of the theory of sto-
chastic processes seems more promising and has already lead to some useful
results (4). One may just note one particular finding which is connected to the
discussion on the moments of the dose effect curve given earlier in this paragraph.
It has been proved in full generality that for an experimentally determined relative

variance ¥ = o2/D? the mean number of statistically independent energy absorp-
tion events involved in the effect can not be smaller than V-'. This is a result not
without interest. From certain experiments on the x-ray inactivation of mammalian
cells in S-phase one can for example deduce that more than 4 energy absorption
events (passages of ionizing particles) must on the average be involved in the
inactivation process. This is a valuable conclusion, but it is, of course, a rather
limited statement as compared to the original idea of deriving an actual ‘event
number’. The example of the quantum vision experiments makes this particularly
clear. The experiment has been designed to show how few quanta are needed to
evoke a light perception. Formal analysis, however, can only indicate how many
quanta must be at least involved in the process, the actual number being perhaps
much higher. This means that formal analysis has to be supported by additional
physical evidence if one wants to bracket the number of interacting random events
more closely. In the case of the light quanta experiments one simply has to deter-
mine the actual mean number of photons which hit the retina (7,8,9). With ionizing
radiations the physical measurements are more complex. In fact they form a disci-
pline of their own for which the name microdosimetry has come into use.
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The new approach to the energy absorption problem

A realistic treatment of the statistics of energy absorption has to be based on
the analysis of the microscopic spatial patterns of energy deposition with different
kinds of ionizing radiation. These patterns are too complicated to be adequately
represented by either a Poissonian distribution of statistically independent ioniza-
tions or by straight, continuous tracks of charged particles as suggested by the
theory of linear energy transfer (LET). A theoretical analysis (4,14) of these pat-
terns involves various factors. Some of these are: track segment length in a sensi-
tive volume or in a region of interaction of free radicals, curled shape of the parti-
cle track, varying stopping power and, last but not least, the discontinuous nature
of energy deposition along the track. The theoretical analysis of the interplay of
these factors has to rely on large scale electronic computing, it must also be based
on quantum mechanical data on collision cross sections which are as yet insufficient.
It is for this reason that H. H. Rossi and co-workers used a more direct
experimental approach when they introduced the concepts of microdosimetry
(15,16). They simulated the processes of energy deposition in tissue by employing
spherical proportional counters filled with tissue equivalent gas and surrounded by
tissue equivalent walls, in order to directly determine the probability distribution of
the energy deposited in microscopic volumes. This experimental analysis of the
patterns of energy absorption has been performed for various kinds of ionizing
radiations and it has lead to very useful conclusions. The resulting probability dis-
tributions of specific energy—or, in more naive terminology, local dose—are lim-
ited to regions not much smaller than one micrometer. But there seems to be no
reason why these distributions cannot also be derived, theoretically or experimen-
tally, for smaller regions. Moreover it appears that in one of the systems of fore-
most interest to radiation biology, the mammalian cell, the biologically relevant
interactions of energy depositions cover distances of the order of magnitude of a
micrometer.

The case of a tissue sphere of 0.5 um diameter exposed to ¢°Co y-radiation is
taken as an example in fig. 4 to illustrate the probability distributions of specific
energy, z, and their dependence on dose D. Without going into the actual defini-
tions of the basic quantities and probability distributions in microdosimetry one
may point out a few approaches in order to characterize the possible applications
to radiation biology.

One of the most straightforward applications is the one which is used to show
that in certain cases exponential survival curves are indeed due to single events.
An outstanding example is the exponential survival curve derived for mouse sper-
matogonia in vivo with neutron irradiation (17). Microdosimetry data show that
at the 37% survival the mean number of events in the whole cell is near to one.
That indicates that with this particular radiation and in this special cellular system
exponential survival is indeed an expression of single hit inactivation; it further
indicates that a heavy charged particle kills the cell it passes even if it does not
penetrate its nucleus. One might still assume that cell-killing in these in vivo exper-
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Fig. 4. An example of the distributions of specific energy, z. The curves correspond to
the irradiation of a tissue sphere of 0.5 um diameter with 60Co-y radiation. The
dose, D, is given as parameter. For details see (14).

iments is also influenced by humoral factors in the tissue in which the spermato-
gonia are imbedded. Thus the case for a single hit process is not established
beyond all doubt. What microdosimetry data tell, however, is that cell killing in
this instance is certainly not due to a multi-absorption event process inside the cell.

