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The quantitative knowledge of radiation-induced 
damage and cellular response mechanisms should 
allow us, at least in theory, to derive risks and 
dose/response relationships beyond the area 
covered by epidemiological and experimental 
(animal) studies. Despite important advances in 
our insights into cell transformation and progres- 
sion, molecular genetics and cell biology have not 
yet accomplished this task, and will not do so in 
the near future. The main reason is the enormous 
complexity of the genetic and epigenetic mecha- 
nisms acting day by day in the billions of stem 
cells present in every human organism. It is ge- 
nerally believed that there is a long, multistep 
process between primary damage in cellular com- 
ponents and the emergence of an overt malig- 
nancy years or even decades later. At least quali- 
tative knowledge about many of these steps is ac- 
cumulating rapidly. This contribution intends to 
give an overview of some of these new develop- 
ments. 
The health effects of ionizing radiation result 
from the modification and destruction of cellular 
components. The large energies released in a 
single beta- or alpha-decay amount to about 0.1 
to 5MeV (0.2 to 8 x 10-13J). In comparison, 
the binding energy of typical chemical bonds in 
organic molecules amounts to only 300 kJ per 
tool, i.e. 3 eV or 5 x 10-19 j per single bond. A 
single beta or alpha particle in aqueous solution 
produces up to 150,000 ionizations and a still 
larger number of excitations in the short distance 
it travels. Biological response to such highly lo- 
calized energy depositions is complex and depends 
on many parameters. The following basic princi- 
ples of radiation biology give the main factors to 
consider 1 : 
- A b o u t  70% of biological damage from low- 

LET (Linear Energy Transfer) radiation is due 
to indirect action of free radicals, and 30% to 
direct action on the target molecule. The indi- 
rect component of radiation is strongly modi- 
fied by oxygen, radioprotectors and radiosen- 
sitizers. 

- Cells from different tissues vary markedly in ra- 
diosensitivity. There is no systematic difference 
in radiosensitivity between normal and tumour 
cells. At doses up to about I Gy, low-LET ra- 
diations are relatively inefficient in killing cells. 
The survival curve bends, and has a steeper 
slope at higher doses. 

\ 

-Radiosensi t ivi ty of cells varies according to 
their position in the cell cycle. In general, the 
sensitivity of mammalian cells to ionizing ra- 
diation is directly proportional to their rate of 
cell division, and is lower in highly differen- 
tiated cells z. Therefore, the cellular kinetics of 
tissues are important in their responses to ra- 
diation. 

- The radiosensitivity of cells to low-LET radia- 
tion is greatly influenced by the presence or 
absence of oxygen. The response of cells to low- 
LET radiation can also be modified by sulf- 
hydryl compounds which scavenge free radicals 
(radioprotectors) and by electron affinic com- 
pounds, such as nitroimidazoles, that substitute 
for oxygen and sensitize hypoxic cells (radiosen- 
sitizers). 

- Repair of radiation damage, the role of oxygen, 
the presence of hypoxic cells and the use of 
radioprotectors and radiosensitizers are much 
less important for high-LET radiations, i.e. alpha 
radiation, than for low-LET radiations. 

Radicals formed mainly by interaction of radia- 
tion with water molecules in the cell may react 
with critical structures such as the DNA of the 
cell nucleus, which carries the genetic code. 
It is generally accepted that incorrectly repaired 
or unrepaired modifications of the DNA are the 
main cause of radiation-induced damage in cells 
and hence in organisms, although epigenetic ef- 
fects of radiation, such as initiation of membrane 
lipid peroxidation 3, or loss of intercellular signal- 
ing mechanisms, such as gap junction-mediated 
transfer of messenger molecules 4, are also possible 
primary causes of radiation-induced cancer. 
Four radiation effects can be distinguished at the 
cellular level (Table 1). Loss of proliferative capa- 
bility becomes critical only when a high propor- 
tion of the stem cells of a functional unit is af- 
fected and hence displays a steep dose/effect rela- 
tionship with a threshold in the range of sieverts. 
More subtle changes in the genome, interfering 
not with proliferative capabilities but with the re- 
gulation of cellular growth, may lead to the so- 
called late somatic effects, i.e. cancer. Loss or al- 
teration of crucial genetic information in gonadal 
cells was shown in insects and rodents to result in 
an elevated risk of congenital diseases in future 
generations. 
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Tab. 1. Classification of cellular damage caused by ionizing radiation and the resulting effects on the organism. 

Cellular Change Threshold Dose Effects on Organism 
Existing > Gy 

Cell death yes 50 acute loss of body functions, death due to CNS (central nervous system) 
syndrome, vascular collapse 
LDs0/3 o in humans 

(yes) 3-5 loss of immune and barrier functions, 
death in weeks from break-down of immune system, intestinal linings; 
developmental defects during embryogenesis 

tumours, cancer after a latency period from years to decades 

Loss of proliferative 
capacity 

Cell transformation (no) 1 
(oncogene activation) 

Cell mutation no 0.1 changes in the DNA of germ cells increasing the potential for genetically 
caused defects in the offspring 

Are there biopositive effects of ionizing radiation ? 

