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K. G. ZIMMER 

lnstitutfiir Strahlenbiologie, Kernforschungszentrum Karlsruhe, Karlsruhe, Germany 

The Target Theory 

I. INTRODUCTION 

To write about work done more than thirty years ago, about the views 
and aims that gave rise to certain experiments, is not an easy task. In a 
recent review by another contributor to this volume (Stahl, 1959) we find 
the statement " ... the primary aim in employing radiation in the study of 
phage is to elucidate the normal state of affairs." Well, this is exactly what 
I did not have in mind when starting to work with Timofeeff-Ressovsky 
about a year or two before we came into contact with Delbrilck. The prob­
lem that fascinated me (and, by the way, it still does) was to find out as much 
as possible about the primary physico-chemical processes produced in ele­
mentary biological entities by ionizing radiation. At that time, genetic 
changes in Drosophila were about the most elementary and the most 
clearly defined biological reactions available and formed, therefore, the 
system of choice for such work-not to speak of the brilliant personality of 
Timofeeff-Ressovsky which made team-work an exciting adventure. Of 
course, the two views, i.e. the one held by Stahl and the other one that I 
prefer, are not, eventually, distinguishable. They rather form different ap­
proaches to one problem: one cannot use radiations for elucidating the 
normal state of affairs without considering the mechanisms of their actions, 
nor can one find out much about radiation induced changes without being 
interested in the normal state of the material under investigation. 

2. THE STATE OF THE ART IN I932 

Nevertheless, I joined the team with the intention of using Drosophila 
to investigate the actions of ionizing radiations, and I should state clearly 
what attracted me to do so. In I932 quantitative radiobiology had just 
become of age; that is, relevant experiments had been done for about 
20 years. The early observations had revealed the need for quantitative 
analysis and formulation of hypotheses concerning the mechanism of action. 
This need arose because two observations were made, the explanation of 
which was by no means obvious. 

The first of the two puzzling observations was that such remarkably 
small amounts of energy can be followed by biological effects when the 
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energy is delivered to the biological material by ionizing radiation. To give 
this point force, many comparisons have been suggested, e.g. that the 
amount of energy absorbed by drinking a cup of tea would be fatal to man 
if delivered as X irradiation instead of heat. 

The second of these puzzling observations stands in close connection 
to the research which gave rise to it. This was mostly carried out by ir­
radiating populations of biological objects (such as bacteria) and determin­
ing the fraction of individuals which showed a given effect after a given 
dose. It had been previously recognized that such experiments could be 
of value only if the population was as homogeneous as possible in respect 
to all biological parameters, such as size and age of the individuals. Cor-
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F1cuRE 1. Diagram illustrating dose-effect 
curves for action of poisons and of radiation. 

responding experiments with poisons (chemical agents) had mostly given 
dose-effect curves of a kind which showed practically no effect up to a 
"threshold dose" and then climbed steeply up to 100% effect (Fig. 1). But 
experiments with radiations led in many cases to dose effect curves rising 
slowly to 100% and in which no threshold could be recognized. Concerning 
the experiments with chemical agents, the difference between threshold 
value and 100% dose was generally regarded as an effect of unavoidable 
biological variability (scatter of sensitivity). The results ofirradiation, how­
ever, were scarcely amenable to an explanation of this sort, since application 
of an analogous line of thought seemed to demand a wholly unusual varia­
bility in the biological parameters. In more recent times, more detailed in­
vestigations have raised doubts as to whether these arguments of old-time 
radiobiology were really sound. These doubts will have to be considered 
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later (cf. section 4). It was the discovery of the form of a dose-effect curve for 
which a plausible explanation did not seem available that led to an entirely 
new line of thought: the application of the concepts of quantum physics to 
biological problems. These concepts in a generalized form have been well 
justified as a working hypothesis, since there is no doubt but that in this way 
modern physical concepts came into contact with biology, and that the syn­
thesis of the two specialties so initiated has been remarkably fruitful. At this 
point our interest lies primarily in the beginnings of this development, that 
is, in the first hypothesis by way of which modern physical concepts were 
introduced some forty years ago into radio biology, and thereby into biology: 
the "hit" theory (Dessauer, 1922; Blau and Altenburger, 1922). According 
to this view, the form of the observed dose-effect curve is due to the fact that 
absorption of radiation is not a continuous but a quantized process which 
follows the statistical principle that bears the name of Poisson. According to 
the mathematical formulation of this idea, the observed effect should appear 
in a member of a population having received macroscopically homogeneous 
irradiation when a minimal number of absorption events (called "hits") 
have happened in this individual. A strong resemblance could be shown to 
exist between the observed dose-effect curve and the curve calculated for 
the probability of occurrence of given numbers of absorption events for a 
given dose. In these calculations, the inevitable biological variability of the 
test material was, at first, admittedly neglected. 