One must, of course, be careful not to blindly extrapolate these findings and
to conclude that all exponential curves are due to single-absorption event action.
This point will be somewhat further discussed in the next section.

A second type of application is somewhat more indirect. It involves the
assumption of a well-defined sensitive site in the biological object. Therefore it can
only be accepted with the same reservations which one may hold regarding this
assumption. An example is the analysis of the mutation frequencies in maize pro-
duced by neutrons of different energies (18). The model chosen by Rossi and Smith
for evaluation of these experiments is that of a sensitive volume with a
certain threshold of absorbed energy for induction of this specific mutation. A
comparision of the probability distributions of energy absorption for the different
neutron energies with the observed mutation frequencies leads to the conclusion
that for a region of diameter 0.3 um and only for this diameter one obtains one
and the same critical threshold regardless of radiation quality. There is support for
these results in findings which Sparrow, using a different experimental endpoint,
has obtained in recent years on various plant species (19). His results sug-
gest that an irradiated plant is killed if a critical amount of energy is deposited in
its chromosomes. The notion that the chromosomes are the gross-sensitive struc-
tures in radiation effects on plants conforms with the assumption that the critical
distances of interaction of energy deposition are of the order of magnitude of a
micrometer.
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The probability distributions of local energy density can, by the way, also be
used to demonstrate that the simple model of a spherical sensitive volume is to be
rejected in some cases. An example are studies of lens opacification (20). It is note-
worthy that here the analysis leads to the concept of two adjacent sensitive sites or
to the assumption that biological effects depend not only on a certain critical
energy threshold but also on a certain spatial extension of the energy deposition.
This idea is in agreement with models Neary has proposed in recent years (21) to
explain the induction of chromosome aberrations in Tradescantia by radiation of
different ionization density.

Microdosimetry may also be applied in a more general fashion without actual
reference to any particular model of radiation action. As was pointed out earlier,
the dose response function is not merely a reflection of the energy absorption proc-
esses. Other statistical factors may as well be involved. The objects in the irra-
diated population differ or are in different phases of the cell-cycle. Moreover the
reaction chain from the primary steps of energy deposition to the formation of the
initial lesion and to the final manifestation in a chromosome aberration or in a
mitotic failure involves stochastic elements. This is specifically so if one deals with
sigmoidal dose response functions which express a continuous or stepwise accumu-
lation of damage. In these cases it may be appropriate not to try to explain the
detailed shape of the curve. Instead one may analyze the relative variance of the
observed survival curves on the basis of microdosimetry data. The variance of the
dose response curve is only partly due to the fluctuations of energy absorption. In
general one cannot split up the observed variance according to the different sto-
chastic factors involved, thus one may merely conclude that the variance due to the
energy absorption statistics is equal or smaller than the one which has been experi-
mentally observed. The relative variance of the local energy density distributions is
largest for the smallest volumes. It is therefore possible to derive a lower limit for
the diameter of the sensitive sites below which the fluctuations of energy absorp-
tion alone would exceed the total relative variance of the survival curve (4). From
inactivation experiments on mammalian cells with Cobalt gamma radiation and
x-rays one concludes in this way that the gross sensitive volume cannot be smaller
than 1 um. Otherwise the statistical spread due to the fluctuations of energy
absorption would be greater than the observed variance of the dose response
curve. This is a finding which shows that microdosimetry can be applied where the
classical formalism for the analysis of sigmoidal dose response curves fails.