Before the elucidation of the genetic code, the 
fragile molecular structures involved, and the 
physical and chemical reactions initiated in these 
structures by ionizing particles, radiation and ra- 
dloactive substances were considered to be magic 
drugs with many beneficial effects on biological 
systems. The well-known large energies involved 
in radioactive decay were seen as stimulants in 
situations of general fatigue or immune suppres- 
sion, and a potential cure for many ailments of 
old age. In advertisements aimed at the general 
population, radioactive spas claim to this day that 
radon restores the function of  hormone glands. 
From such a point of  view, modern radiation 
biology and its leading proponents are seen as 
producing a picture which is too pessimistic and 
misleading, because the scientific community is 
concentrating its work mainly on the easily mea- 
sured destructive effects of  ionizing radiation on 
biological structures. On the other hand, and in 
defense against this accusation, molecular genetics 
and modern photobiology give no indication what- 
soever that the mammalian cell may benefit in a 
direct way from the energy deposited by ionizing 
radiation. 
Lately, several papers, reviews, and conferences 
have been devoted to the possibility of beneficial 
effects of  low levels of  ionizing radiation on orga- 
nisms 5. The hormesis (biopositive action of radia- 
tion) hypothesis may have its merits for the public 
debate on radiation effects by counterbalancing 
some extreme views on the dangers of environ- 
mental levels of  ionizing radiation. However, the 
scientific foundations remain very weak. Much of  
the work cited in favour of hormesis was done at 
a time where the genetic code and the molecular 
workings of  heritage and gene expression were not 
known. Like many other irritants, ionizing radia- 
tion does have stimulating effects. Beneficial ef- 
fects of  radiation doses up to the range of grays 
have been described, for example for the stimu- 
lation of cell proliferation. For long-lived organ- 

isms like humans the relevance of such effects 
found in simple biological systems is disputable. 
An important aspect of  the problem is the defi- 
nition of what is to be considered beneficial. Sti- 
mulation of  cell growth may be seen as a promise 
of youth by some laymen but is linked to tumour 
progression in many experimental systems. Radia- 
tion effects on biological tissues are destructive in 
nature, because they unspecifically modify or de- 
stroy complex molecules which carry crucial in- 
formation for the survival and proliferation of 
the system. Therefore, possible beneficial effects 
of  ionizing radiation on biological systems dis- 
cussed in radiation research are restricted to the 
induction of repair systems or their increases in 
efficiency, and to enhanced levels of  immune sur- 
veillance or protective agents such as radical sca- 
vengers. If such protective systems would, after 
induction by ionizing radiation, not only lead to 
the error-free repair of  the radiation damage but 
also take care of chemical and endogenous da- 
mage caused by the inherent instability of the 
DNA, which would have been unnoticed and 
unrepaired in the unirradiated organism, a net 
beneficial effect may be postulated. So far, no 
convincing evidence has been published to sub- 
stantiate such models. But in view of the tong 
chain of events between an alteration in the ge- 
nome and the emergence of a visible malignancy, 
biopositive effects of  small doses of ionizing ra- 
diation may well exist in some situations, especi- 
ally in the presence of a multitude of DNA da- 
maging agents. 

Microdosimetric constraints of 
adaptive responses in cells 

Biological systems are known to adjust to many 
deleterious agents and environments. Even for a 
physical agent like ionizing radiation, a multi- 
tude of defense mechanisms can be envisaged. 
Primary damage to critical structures produced by 
reactive radicals may be reduced by their inter- 
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Fig. 1. Sparing effect of adaptive treatment in human lymphocytes: small concentrations of bleomycin (BLM) reduce the fre- 
quency of chromosomal aberrations induced by a subsequent challenge with 1.5 Gy X-rays 9. 

ception with radical scavengers. Chemically revers- 
ible changes in the DNA may be restored more 
efficiently with the help of increased concentra- 
tions of hydrogen radical donors. DNA strand 
breaks, base modifications or losses may be re- 
paired in a practically error-free manner by DNA 
repair enzyme complexes involved in cutting, syn- 
thesizing, ligating and proof-reading DNA. In 
bacteria, adaptive mechanisms such as the SOS 
response are known and the proteins involved 
(Lex A, Rec A, Uvr A, etc.) are well character- 
ized 6 Despite many earlier efforts with mam- 
malian cells, it was only recently shown that peri- 
pheral human lymphocytes adapt to small radia- 
tion doses by becoming less sensitive to the in- 
duction of chromosome damage by subsequent 
high doses of ionizing radiation. This adaptive 
response has been shown to be triggered by 
X-ray doses as low as 0.01 Gy 7 or by tritiated 
thymidine at low concentrations s. In our labora- 
tory, we also observed that a radiomimetic drug, 
bleomycin, elicits an adaptive response protect- 
ing against subsequent challenges by radiation 
or bleomycin 9. In our view, this cross-resistance 
(Fig. 1) and microdosimetric considerations point 
to the presence of a more general stress response, 
which is probably of minor importance in affect- 

