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Summary. A prediction of the extent to which an addi- 
tional dose of ionizing radiation increases the natural 
germ cell mutation rate, and how much such an increase 
will affect the health status of future human populations 
is part of the service that human geneticists are expected 
to offer to human society. However, more detailed scru- 
tiny of the difficulties involved reveals an extremely com- 
plex set of problems. A large number of questions arises 
before such a prediction can be given with confidence; 
many such questions cannot be answered at our present 
state of knowledge. However, such predictions have re- 
cently been attempted. The 1988 report of the United 
Nations Scientific Committee for the Effects of Atomic 
Radiation and the fifth report of the Committee on Bio- 
logical Effects of Ionizing Radiation of the US National 
Research Council have presented a discussion of the 
human genetics problems involved. Empirical data from 
studies on children of highly radiation-exposed parents, 
e.g. parents exposed to the atomic bombs of Hiroshima 
and Nagasaki, or parents belonging to populations living 
on soil with high background radiation, have been men- 
tioned in this context. Whereas precise predictions are 
impossible as yet because of deficiencies in our knowl- 
edge of medical genetics at various levels, the bulk of the 
existing evidence points to only small effects of low or 
moderate radiation doses, effects that will probably be 
buried in the "background noise" of changing patterns of 
human morbidity and mortality. 

The problem 

The fact that energy-rich radiation can induce mutations 
had previously been suspected, but was established first 
by Muller (1927) in Drosophila melanogaster and by Stad- 
let (1928a, b) in barley and maize, after Mayor (1924) 
had shown the induction of nondisjunction by radiation. 
"Classical" radiation genetics developed, based on these 
results (Lea and Catcheside 1942; Timofe6ff-Ressovsky 
and Zimmer 1947; Hollaender 1954-56). When DNA 

was identified as the universal genetic material, it soon 
became obvious, and was confirmed by overwhelming 
genetic evidence, that, in principle, the genetic material 
of all living beings is susceptible to radiation-induced 
damage. Since the pioneering studies mainly of Paula 
Hertwig in the 1930s (Hertwig, 1935, 1938a, b, 1940) 
and, especially, of W. L. Russell beginning in the 1950s 
(Russell, 1952, 1954, 1957, 1964a, b, 1965), the mouse 
has become the predominant object of studies designed 
for elucidating the special conditions of radiation effects 
on the mammalian genome, and on subsequent genera- 
tions in mammals (see Vogel et al. 1969). In the late 
1960s, we drew the following conclusions that were de- 
rived from studies of animals (predominantly mice) but 
that might also apply to human beings. (1) Radiation at 
a relatively low dose leads to a sterile phase because of 
death of most spermatogonia; the testicular tissue is later 
repopulated by repeated division of a few, especially re- 
sistant, A spermatogonia. (2) In the male mouse, the 
majority of the visible chromosomal aberrations, that 
are present in the F1 offspring are induced in the pre- 
sterile phase, i.e. in postmeiotically irradiated mate 
germ cells. Hence, a considerable risk for chromosomal 
aberrations in the next generation after irradiation of a 
human male may be assumed mainly if conception oc- 
curs less than about 6-8 weeks after irradiation. (3) In 
the female mouse, chromosomal anomalies may be in- 
duced, most of which lead to the death of the zygote at a 
very early stage of development (= early abortions in 
humans). The same is true for chromosomal aberrations 
that are induced in male germ cells and that are present 
in the zygote. (4) The hours around fertilization are 
especially susceptible to the induction of aneuploidies, 
especially the loss of single chromosomes, e.g. the X 
chromosome. (5) Acute irradiation with a relatively high 
radiation dose leads to a considerable increase of reces- 
sive mutations in both sexes. (6) A strong dose rate effect 
was observed in spermatogonia and in oocytes: chronic 
irradiation induces only about one third of the recessive 
mutations that are induced by acute irradiation. A dose 
rate effect is also present in dominant mutations; it is 
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caused by repair mechanisms. (7) Many radiation-induced 
mutations, especially those induced in postspermatogo- 
nial cell stages, were identified as deletions. Many in- 
duced recessive mutations were found to be lethal in the 
homozygous state. (8) Dominant  mutations with clear- 
cut phenotypic effects and full penetrance are induced 
relatively rarely; dominant effects within multifactorial 
genetic systems, e.g. mutations affecting the skeleton, 
appear to be more common. However,  before extra- 
polating this result to humans, the much easier and more 
detailed assessment of human anomalies compared with 
those of the mouse should be considered. (9) Most trans- 
locations induced in spermatogonia are unable to pass 
through meiosis; they do not lead to abortions or to mal- 
formed children. These conclusions have subsequently 
been supplemented by other data in experimental ani- 
mals; these results will be mentioned in the following 
sections. 