A very important development came some years later which not only 
independently extended the concepts of the hit theory but led further to 
the "target" theory (Crowther, 1924, 1926, 1927). The significant part of 
this work was that it offered the possibility of calculating from the dose­
effect curve a volume, the target, within which the required number of 
absorption events must occur during irradiation, with a given probability. 
Comparison of the hit and target theories shows that the hit theory is to a 
large degree formal and very similar to the theory of chemical kinetics. The 
target theory, in contrast, demands that a well defined physical event must 
be chosen as the "hit." The three-dimensional target volume postulated in 
the original version of the theory can be computed only if the dose, stated as 
the number of absorption events per unit volume or mass, is given: here, 
choice can be made between a whole series of physical processes as absorp­
tion events, e.g. ionizations, excitations, primary ionizations, etc. Similarly, 
a two-dimensional target (reaction cross-section) can be worked out if the 
dosage is given in terms of the numberofparticlescrossing a unit area.In any 
case, in applying the target theory, it is always necessary that the hit process 
should be clearly defined; a necessity which, as shown by later developments 
(Timofeeff-Ressovsky and Zimmer, 1947), has been often very helpful for 
further analysis. 
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A very important application of the target theory was made a few years 
later (Holweck and Lacassagne, 1930). Under the name of statistical ultra­
micrometry, a process was suggested of applying techniques of irradiation 
to determine the size of biological objects or structures, on the assumption 
that the targets calculated from experiments with irradiation in general 
corresponded to biological structures or functional units possibly too small 
to be measured in other ways. It must be admitted that these hypotheses of 
statistical ultramicrometry assumed implicitly that each hit on a target is 
followed by the observed effect with unit probability: but nothing is known 
a priori about this probability, and it is difficult to determine. 

The hit theory thus appears to offer an explanation of the radiobio­
logical dose-effect curve, which had seemed at first sight so difficult to 
understand. Beyond that, the target theory opens the way to understanding 
why irradiation is so efficient in inducing biological effects. For, if these 
effects result from transfer of energy to small targets, and not from release 
of energy into the whole bulk of the material, it is easy to understand the 
difference between the action of radiation and of heat. Because of the 
statistical nature of the absorption ofradiation, introduction of small incre­
ments of energy into the material as a whole could mean that small targets 
receive relatively large amounts. This conception is well expressed by the 
word "point-heat" coined by Dessauer. Obviously, the question should be 
raised as to what kind of event can result from this localized release of 
energy. The idea at first associated with point-heat was local denaturation 
of protein, whereas other authors regarded chemical reactions induced by 
local energy release as more likely. 

3· THE "GREEN PAMPHLET" OR "DREIMANNERWERK" 

In order to apply the ideas outlined in the preceding section to the 
process of radiation-induced mutation, the already existing experimental 
results, mainly in Drosophila, had to be analyzed and extended. In the 
course of about two years, Timofeeff-Ressovsky, Zimmer and their col­
laborators succeeded in filling in several gaps in the understanding of the 
effects of various radiations other than ordinary X rays. The problems to 
be solved were concerned mainly with suitable sources of radiations and 
with accurate dosimetry. There is no need to describe this work in any 
detail here, though it may be pointed out that our use of 1 gm ofradium as 
the source was something quite unusual in radiobiology, and that an exact 
evaluation of the energy absorbed by Drosophila from a field of gamma-rays 
had not been attempted before. 