ing radiation risks from levels of exposure en- 
countered in controlled occupational and non- 
occupational environments. 
For peripheral lymphocytes, it is assumed that 
the adaptive response is induced independently in 
single cells when they encounter the passage of 
one or several electrons or other charged particles 
through their cell nucleus. With this assumption, 
microdosimetric considerations may define some 
of the criteria to be met by an adaptive dose, i.e. 
the minimal radiation dose to the tissue (macro- 
scopic dose in gray or joules per kg) needed for at 
least one energy-deposition event in the majority 
of the sensitive targets. The estimation of dose 
and dose rate at the level of single cell nuclei 
for environmental radiation levels, i.e. the time 
period between two consecutive insults, sheds 
doubt on the evolutionary advantage conferred to 
cells which display an adaptive response solely 
to counter the effects of ionizing radiation. In con- 
trast to most chemical and physical insults to 
biological systems, energy deposition by ionizing 
radiation is extremely localized in time and space. 
Assuming homogeneous distribution of a toxic 
chemical like aflatoxin B1, even extremely small 
doses of 1 gg per kg (1 ppb) still mean more than 
10'000 molecules in the volume of a cell nucleus. 
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Fig. 2. Number of alpha tracks per cell nucleus of 8 gm dia- 
meter (> 200 mGy) and probability of being hit (< 200 mGy), 
respectively, in dependence of averaged absorbed alpha dose 
(based on Feinendegen 30). 

For  6~ radiation, at doses similarly distant 
from the LDso for acute effects (0.3 mGy),  the 
probability of an electron track passing through 
a cell nucleus is in the range of 10%. For the 
same dose of high-LET alpha radiation, this 
probability is again orders of magnitude lower. In 
other words, below a dose corresponding to one 
energy-deposition event, i.e. one particle track per 
cell nucleus, only a fraction of the nuclei will ex- 
perience primary radiation effects (Fig. 2). In this 
definition, primary effects not only include direct 
hits but also damage produced indirectly by free 
radicals derived from water. The distance radia- 
tion-induced radicals may diffuse in soft tissue 
before decay is very short, i.e. in the range of a 
few nanometers.  Therefore, dose spreading by 
diffusion of  radicals is irrelevant on the level of 
cellular structures larger than 1 pm. In addition, 
only a tiny fraction of the D N A  in the cell nucleus 
is exposed to a single passage of an ionizing par- 
ticle. A crude estimate, based on a cylindrical vo- 
lume around the electron track with a radius of 
50 nm, indicates that  only for about 0.001% of 
the structures in a mammal ian  cell nucleus there is 
any probability of physico-chemical interactions 
from a single hit. 
Several radiobiological inferences may be made 
from the inhomogeneities outlined above: 
- The probability of  hitting and damaging a spe- 

cific DN A  site, even an extremely labile one (i.e. 
chemically or enzymatically reactive), is very 
low per passage of electron or alpha-particle. 
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Dose and dose rate for those cells that are hit 
are quite high even at environmental exposures 
of one to a few mGy per year. 
The enzymatic systems involved in the repair of 
radiation-induced DNA damage are activated 
only a few times during the life of an organism 
to handle an insult from ionizing radiation. 
Even in long-lived organisms like humans,  most  
nuclei of stem cell lineages will never encounter 
the passage of an alpha-particle. 

- The highly localized area of damage inside a 
cell nucleus resulting from a single passage 
probably means that only a minor  fraction of 
the cellular and nuclear repair capacity is in- 
volved in the restoration of DNA integrity after 
a single hit. 

To postulate a specific adaptive response to ioniz- 
ing radiation, the mechanism has to confer in- 
creased protection from D N A  damage at envi- 
ronmental  radiation exposures. These exposures 
were quite stable over millions of years, and are 
in the range of 1 to 5 mGy per year for electrons 
resulting mostly from gamma radiation. Internal 
alpha decays lead to maximal doses of a few mGy  
in the most  affected cells of the tracheo-bronchial 
tree. At the level of a single cell, an adaptive 
response that  may last for a few days or cell 
cycles 1~ will not  confer any protection for the 
next hit, which comes months  to years later. At 
least for ionizing radiation at environmental ex- 
posure levels, any additional energy and protein 
synthesis requirements of the adaptive response 
will be wasted. This situation is shown graphically 
in Fig. 3 with a logarithmic time scale, giving the 
time periods between two consecutive hits as 
multiples of an assumed adaptat ion period of 
5 days. 
In conclusion, it may be stated that  due to micro- 
dosimetric constraints, adaptive mechanisms are 
probably not  a major factor in determining the 
biological effects of environmental and occupa- 
tional exposures to ionizing radiation. On the 
other hand, the low hit probabilities which form 
the base of this assessment, should not be used 
as an argument  for the risk potential of ionizing 
radiation being low. At  least for transformation 
events and clonal tumours,  the low hit probability 
per single cell has to be multiplied by billions of 
stem cells. 