In order to illustrate this fig. 5 gives two examples of inactivation curves
obtained on cultures of isolated mammalian cells. Fig. 6 represents the curves
which result if one asks for the probability to exceed a certain value of z at a cer-
tain dose. These curves refer to a spherical tissue region of a diameter of 1 ym
and to x-rays. The inactivation curves are similar to the distributions of
dose, D, necessary to reach a local dose z of about 300 rad in the 1 um-sphere.
This does not imply that one deals in fact with a sensitive site of 1 um and with
a well-defined threshold. The sensitive regions in the cell may be, and probably
are, of complicated structure, they may also consist of many separate sites. The
comparison of fig. 5 and fig. 6 merely shows that the gross sensitive area cannot
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Fig. 5. Two examples of an inactivation curve of mammalian cells with x-rays. No con-
fidence limits are given here; for an estimate of the uncertainty in the curve
shape see (22) and (23).
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Fig. 6. Probability distributions of the dose necessary to reach certain limits of specitic
energy, z, in a 1 um diameter tissue-sphere. The threshold values of z are given
as parameters. The curves are based on calculated distributions for 200 keV
x-rays (4).

have a diameter less than 1um. The sensitive structures must be dispersed in the
cell in such a way that they cannot be included in a sphere of diameter less than 1
pm.

Finally microdosimetry will certainly be of great importance in a more quan-
titative treatment of radiation chemistry problems. The concept of LET is severely
limited even if one deals with the comparatively simple system of a homogeneous
aqueous solution, and it has to be substituted by the analysis of the actual distribu-
tion of relative distances between tracks and between energy depositions along and
around the tracks. Straggling, i.e. the discontinuous energy deposition along the
particle track, is in many cases more important than LET (24). This accounts for
the fact that the actual mean values of local energy concentration in regions of
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roughly 1 pm diameter are very nearly proportional to the empirically determined
values of the so-called quality factor while mean values of LET are not (25).
Microdosimetry data can certainly lead to a much better understanding of RBE
than the LET concept or any refined model based on it.

Randomness due to physiological processes

The cases in which a dose response curve reflects the statistical fluctuations of
energy deposition are most characteristic for radiobiology. For this among other
reasons, studies with densely ionizing radiations, where one usually obtains expo-
nential dose effect relations, meet particular interest in the field. Conclusions from
these experiments must, however, not be generalized to sigmoidal dose response
curves without further evidence. It has been mentioned in the preceding paragraph
that when a sphere of a diameter of 1 ym is exposed to x-rays, the fluctuations of
energy deposition are large enough to explain all of the observed variance of the
dose effect relation in the inactivation of mammalian cell cultures. But the fluctua-
tions become much less expressed when one deals with larger volumes. If the
whole nucleus of the cell were equally sensitive the statistical variations of energy
deposition with x-rays would be rather insignificant. The variance of the dose
effect response would then be entirely due to other stochastic factors.

A comparison of the experiments on unsynchronized and synchronized cell
cultures shows that biological variability due to different sensitivity of the cell in
the various phases of its generation cycle plays an important role. Work with syn-
chronized cultures can at least partly eliminate this factor. It should, however, be
noted that the application of the conventional formalism in these experiments may
be particularly misleading. It has become more and more common in radiobiology
to represent dose effect relations against a logarithmic scale of survival probability.
Historically this has developed from certain target theory models. These models
have been given up by now. But the use of the logarithmic scale of survival rate
has been found practical since it stresses the low survival part of the dose effect
curve, and this part is easiest to determine experimentally. For this reason the
target theory plot of survival curves is still preferred. It is also preferred because
the low survival part of the dose effect relation is specifically relevant, or is
thought to be specifically relevant, to radiotherapy. While these may be perfectly
good reasons to adhere to the conventional representation of dose effect curves,
one should still be aware of the fact that this representation leads to a somewhat
biased view of cellular radiation response. Quantities, as for example the so-called
extrapolation number, are strongly influenced by small subpopulations of cells with
different response. A mathematical analysis based on the moments of the dose
response is therefore necessary in order to obtain improved quantitative data on
the variations of cellular sensitivity and response characteristics within the genera-
tion cycle.

In an ideally synchronized cell culture of a perfectly homogeneous strain one
still had to expect stochastic factors in the cellular response. It has been shown that
even exponential survival curves may be explained on the basis of the stochastic
behaviour of the cell (26,4). In fact, it is characteristic for a multi-component
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system that its overall performance rate decreases exponentially if the small break-
down probability of its individual components is increased linearly. Mitosis, specif-
ically in an in vitro system, is a critical phase in cell life and as such susceptible to
an inherent lability. The spontaneous breakdown probability expresses itself in the
limited plating efficiency in cell culturing and in occasional unsuccessful divisions
throughout the development of a clone.