At about the time these studies reached completion, Delbrtick became 
interested in our line of work: however hard I try, I cannot remember 
exactly how the contact was established, but I do remember vividly the 
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discussions that followed. Two or three times a week we met, mostly in 
Timofeeff-Rossovsky's home in Berlin, where we talked, usually for ten 
hours or more without any break, taking some food during the session. 
There is no way of judging who learned most by this exchange of ideas, 
knowledge and experience, but it is a fact that after some months Delbriick 
was so deeply interested in quantitative biology, and particularly in genetics, 
that he stayed in this field permanently. 

As an outcome of these discussions, a joint paper had been completed 
"Uber die N atur der Genmutation und der Genstruktur" (N. W. Timofeeff­
Ressovsky, K. G. Zimmer, and M. Delbriick, 1935) which was published 
in the Nachrichten der Gesellschaft der Wissenschaften zu Gottingen in the form 
of a little pamphlet with a bright green cover. Consequently, its friends and 
its critics used to refer to it as the "Green Pamphlet" or, somewhat deprecat­
ingly, as the "Dreimannerwerk" ("Three-men-paper") : team work was 
not very usual in Germany thirty years ago, and inter-disciplinary team 
work appeared rather strange to some scientists. Nevertheless, the paper 
met with considerable interest and became widely known in many coun­
tries. If the main idea of the work can be described most succinctly by the 
words "to develop a 'quantum mechanical' model of the gene" (Stent, 
1963), its later and more important sequelae impressed a geneticist of our 
days as follows " ... in the years immediately preceding World War II, 
something quite new happened: the introduction of ideas (not techniques) 
from the realm of physics into the realm of genetics, particularly as applied 
to the problems of size, mutability, and self-replication of genes .... Though 
this first application of physical ideas to a particular set of problems did not 
work out too well, the whole outlook in theoretical genetics has since been 
perfused with a physical flavour. The debt of genetics to physics, and to 
physical chemistry, for ideas began to be substantial then ... " (Ponte­
corvo, 1958). 

At this point we might as well remember that I myself entered the field 
rather by the complementary approach, i.e., aiming to find out how radia­
tions bring about biological effects. For this facet of the general problem 
(Zimmer, 1961) a recent appraisal of the "Green Pamphlet" and of its late 
effects is available too: "The 'hit' and 'target' theories were first brought 
into prominence in the late 2o's ..• The important development of this 
concept really has come through the publications of three investigators: 
Timofeeff-Ressovsky; Zimmer ... ; and Delbriick .... It is unfortunate 
that the 'hit' and 'target' theories have been so much neglected in the last 
few years. Both are very useful and helpful for interpreting radiation ef­
fects ...• They have not, however, always proved to be the most useful, 
especially with the entrance of biochemical approaches to modern radia­
tion biology." (Hollaender, 196 I). 
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Obviously, the "Green Pamphlet" is considered by some to have served 
a dual and useful purpose by initiating a new line of research in genetics 
and by stimulating others to apply similar ways ofreasoning to radio biology. 
It may be of interest, therefore, to mention some more recent results closely 
related to the subject matter of the "Green Pamphlet" and exemplifying 
what pitfalls these borderline fields hold in store for us. 