Stem cell transformation and promot ion  

The induction of radiogenic cancer is often con- 
sidered an all-or-nothing response, i.e. is assumed 
not  to be graded in severity. This is an over- 
simplification because tumours  may be graded 
histologically and clinically in severity, 1.e. in 
mortali ty risk and swiftness of progression. Never- 
theless, radiogenic tumours  seem to be crucially 
dependent  on initiation events whose frequency 
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Fig. 3. Temporal relationship between the estimated duration of adaptation and the next radiation event in the same cell nu- 
cleus under environmental conditions. Annual gamma-, X-ray doses of 2 mGy and alpha-doses to the bronchial stem cells of 
about 1 mGy (corresponds to 2.5 mSv H e from radon daughter exposure) are assumed 3t. 

is a function of dose. The seemingly probabilistic 
nature of the dose/effect relationship for radio- 
genic malignancies has led to the use of the term 
"stochastic" for effects of  this type. Such a notion 
contains an intrinsic assumption that interactions 
of radiation with biological targets relevant for 
the initiation of malignancies are based on chance 
and may occur over large ranges of doses. The 
postulate of a rare cellular event being at the be- 
ginning of the long response chain between the 
primary radiation damage and the clinical mani- 
festation of malignancy has important repercus- 
sions on the theoretical predictions of the shape 
of the dose/effect relationship. Even small incre- 
ments of dose would result in a finite increased 
probability of cancer formation. 

Hypotheses  and models  

In the scope of this treatise, only an overview of 
the wealth of concepts brought forward to explain 
the late somatic effects of  radiation can be given. 
This topic is covered in depth by the scientific 
annexes of the UNSCEAR reportslt '~2. They 
contain the background information and exten- 
sive lists of  references for the hypotheses devel- 
oped in this chapter. 
Malignant cells are defined by certain character- 
istic features such as unrestrained proliferative 
growth, angiogenesis (the ability to attract blood 
supply), infiltration into neighbouring and distant 
tissues, and the evasion of attacks by the immune 

system. Such characteristics could be the result of  
genetic modifications, i.e. a somatic mutation, or 
result from epigenetic changes. Epigenetic factors, 
which do not lead to irreversible changes in the 
primary structure of the genetic code, could pro- 
duce de-differentiation, activation and expression 
of normally suppressed genes involved in the pro- 
duction, binding or signalling of growth factors, 
inactivation of regulatory genes, or the loss of 
growth controlling cell-cell-interactions (gap junc- 
tions) between a transformed cell and its envi- 
ronment. It may well be that both genetic and 
epigenetic factors have to act in parallel to let 
a cell escape the division-restraining signals of  its 
environment 12 
Given our incomplete understanding of the origin 
of cancer, it is not possible to develop quantita- 
tive predictions of the effects of  ionizing radia- 
tion on an organism from basic principles. How- 
ever, quantitative models of cancer induction 
based on simplified hypotheses may help in un- 
derstanding the basic issues involved 13. Most 
models are based on the concept of  multi-stage 
carcinogenesis, developed first as a model for 
skin cancer in mice 14, ts. The first step, initiation, 
is generally considered to occur in the genome of 
a single cell, although the involvement of a cluster 
of  several cells cannot be excluded at this stage. 
Further steps towards an overt malignancy are 
generally assumed to be epigenetic in origin. They 
are often covered by the terms promotion and 
progression. An alternative hypothesis can be 
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based on two initiation events, e.g. the subsequent 
activation of two genes from different classes of 
oncogenes in the same cell, or the activation of an 
oncogene followed or preceded by the loss or in- 
activation of a tumour suppressor gene. Many 
cellular phenomena may also be relevant in the 
development of a transformed cell. At the level 
of the DNA, any change affecting the primary 
structure and hence its function may be of rele- 
vance for growth control. Point mutations, trans- 
positions, deletions, translocations and transfec- 
tions may all lead to the development of a malig- 
nancy. 
At least in the case of oncogene activation, all 
these genetic changes have been shown to induce 
transformation. In addition to the direct and in- 
direct induction of DNA lesions resulting from 
charged particles and radicals formed by ionizing 
radiation, misrepair both in the so-called error- 
free and error-prone repair pathways, or prema- 
ture DNA replication before the termination of 
repair processes, may lead to fixation of defects in 
DNA structure. The dose/effect relationship of all 
these possibilities are probably quite different. 
Somatic mutations in the classical sense show in- 
duction coefficients, for low-LET radiation, in the 
range of i0 s to 10 6 Gy-1 per locus and cell at 
risk. In vitro cell transformation is even more easily 
induced (typical induction coefficients are in the 
range of 10 -2 to ]0  - 4  Gy-1). This is in marked 
contrast to the yield of malignant tumours per 
irradiated cell in vivo, which is many orders of 
magnitude lower than would be anticipated from 
such in vitro coefficients and the number of 
proliferation-component stem cells present in the 
different tissues of large multicellular organisms 
like humans. A direct link to cell transformation 
in vitro would also predict that larger organisms 
with correspondingly larger pools of stem and 
dividing precursor cells should be more prone to 
cancer than small organisms. However, rather 
than more cancer being found in larger mammals, 
annual incidence rates per unit carcinogen dose 
seem to be inversely related to the life span, which 
is generally longer for larger species. Therefore, 
the critical lesion may consist of a very rare event 
such as a "tumour-specific" chromosomal trans- 
location. It is also conceivable that the majority 
of the initiated cells or clones may be lost or acti- 
vely destroyed at different levels of the promotion 
process, which takes place during a long latency 
period, typically prior to the appearance of a cli- 
nically recorded tumour. Secondary influences, 
such as endogenous or exogenous growth factors, 
e.g. female steroid hormones in breast tissue, may 
increase the probability of an intitiated cell passing 
through some stages of promotion and progres- 
sion, whereas other substances like the oligopep- 
tide antipain 16 were shown to inhibit or even re- 
verse this process in cell cultures (Fig. 4). 