Estimates of international committees 
on hereditary effects of irradiation of human germ cells: 
rationale of these estimates 

These and other data, together with results from direct 
observations on spontaneous and induced mutations in 
humans, have been used by international committees to 
estimate the hereditary effects of radiation in human 
populations and to predict genetic damage in relation to 
a certain additional radiation dose. The history of these 
estimates is described by Sankaranarayanan (1988). These 
estimates are based on the following concepts: 

The indirect (doubling dose) method. This method com- 
pares the estimated additional number of mutations of 
various kinds with their spontaneous occurrence. This is 
undoubtedly a meaningful procedure,  since it puts all es- 
timates in perspective, giving an impression of the prac- 
tical impact on the health of future generations. A con- 
cept used for such an estimate is the doubling dose, de- 
fined as the dose that doubles the spontaneous mutation 
rate. Ltining and Searle (1970) have reviewed such dou- 
bling doses for various genetic endpoints, based on radi- 
ation-genetic data in the mouse (Fig, 1). From their re- 
port, two aspects are obvious. (1) There is an apprecia- 
ble difference between the estimates of doubling doses 
for various endpoints dominant and recessive "point 
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Fig. 1. Doubling dose and 95% confidence intervals for genetic 
endpoints in the mouse (acute radiation) (Ltining and Searle, 1971) 

mutations" leading to defined phenotypes, dominant 
mutations affecting the skeleton, recessive lethals, and 
chromosomal translocations leading to semisterility. (2) 
The confidence intervals of estimates are very large. The 
last of the United Nations Scientific Committee on the 
Effects of Atomic Radiation (UNSCEAR) reports pub- 
lished so far (1958, 1962, 1964, 1966, 1969, 1972, 1977, 
1982, 1986, 1988) have used a doubling dose of 1 Sv 
(100 rem) for irradiation at low dose rates (= irradiation 
over long periods of time). This estimate was based 
mainly on data from the classical studies of Russell (1952, 
1954, 1957, 1964a, b, 1965) and others on 7 recessive test 
loci in mice. As mentioned above, irradiation with iden- 
tical radiation doses but at high dose rates (= acute ir- 
radiation) leads, according to the same experiments, to 
more than twice the number of mutations, and hence, to 
a much lower doubling dose (about 0.4 Sv after irradia- 
tion of spermatogonia). 

The problem of the doubling dose has often been dis- 
cussed, e.g. by Neel and Lewis (1990). These authors 
have compared doubling doses from more comprehen- 
sive mouse data with those estimated from human data. 
For various experimental systems in the mouse, they ar- 
rive at a doubling dose of about 1.35 Gy (Sv) for acute 
(high dose rate) and approx. 4 Gy (Sv) for chronic (low 
dose rate) irradiation, with wide confidence margins. 
Hence,  these estimates are higher (and, therefore, point 
to a lower genetic impact) than those used in the reports 
of U N S C E A R  and the Committe on the Biological Ef- 
fects of Ionizing Radiation of the US National Research 
Council (BEIR;  1990). 