4. SOME LATER DEVELOPMENTS 

Using the terminology of the "hit" and "target" theories, as given in 
Section 2, the results forming the basis of the "Green Pamphlet" can be 
stated as follows: (i) The fraction of sex-linked lethal mutations in an ir­
radiated population of Drosophila rises with the dose D of X rays according 
to the equation N*/N0 =1 - exp( -vD), thus indicating a one-hit-process. 
(ii) The formal volume v of the target, as calculated from the same equation, 
is (within certain limits) independent of the spatial density of ionization 
(linear energy transfer), ifthe doses Dare counted in numbers ofionizations 
per unit volume of Drosophila. Consequently, one ionization within the 
formal target may be considered a hit. (iii) Taking into consideration addi­
tional data on temperature dependence of radiation-induced, as well as of 
spontaneous mutation, a "quantum-jump" may be regarded as the physical 
process produced by a hit in a target and leading to mutation. 

There is no reason to discuss (iii) in any detail here, but (i) and (ii) 
seemed certainly well established in 1935. Later on, further experiments 
lent additional support. In fact, the deviations of the target volumes v shown 
in Table I from the weighted mean value ofv = 1.77· 10-17 cm3 are so small 
that the data form one of the most carefully tested cases of a one-hit curve in 
radiobiology. Nevertheless, as time passed I became worried about the 
approximation inherent in this reasoning: the complete neglect of a possible 
biological variability. At first there was no sign ofits existence in the material 
under investigation, but theoretical analyses showed that hit-curves can be 
badly distorted by a quite moderate variability in target volume, hit num­
ber, or multiplicity of targets (Zimmer, l 941). Some years later (in fact, 
incited by unpublished experiments on the action of X rays on the eggs of 
some water-snail whose name I have forgotten) I investigated graphically 
the possibility that approximate single-hit curves could arise through super­
position of multi-hit curves. Thence it appeared that, based on different, 
quite plausible assumptions, curves can be obtained which wrap sinously 
round exact single-hit curves, within the limits of the accuracy obtainable 
in radiobiological experiments (Zimmer, 1950; and unpublished). About 
a decade later a really comprehensive investigation of these possibilities 
was carried out at our suggestion (Dittrich, 1960). An instructive case of 
deception by an apparent single-hit curve is shown in Fig. 2. 
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Table 1 

FORMAL TARGET VOLUMES FOR INDUCTION OF SEX-LINKED RECES­
SIVE LETHALS IN DROSOPHILA MELANOGASTER, AS CALCULATED FROM 
EXPERIMENTS BY TIMOFEEFF-RESSOVSKY, ZIMMER ET AL. (ZIMMER, 

r943). 

Dose1 Din lnN/No IviNo; 
ion pairs N/No= V= - No vNo ii=---
per cm8 1-N*/No D !No; 

Radium-13 rays 
2.33· rou o.962r 1.67·10-17 r872 3.r3· 10-u 
4.67· 10ll o.go82 2.06· ro- 17 r53r 3.r5· 10-u 
7.24· roll 0.8847 1.68· 10- 11 r2r4 2.04· ro-u 
9·33· roll o.85r2 1.73. 10- 17 ro57 1.83· 10-1& 1.78· ro- 17cm3 

Radium-y rays 
2.r7. roll 0.9645 1.66· 10- 17 r642 2.72·ro- 11 
4.34· 10ll o.9r88 1.96· 10-17 r293 2.53· 10-u 
7.24· roll o.88oo I.77· 10-17 1184 2.09· ro-1& 
8.69· roll 0.8653 1.67· 10-17 822' 1.37· 10-u 1.76. ro- 17cm 3 

X rays, r6o kV 
o.97. roll 0.9828 1.76· 10-17 3082 5·43• 10-u 
1.93. roll 0.9669 1.76· 10-17 5020 8.83. 10-1& 
3.86· roll 0.9375 1.68· 10- 11 3948 6.65· 10-u 
5·79· roll 0.8966 1.88· 10- 17 3504 6.66· 10-u 
7.82· roll 0.8739 1.75· 10-17 3ro7 5·43• 10-u r. 77 · ro- 17cm 3 