In view of the many changes in stem cell during 
the multistep development of cancer, it is not sur- 
prising to find wide variations in carcinogenicity 
in vivo. However, even in the presence of a multi- 
tude of promotional steps and host dependent in- 
fluences at every level, the primary event of ini- 
tiation may still be the rate limiting step, and 
therefore the decisive factor for the shape of the 
dose/response relationship. This contention is 
supported by comparative studies showing that 
risk coefficients for cancer induction derived from 
different exposure situations and tissue status 
were found to be quite similar (for an example 
see Fig. 5). Dose rates were considerably differ- 
ent between the single, acute exposure experi- 
enced by the survivors of Hiroshima/Nagasaki 
and the fluoroscopy group. The therapeutic ra- 
diation doses given to the mastitis group were 
delivered to an inflamed breast tissue. Despite all 
these confounders, the three populations show 
similar risk coefficients. The general shape of the 
dose/response relationships suggests linearity. 
This striking finding may imply that for some 
forms of malignancies, the number of stages in 
tumorous evolution may be low or that ionizing 
radiation is changing the probability of a late or 
even the last event in the multi-stage development 
of cancer. 
The two best studied host factors involved in the 
promotion of transformed cells are endocrine 
status and immunological surveillance. The hor- 
monal dependence of carcinoma of the breast, 
ovary and thyroid is well known. Endogenous 
growth stimulation can be considered as a pro- 
motional factor in multi-stage cancer induction 
models. On the other hand, inactivation of endo- 
crine glands should lead to the impairment of 
malignant growth. The low incidence of female 
breast cancer in those survivors of Hiroshima/ 
Nagasaki who had received the highest doses is 
thought to be a direct effect of radiation-induced 
impairment of hormone glands. Since functional 
defects occur only at elevated doses which cause 
pronounced cell death, any modulation of the 
tumorigenic response in vivo due to damage of 
endocrine control organs by ionizing radiation 
would show a high threshold in the range of one 
to several Gy of acute dose. The importance of 
immunological suppression of precancerous cells 
or clones formed by ionizing radiation remains 
to be elucidated. Studies on the influence of im- 
munological surveillance on the induction of leu- 
kemia in mice 18 and lung cancer in rats 19 do not 
suggest that this host factor is decisive. On the 
other hand, stimulation of the immune system by 
exposing animals to antigens clearly increases the 
incidence of myeloid leukemia in preirradiated 
animals (Fig. 6). 
For the formulation of a quantitative cancer risk 
model at low and moderate doses of ionizing ra- 
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diation, the following prerequisites have to be 
met lz, 21. 
a) Probability of malignant transformation of a de- 

fined target cell. This will vary with the organ, 
dose, quality of radiation, local oxygen pres- 
sure, and temporal pattern of dose distribution. 
In this respect, the model should include theo- 
retical concepts concerning the nature of the 
initiating event(s) and not be purely empirical. 
Mathematical formulations should be compa- 
tible with general knowledge of radiation and 
cancer biology; 

b) Probability of interaction between transformed 
cells or between developing clones; 

c) Probability of cell killing, i.e. loss of proliferative 
capability, with dose, as non-viable cells cannot 
give rise to cancerous clones. This factor depends 
certainly upon the tissues concerned, some of 
which are particularly susceptible, and upon 
dose, dose rate and quality of radiation and on 
other irradiation conditions; 

d) Effect of numerous host factors. Among pro- 
moting factors, cell division is a good example. 
Enhanced proliferation can be induced by va- 
rious mechanisms, including radiation-induced 
cell death, a phenomenon which is likely to 
produce a threshold-type dose response. Other 
factors could be the differentiation of initiat- 
ed cells, immunological surveillance that sup- 
presses development of malignant clones with 
antigenic characteristics foreign to the host- 
system, and hormonal influences; 

e) Effect of exogenous promoting agents. These 
lead to more rapid appearance of tumours, to an 
increase in turnout yield, and perhaps also to 
changes in the shape of the dose/response cur- 
ves, as shown by several in vitro experiments 
on oncogenic transformation. 

Oncogene activation and loss of tumour suppressor 
genes 

Ionizing radiation is a poor mutagen on the level 
of point mutations but is well known to produce 
double strand breaks in DNA, with a yield of about 
40 per cell and Gy (low-LET) in human cells 22. 
Double strand breaks may lead directly to gene 
rearrangements such as translocation, deletion, and 
probably also gene amplification. In general, can- 
cer cells show a multitude of such chromosomal 
changes. The functional effects of these aberra- 
tions may be classified into two groups: 
a) The induction or enhanced expression of gene 

products involved in growth and differentia- 
tion, as well as the modification of precursor 
genes, proto-oncogenes, is called oncogene ac- 
tivation. Such changes are often dominantly 
expressed. 

b) The loss of genes or gene products involved in 
the control or suppression of proto-oncogenes 

is a group of modifications that has attracted 
interest more recently. Genetic changes of this 
kind are in general recessive. 