The doubling dose estimate of 1 Sv has two practical 
advantages: it is simple, and it indicates that an order of 
magnitude is implied, not a precise figure. However,  it 
contains two bold extrapolations: from a small set of mu- 
tations to all kinds of genetic effects manifested in the 
next generation, and from the mouse to humans. Both 
extrapolations will be mentioned repeatedly in the fol- 
lowing; the latter has especially raised extended discus- 
sions. The following formula is used (Denniston 1982) to 
provide an estimate with the indirect method: 

Induced burden spontaneous burden mutational 
(per unit of = x 
radiation) doubling dose component 

The definition of the "mutational component" is straight- 
forward when all instances of a certain state or disease 
have a clear-cut genetic foundation and are caused by a 
new mutation. Its determination becomes very difficult 
in complex diseases. It requires two steps. In a first step, 
the incidence of a disease condition in human popula- 
tions has to be determined. This step should be followed 
by a second, viz. an estimate of the mutational compo- 
nent, i.e. the fraction of instances in each generation 
that are caused by new mutations. This is easy in condi- 
tions such as trisomy (Down's or Klinefelter's syndrome) 
that are caused by a well-defined mutational event in the 
germ cell of one of the parents. Moreover,  individuals 
carrying these mutations never reproduce. They repre- 
sent mutational events in the germ cell of one of the par- 
ents. It is difficult in dominant or X-linked mutations 
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that reduce, but do not abolish the fertility of their bear- 
ers. It becomes virtually impossible in complex condi- 
tions, such as birth defects and multifactorial diseases. 

Another  problem is posed by the term genetic bur- 
den. According to the 1988 UNSCEAR report,  the meth- 
od "aims at expressing the risk in relation to the preva- 
lence" (better: incidence) "of genetic diseases in the gen- 
eral population..." Here the term "disease" raises another 
question. Are we really interested only in disease states, 
even if this term is meant to include everything from 
sterility and early abortion to quasi "natural" death at 
an old age? What about possible shifts well within the 
"normal" range of abilities that are known to be in part 
genetically determined? For example, there is good evi- 
dence that heterozygotes of some autosomal-recessive 
diseases may sometimes show a small downwards shift of 
I .Q.;  this cannot be considered pathological (see Vogel 
1984b). Would this not be of interest for the assessment 
of the radiation risk? 

The following discussion will almost entirely be con- 
fined to disease states, but the problem of possible shifts 
within the normal range should be kept in mind, espe- 
cially, since in modern human genetics and medicine, 
the limit between health and disease is becoming more 
and more blurred (see Vogel and Motulsky 1986; Vogel 
1990). 

The so-called direct method. Ehling (1985, 1989a, b, 1990) 
has developed a direct approach that is thought to cir- 
cumvent many of the difficulties encountered in the prac- 
tical application of the indirect method. According to 
this author, it is the goal of this method to achieve a di- 
rect estimation of the genetic risk expressed in the first 
offspring generation. It is based on an extrapolation 
from dominant mutations induced in mice. The number 
of radiation-induced mutations leading either to anoma- 
lies of the skeleton or to dominantly inherited cataracts 
in the F1 generation was determined. In Ehling's opin- 
ion, these mutations can be compared directly with cor- 
responding mutations in humans. The following formula 
was used: 

Expected Induced Multiplication 
number  of mutation factor for the 
induced = frequency x overall domi- 
dominant in mice nant mutation 
mutations frequency 
in man in man 

Genetically 
significant 

• dose in 
man 

mutations affecting the skeleton (see, for example, Selby 
1990). 

Ehling applied this method to about 19000 children 
of Hiroshima/Nagasaki survivors (for studies on these 
survivors see below). He arrived at an estimate of 17-21 
additional dominant mutations that would be expected 
to be caused by atomic bomb irradiation of their parents. 