X rays, 70 kV 

I.2 r · ro15 0.9793 1.74· 10- 17 9346 r6.3 · ro-u 
2.42. ro15 0.9575 1.78· 10-17 r6467 29.3 . 10-1& 
4.42· rol5 o.9r85 1.92. 10-17 3466 6.65· ro-u 
4.73.1015 0.9141 r.86· 10- 17 I r138 21.9 •IO-u 
6.03· 1015 0.8815 2.09· 10-11 2064 4.32·10-1& 
7.23· 1015 0.8768 1.81. 10- 11 6442 I 1.7 · ro-u 
9.65· 1oll 0.8412 1.79. 10-17 9116 16.3 ·I0- 11 1.81-10- 17cm3 

X rays, 10 kV 

I.75· 1011 0.9698 I.71·10-17 3338 5.71·10-1& 
2.42. 1011 0.9588 1.74· 10- 17 2731 4.75· 10-1& 
3.51. 1015 0.9395 1.76· 10- 11 2124 3.75· 10-1& 
4.83· 1011 0.9201 I.72· 10-17 1816 3.13· 10-11 
7.00• 1011 0.8869 1.71. 10- 11 1641 2.82· 10-u r.73· 10-11cm3 

r. Assuming the production of 1.61. 1012 ion pairs per cm3 of Drosophila-tissue and 
per R of X rays, 13 rays and y rays. 
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In the meantime, the influence of the stage of Drosophila germ cells on 
their X-ray induced mutability became more clearly recognized. The usual 
way to investigate this phenomenon had been to work out a so-called "brood 
pattern" giving the rate of mutation for germ cells of various stages after 
irradiation with a given dosage of radiation. Comparing such brood pat­
terns obtained at various doses made the single-hit curve described above 
appear quite unbelievable (Fig. 3). In order to elucidate the meaning of 
this apparent contradiction, the tiresome task was undertaken in my present 
laboratory to obtain statistically significant dose-effect curves for various 
stages of germ cells (Traut, 1962, 1963). An example of the results is given 
in Fig. 4. Here, it must be emphasized that the strange form of the curves 

t 
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FmuRE 2. Approximate agreement of a single­
hit curve with a two-hit mixed curve formed by 
super-position of 4 two-hit curves with differently 
sized targets (Dittrich, 196o). 
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FIGURE 3. The dependence of 
radiation-induced lethal rate on 
stage sensitivity after irradiation of 
3-4-day-old B-males; g one-day 
broods. Spontaneous rate sub­
tracted (Traut, 1963). 

is significant, as shown by careful statistical analysis using an electronic 
computer. Nevertheless, summing up arithmetically all the mutations ob­
tained in the various broods for given doses resulted in a dose-effect curve 
closely approximating the single-hit curve (Fig. 5) which, thirty years ago, 
formed one of the starting points of the "Green Pamphlet." Complete 
agreement cannot be expected, as arithmetic summation is, of course, not 
identical with neglecting stage-dependence of mutability, which may be 
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considered as a process of "biologic summation." Thus, the old single-hit 
curve turned out to be quite reproducible and to hold for all practical pur­
poses (such as problems of protection from radiation damage). But it 
became clear also that though the dose-effect relation of mutation induction 
has the form of a single-hit curve, it certainly does not have the meaning of 
a single hit. 
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FIGURE 4. Dose effect curves for lethals 
induced in stages with different sensitivity. 
3-4-day-old B-males were irradiated 
(Traut, 1963). 
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after irradiation (Timofeeff-Res­
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1935). Abscissa linear, ordinate 
logarithmic. 

This result removes one of the foundation-stones of the "Green Pam­
phlet." Strangely enough, that does not seem to matter any more, for two 
reasons: (i) the concept of the gene and modern trends in genetic research 
as well as in radiation biology have changed considerably during thirty 
years, as will undoubtedly become evident from the subsequent papers in 
this book, and (ii) the "Green Pamphlet" has served a useful purpose by 
helping to initiate exactly these modern trends. 
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