Screening for malignancies and for genetic changes 
in malignant cells led to the postulation of a second 
class of genes whose expression inhibits or blocks 
transformation. The hypothesis of "cancer sup- 
pressor genes" was first based on indirect evidence 
from hybridization experiments. Malignant cells 
fused to normal cells appear to be benign, as 
though malignant behaviour is a recessive trait. 
The emergence of tumorigenic clones in hybrid 
cells is correlated with the loss of specific chro- 
mosomes of the normal parent cell, e.g. hamster 
chromosome 15 in v-H-ras expressing hamster 
embryo fibroblasts. Tumour suppressor genes are 
best defined for retinoblastoma and Wilms 
tumour 2 3. 

Hypotheses on dose/effect relationships in radiation 
carcinogenesis 

Because doses at the work place or in the indoor 
environment are much lower than exposures 
known to produce measurable risks in human 
populations directly, the risk estimate for low- 
dose ionizing radiation is derived from dose- 
response functions. Mathematical models in use 
today are always based on cumulative dose. In 
addition, dose rate, age at exposure, age at risk, 
and time since exposure may be taken into ac- 
count 32. The fact that this is a crude simplifica- 
tion of a complex system with many additional 
variables should always be remembered. Although 
the extent of primary damage due to ionizing ra- 
diation is less variable per unit dose than, for ex- 
ample, the effect of a procarcinogen which may 
need metabolic activation and transport through 
membrane barriers, the detriment to health from 
low doses of ionizing radiation is still dependent 
on many poorly known variables. The number of  
division-competent stem cells affected, the pres- 
ence of other mitotic stimuli, and the levels of 
endogenous hormones which may act as pro- 
moters of transformed cells in the target tissue, 
are examples of variables to consider. 
Radiation quality Besides the dose, various other 
physical factors, such as quality of radiation and 
dose rate are of importance for the shape of the 
dose/response curve. Radiation is often classified 
into low-LET and high-LET to describe biologi- 
cal effects since the quality of the radiation, i.e. 
the linear energy transfer, which is a measure of 
ionization density along the track, is a major de- 
terminant of fractionation and protraction effects. 
Under environmental conditions, the former class 
is represented by beta particles and gamma/X-rays, 
the latter by alpha particles and neutrons. 
Low-LET radiation At the microscopic level, 
beta- and gamma-radiations produce similar ion- 
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ization patterns. Gamma photon energy is first 
transferred to one or several electrons which then 
deposit energy in the tissue by producing ioniza- 
tions and excitations along their patl-t, i.e. similar- 
ly to an electron resulting from a beta-decay. A 
large difference exists, however, in the macro- 
scopic depth distribution of dose or penetration. 
External gamma- and X-rays reach much deeper 
into the body than beta-particles. This is the re- 
sult of the relatively low probability of interac- 
tion for the photon in soft tissue. The ionization 
density along the electron path is in the range of 
25 to 100 gin-1. Given the fact that most of the 
radicals formed by the interaction of radiation 
with water, which is the major constituent of 
cells, travel only few nanometers, it is generally 
assumed that low to moderate doses of low-LET 
radiation are less efficient in producing the 
highly localized damage required for adjacent 
breaks on both strands of a DNA double helix 
leading to a double strand break. DNA single 
strand breaks are repaired efficiently and gener- 
ally error-free, while DNA double strand breaks 
are critical for cell survival and chromosome mo- 
dification because of their much slower repair and 
the much greater risk of misrepair, deletions or 
translocations. This is probably strongly influ- 
enced by the fact that correct repair of double 
strand breaks requires redundant information 
sited on the homologous chromosomes present 
in diploid or polyploid cells. For single strand 
breaks, the second undisturbed strand of the 
same DNA double helix provides the informa- 
tion directly. The mechanisms and enzyme com- 
plexes involved in the repair of double strand 
breaks are very complex and correspondingly 
slow and error-prone 6. 
Figure 7 shows the spatial relationship between 
the critical structure of DNA and the ionization 

onization 
e-- t rack J after about 

20 nm 

1 

Fig. 7. Dimensions of the DNA double helix in comparison 
with the interaction density at the beginning of the electron 
track resulting from a 1~C decay (EAvera= o about 50 keV). 
The local effects due to transmutation, T (i.e. conversion of a 
carbon into a nitrogen atom), and recoil, R, lead to one DNA 
single strand break 24. 