At first glance, this direct approach seems to be con- 
vincingly simple and straightforward. However,  there 
are points of criticism from the viewpoint of the medical 
geneticist. (1) It is certainly too simplistic to calculate the 
multiplication factor from the number of different domi- 
nant cataracts in humans in comparison with the total 
number of known, dominantly inherited human pheno- 
types, mainly since incidences of all these mutations, 
which are very different, are deliberately neglected. (2) 
The generation time in mice is much shorter than in hu- 
mans. Therefore,  many of the cataracts seen in humans 
simply would have no time to develop in mouse. (3) The 
direct method is no more direct than the indirect one. 
The indirect method requires two main steps of reason- 
ing. As a first step, it requires determination of the inci- 
dence of certain types of mutation and its increase in re- 
sponse to a certain radiation dose, and extrapolation 
from certain groups of mutations to all mutations. How- 
ever, in addition, it requires a comparison of the ex- 
pected number of induced mutations with the "sponta- 
neous" rate; this part of the indirect estimate creates 
most of the difficulties. At the same time, however, this 
comparison gives medical and social meaning to the en- 
tire procedure,  as mentioned before. 

Therefore,  I shall discuss only results of the indirect 
(doubling dose) estimates in the following. This does not 
mean that I regard mutation studies with incompletely or 
completely dominant effects (skeletal malformations,  
cataracts, and others) as meaningless for the estimation 
of genetic radiation effects. Indeed, they may help us to 
create hypotheses for the elucidation of the genetic basis 
of many human malformations. Nevertheless, a careful 
comparison of such effects with anomalies and malfor- 
mations observed in humans, and the determination of 
the spontaneous occurrence in the human species and in 
mice, is necessary. Attempts at widening the spectrum of 
such dominant effects in mice, and a comparison of radi- 
ation effects with those of some chemical mutagens, the 
molecular mechanisms of which are known, should be 
encouraged (see Selby et al. 1991). 

According to Ehling, "The mutation rate for dominant 
cataracts is determined in experiments with mice. The 
multiplication factor to convert the dominant cataract 
rate to an overall mutation rate is based on McKusick's 
catalogue of autosomal phenotypes ... the number of 
well-established dominant mutations is 1172. The num- 
ber of well-established cataracts ... is 28. The ratio of 
total dominant mutations to cataract mutations of 42 is 
assumed to be the same in man and mouse. This ratio 
can be used to convert the induced mutation rate of 
dominant cataracts to the estimation of the overall dom- 
inant mutation rate." Similar reasoning is possible for 

The two most important estimates 

Two committees have published estimates on the amount 
of the additional mutational burden in relation to a cer- 
tain dosage of low-level chronic radiation, i.e. radiation 
with a low dose rate: the U N S C E A R  committee and the 
BEIR committee. Their estimates are compared in Ta- 
ble 1. Both estimates have been modified repeatedly. 
Here, only the latest estimates are give (UNSCEAR 1988; 
BEIR 1990). 

The two estimates show some similarities, but al- 
so interesting differences. A simple difference is that 
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Table 1. Risk estimates for genetic disease 

Estimated increase per 1 Sv low-dose-rate radiation 
(UNSCEAR 1988, Table 7, p31) 

Disease Current Effect of 1Sv 
classification incidence per generation 

per million 
live births First Second Equili- 

Gener- Gener- brium 
ation ation 

Estimated increase per 1 rem (0.01 Sv) low-dose-rate radiation 
(BEIR 1990, Table 2-1, p 70) 

Type of disorder Current incidence Additional cases/106 liveborn 
per million offspring/rem/generation 
liveborn 
offspring First generation Equilibrium 

Autosomal dominant 10000 1500 1300  10000 
and X-linked 

Autosomal recessive 2500 5 5 1500 

Chromosomal 
Due to structural 400 240 96 
anomalies 
Due to numerical 3 400 Probably very small 
anomalies 