Till et al. (27) have introduced the concept that the survival curve may be
an expression of the random pattern of successful and unsuccessful divisions within
pedigrees of the irradiated cells. They performed Monte Carlo calculations and
demonstrated the influence of this factor. The problem can also be solved analyti-
cally, it is in fact a well-known example of elementary probability theory, the so-
called “gambler’s ruin” problem (4). The solutions of this problem show that even
with an exponentially decreasing division probability one obtains sigmoidal dose
dependence for the probability to reach a certain clone size. This is illustrated by
the curves of fig. 7, and it supports the observation that the shape of the survival
curve indeed depends on the choice of the experimental end point. From observa-
tions on the pedigrees of cells it is obvious that the stochastic aspect of clone
development must influence the dose effect relations. Experimental data on mam-
malian cells are as yet scarce, but detailed pedigrees obtained for yeast cells
exposed to UV-radiation (28) agree well with the simple model that the division
probability is reduced exponentially with dose (29).

Although extensive Monte Carlo studies have been performed on the basis of
the stochastic approach to cellular kinetics (30), the results are still of qualitative
rather than quantitative nature. It is not known at present how the observed vari-
ance of the various survival curves of mammalian cell systems splits up into the
contributions of the different statistical factors involved.
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Fig. 7. The probability for failure of a single cell to develop into a clone of at least
K cells. The probability is plotted as a function of dose, under the assumption
that the division probabilities after irradiation decrease exponentially with dose.
For a detailed discussion see (4).
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A few concluding remarks on the meaning of the initial slope of the survival
curve may demonstrate the ambivalence in possible interpretations. Whatever the
detailed shape of the survival curve may be, the initial slope is in general looked
upon as a direct indication that the biological effect can be brought about by a
single act of energy deposition. This is one of the simplest and most widely
accepted assertions concerning the dose effect relation. It can be generalized
according to the fact that a dose response curve may be expressed as a power
series at zero dose. If P(D) is the fraction of cells which form no visible clone one
ohtains the following dependence on dose D:

P(D)=ao+a1-D+a2‘D2+...

Then a, is the spontaneous failure rate, a, represents the initial slope and is inter-
preted as single hit probability per unit dose, a. is assumed to be the probability
that at unit dose two ‘sublethal’ events occur and interact to inactivate the cell.

A good point can be made for this interpretation. It is in general not easy to
obtain accurate figures for the initial slope a,. Particularly the corrections for cellu-
lar multiplicity as they are generally employed may distort the actual values. But
with the help of some additional information as for example provided by Hall and
Bedford in their cell inactivation experiments with very low dose rates (31)
one can at least obtain estimated values of a,. Microdosimetry data show that even
with sparsely ionizing radiation there is always a certain probability that high local
energy densities are produced in the passage of an ionizing particle. It is then not
surprising that there should be a single hit component in the survival curve.

Nevertheless it is unjustified to blindly identify numerical estimates of a, and
a. with event probabilities. Reasonably accurate survival probabilities can at pres-
ent not be derived with x-ray doses below 50 rad. At a dose of 50 rads however a
cell is still penetrated by several hundred ionizing particles. Even the nucleus is
passed by roughly a hundred charged particles at this -dose. One can therefore not
exclude that in this dose range the division probabilities after irradiation are well-
defined functions of dose without much influence of the statistical fluctuations. If
one assumes that the breakdown probabilities in the first and second generation
are q, and g. D and if higher order terms and cell deaths in later generations
are not considered, one obtains the inactivation probability:

P(D) =¢q, D+ gq;* D?

Thus the coefficient in the linear term is interpreted as breakdown probability in
the first post-irradiation generation, while the square term represents failure in the
second generation. Again the linear term corresponds to the probability that the
effect is brought about in a single random event, while the square term reflects the
probability for the interaction of two random events, namely the failure of both
daughter cells in the second post-irradiation generation. This is yet another exam-
ple that one and the same formal interpretation of the dose effect relation can be
given completely different meaning. It is for this reason that formal analysis must
be closely supported by microdosimetric data and by studies on cellular kinetics
and its radiation induced disturbances.
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