density at the beginning of the electron path from 
a 14carbon decay 24. Recoil and transmutation, 
i.e. conversion of the carbon atom into a nitrogen 
atom at the place of radioactive decay, only pro- 
duces one single strand break or a base loss, lead- 
ing to a temporary strand break during repair. 
Therefore, in view of the large average distances 
between consecutive ionizations, the probability 
of a beta-particle producing a double strand 
break along the path or even at the beginning of 
the track is quite small. Only the last few ioniza- 
tions of an electron are clustered more densely, 
leading to a higher potential for complex local 
damage. This has considerable implications for 
the kinetics of repair and the effects of fraction- 
ation and protraction. Earlier hypotheses assum- 
ed that low-LET radiation mainly produces the 
critical double strand breaks by the interaction of 
two independent particles. Since the probability 
of two electron tracks interacting with the same 
DNA segment is proportional to the square of 
the dose, quadratic dose/effect relationships 
would result from such a model. Given the fast 
repair of single-strand breaks in mammalian cells, 
a quadratic dose rate/effect relationship should 
be seen. These notions were not confirmed by 
microdosimetric considerations which indicate 
very low probabilities that a target with a radius 
of only few nanometers will be hit by two inde- 
pendent electrons. Below 1 to 2 Gy the chance of 
such an event is practically zero. However the 
hypothesis cannot be refuted totally because it is 
possible that lesions quite far apart interfere with 
each others' repair, thus creating the possibility 
of an important quadratic contribution in the 
dose/effect equation for low-LET radiation. 
An upward concave dose/response relationship is 
observed for sparsely-ionizing radiation in many 
animal experiments. In addition, a sparing effect 
of dose fractionation and protraction is generally 
seen for low-LET radiation. For lung adenocar- 
cinomas in BALB/c female mice and for lung 
adenomas in RF mice, a quadratic term was only 
found at quite high dose rates, far above the 
environmental exposure rates 25 . New epidemio- 
logical findings based on the reassessment of the 
dosimetry, and - more important - a longer fol- 
low-up of the survivors in Hiroshima and Naga- 
saki, suggest that at least for female breast and 
lung cancer the quadratic term in the dose/effect 
equation is less important than was originally 
thought. 
High-LET alpha-radiation Alpha-radiation with 
a typical path length in soft tissue of about 50 gm 
for an initial particle energy of 5 MeV clearly be- 
longs to the high LET-radiation. The correspond- 
ing ionization density along the track is in the 
range of 2,000 gm-  1 or 2 n m -  1 (Fig. 8). If  these 
values are compared with the dimensions of cri- 
tical structures in the cell nucleus such as the 



Soz Pr/iventivmed 1991; 36:230-242 239 

]~ Ionization ~ 

a) i ~ c k  

b) 

nrn 

Fig. 8. Dimensions of the DNA double helix in comparison 
with the ionization densities along an alpha track (a) and at the 
site of a t25I decay producing an Auger cascade with about 20 
low energy electrons (b)24. 

DNA double helix, it becomes clear that a single 
alpha-particle may cause damage at almost any 
molecular endpoint which can be considered as 
the starting point of transformation. This means 
that the formation of double strand breaks, or 
even of two or three adjacent double strand 
breaks which may be needed for chromosome 
rearrangements, e.g. translocation of an oncogene 
to an active part of the genome, will follow single 
track kinetics, giving a linear dose/effect relation- 
ship. In addition, the energy deposition patterns 
would not predict any sparing effects from the 
lowering of the dose rate, from fractionation or 
protraction, because dose and dose rate at the 
level of the cell nucleus are barely affected by 
this shift. If a cell nucleus is hit by an alpha 
particle, the energy deposited in a fraction of a 
second amounts to about 0.4 Gy (or 8 Sv) aver- 
aged over the nucleus. Alpha-doses well below 
the value of 0.4 Gy lead to an extremely inho- 
mogeneous distribution of dose at the level of 
the cell nuclei. A high-LET dose of 0.4 mGy 
(0.0004Gy) per year to an organ means that 
only a tiny fraction of less than 0.001 of the cell 
nuclei are hit once per year with a maximal dose 
of 0.4 Gy and a dose rate of many kilograys 
per second. For low-LET radiation, the maximal 
energy for a cell nucleus hit once is consider- 
ably lower, i.e. in the range of 3 mGy or 3 mSv. 
The pediction of linearity for high-LET effects 
based on microdosimetric considerations is also 

supported by results from animal experiments. 
In contrast to gamma-, X- and beta-radiation, 
the incidence of tumours shows little dependence 
on dose protraction and fractionation for high- 
LET radiation 23. Contrary to the sparing effect 
found in general with low-LET radiation, low 
alpha or neutron dose rates or fractionation lead 
in some test systems to an enhancement of effects 
as compared to a single high dose-rate exposure. 
In C3H 10T1/2 cells, Hill and coworkers found 
an increase in the transformation frequency of up 
to a factor of 9 by reducing the neutron dose rate 
from 0.38 Gy.  min -1 to 0.86 mGy- min -126. Cell 
survival was not significantly affected by the shift 
in the dose rate. No convincing explanation of 
this phenomenon has yet been offered. Hypotheses 
brought forward include the induction of error- 
prone repair or the facilitation of the expression of 
"sub-effective transformation damage" 26. 
Most of the epidemiological data from miners 
exposed to high-LET radiation from 2a2radon 
and its decay products suggest a linear or even 
downward concave dose/effect relationship for 
low and intermediate doses 27'28. On the other 
hand, an increase in the latency period with 
lower dose would result in an upward concave 
relationship especially for exposures received late 
in life. 
As stressed before, the most important aspect of 
LET in the assessment of low level effects is the 
temporal and spatial distribution of radiation 
events in critical tissues. Based on microdosimet- 
ric data, a low dose of 10 mGy (1 rad) received 
over a time period of 10 years will translate into 
only a few events per cell nucleus. For low-LET 
radiation, 10mGy produce about 7 electron 
tracks per cell nucleus; the average time period 
between two events in the same cell would be 
more than one year. For high-LET radiation, a 
macroscopic dose of 10 mGy does not even trans- 
late into one alpha track per cell nucleus in the 
affected tissue. Only a small probability of being 
hit, in the range of 4% for an 8 gin diameter 
volume, results. Dose rates at the level of the cell 
nucleus for low exposures of any LET always re- 
main extremely high (above a mGy per second). 
Such microdosimetric considerations suggest lin- 
earity for genetic changes occurring in single cells. 
Since alpha tracks passing through a cell nucleus 
induce cell death (loss of proliferative capacity) 
with a high probability, localized stimulation of 
stem cells may occur even at low doses. Correla- 
tions of such epigenetic effects with dose or dose 
rate are not well known. Figures 9 and 10 give 
computer-simulated numbers of hits for six cell 
nuclei encountering environmental low-LET ra- 
diation, and for six stem cells below/in the bron- 
chial epithelium of an uranium miner, respectively. 
From the indoor exposure, for the life periods be- 
fore and after the mining experience at the limit 
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for occupational exposure, it is seen that the ma- 
jority of  the stem cells in the most critically ex- 
posed parts of  the lung will not even encounter 
one alpha track from indoor radon during a 
human lifetime of  80 years. The probability of 
being hit resulting from a radon daughter expo- 
sure of  160mSv He (2 mSv per annum) is less 
than 50 percent 29 
Microdosimetric concepts do not only help in the 
quantification of  doses and dose rates in critical 
compartments, they may also help in the under- 
standing of  epigenetic effects. Since the local cel- 
lular effects from alpha tracks are acute and 
non-stochastic, cell death and effects on cell pro- 
liferation may occur even at low doses. Figure 10 
shows that bronchial stem cell nuclei exposed at 
the occupational limit encounter less than one hit 
per year, but typically several during an employ- 
ment period of  more than one decade. Under the 
assumption that many cells hit by an alpha track 
lose their capability for division, an exposure at 
the occupational limit already leads to profound 
changes in the repopulation kinetics of  stem cells. 
This is an epigenetic aspect of  alpha radiation 
which may have its influence on the dose effect 
relationship at low exposures, i.e. may lead to a 
deviation from linearity. 

Summary 

Recent progress in molecular biology, genetics 
and microdosimetry has considerably increased 
our knowledge of  the mechanisms of  radiation- 
induced carcinogenesis. However, as a result of  
the complexities involved in the many genetic and 
epigenetic changes in cells leading to the expres- 
sion of  malignancy only years or even decades 
after radiation exposure, risk coefficients for the 
quantification of  health detriment still have to be 
derived largely from epidemiological data and 
animal studies. On the other hand, improved un- 
derstanding of  molecular and cellular mechanisms 
is increasingly important in testing and refuting 
hypotheses about  the relative carcinogenic poten- 
tial of  different radiation qualities and dose rates, 
and of  low-level exposures. 

R~sum~ 

De la d~position d'~nergie au cancer 
Les r6cents progr+s en biologic mol6culaire, en 
g6n6tique ainsi que dans la microdosim6trie ont 
consid6rablement accru nos connaissances des 
m6canismes d'induction de g6nes canc6reux dus 
au rayonnement. Cependant, le coefficient de ris- 
que pour quantifier les dommages ~ la sant6, r6- 
sultat de nombreux changements g6n6tiques et 
6pig6n6tiques tr6s complexes dans les cellules, 
aboutissant seulement des ann~es ou d6cennies 

apr6s l'exposition aux radiations /t des tumeurs 
malignes, doit toujours 6tre d6termin6 largement 
fi l'aide d'6tudes 6pid6miologiques ou d'exp6ri- 
mentations animales. D'autre part, une meilleure 
compr6hension des m6canismes mol6culaires et 
cellulaires est de plus en plus importante pour tester 
ou r&uter des hypothbses concernant le potentiel 
canc6rigbne relatif des diff6rentes qualit~s des 
radiations et des quantit6s de dose, ainsi que 
d'expositions fi faible dose. 

Zusammenfassung 

Von der Energiedeposition zum Krebs 
Die Fortschritte der letzten Jahre in Molekular- 
biologic, Genetik und Mikrodosimetrie haben 
unsere Kenntnisse der Mechanismen, die zum 
strahleninduzierten Krebs ffihren, stark erweitert. 
Trotzdem ffihrt die Komplexit~it der vielen ge- 
netischen und epigenetischen zellul/iren Ver/inde- 
rungen, die erst Jahre oder Jahrzehnte nach der 
Exposition zu klinisch fassbaren Tumoren ffihren, 
dazu, dass Risikokoeffizienten ffir die Quanti-  
fizierung yon Gesundheitssch/iden heute immer 
noch weitgehend aus epidemiologischen oder tier- 
experimentellen Studien gewonnen werden mils- 
sen. Andererseits ermSglicht das verbesserte Ver- 
st/indnis molekularer und zellul/irer Vorg/inge in 
vermehrtem Masse, Hypothesen fiber das relative 
karzinogene Potential verschiedener Strahlenqua- 
lit/iten, Dosisraten und yon Niedrigststrahlung kri- 
tisch zu testen oder zu widerlegen. 
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