Congenital anomalies 60000 Not estimated 

Other multifactoral 600000 Not estimated 
diseases 

Early acting Unknown Not estimated 
dominants 

Heritable tumors Unknown Not estimated 

Totals of estimated 1700 1400 
risk 

400 

12000 

Autosomal dominant 
Clinically severe 
Clinically mild 
X-linked 

Recessive 

2500 5-20 25 
7500 1-15 75 

400 < 1 < 5 

2500 < 1 Very slow 
increase 

Chromosomal 
Unbalanced 600 
translocations 
Trisomies 3800 

Congenital 
abnormalities 

Other disorders of 
complex etiology 

Heart disease 600000 
Cancer 300000 
Selected others 300000 

20000-30000 

<5 Very little 
increase 

<1 10-100 

10 10-100 

Not estimated Not estimated 
Not estimated Not estimated 
Not estimated Not estimated 

U N S C E A R  gives its estimates per 1 Sv, whereas B E I R  
gives it for 0.01Sv. Therefore, BEIR  estimates should 
be multiplied by 100 for a comparison with U N S C E A R  
estimates. Moreover, the U N S C E A R  tried to give "best 
estimates", whereas B E I R  gave a range. In the follow- 
ing, the evidence on which these estimates are based will 
be discussed critically. 

Autosoma l -dominan t  and X- l inked  recessive diseases 

For this group of hereditary diseases, the two reports 
agree very well (the fact that X-linked diseases are enum- 
erated separately in the B E I R  report, but not in the 
U N S C E A R  report, is numerically unimportant). It is 
not difficult to establish a baseline and to estimate its 
mutational component for those autosomal-dominant and 
X-linked diseases that have a strong selective disadvan- 
tage, and the prevalence of which is maintained in the 
population by an equilibrium between constant muta- 
tional pressure and selection. Since Gunther and Pen- 
rose (1935) published their mutation rate estimate for 
tuberous sclerosis, this group of mutations has been used 
to estimate mutation rates by the so-called direct method 
(see Vogel and Rathenberg 1975; Vogel and Motulsky 
1986), in which the number of sporadic cases in a popu- 

lation is compared directly with the reference popula- 
tion. In instances in which practical difficulties, e.g. il- 
legitimacy or genetic heterogeneity, can be overcome, 
this method should lead theoretically to reliable results 
regarding the spontaneous mutation rate and its increase 
because of a mutagenic agent. Therefore, such muta- 
tions have been named sentinel mutations, since they are 
expected to indicate mutation rate increases caused by a 
new agent in the environment. Czeizel (1989a, b) has 
enumerated 15 sentinel anomalies that are thought to be 
caused by dominant new mutations, and that can be 
diagnosed at birth or a short time afterwards (Table 2). 
As previously shown (Strobel and Vogel 1958), such sen- 
tinel mutations are too rare to provide easy results with 
realistic assumptions on mutation rate increases; con- 
tinuous screening of very large populations would be re- 
quired. 

Potential sentinel mutations make up only a small 
fraction of autosomal-dominat anomalies and diseases in 
human populations. In the 1988 U N S C E A R  and the 1990 
BEIR reports, the incidence of autosomal-dominant (and, 
in U N S C E A R ,  X-linked) diseases was estimated to be 
about 1% of newborns. According to Czeizel (1989a), 
the incidence of potential sentinel mutations was about 3 
per 10000 in Hungary. This is about 30 times lower. 
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Table 2. Follow-up figures for indicator conditions after the Chernobyl accident. Numbers of live births were 807 939,126 708 and 125 514, 
respectively, in 1980-1985, in 01.05. 1986-30.04.1987 and in 01.05.1987-30.04.1988 (Czeizel 1989a) 

Indicator conditions Baseline figures 01.05. 1986- 01.05.1987- Total 
(1980-1985) 30.04.1987 30.04.1988 

No. Per 10000 No. Per 10000 No. Per 10000 
No. Per 10000 

Sentinel anomalies 

10080 Achondroplasia 38 0.47 4 0.32 7 0.56 11 0.44 
10120 Apert syndrome 7 0.09 2 0.16 2 0.16 4 0.16 
10620 Aniridia, bilateral 2 0.02 0 - 1 (0.08) 1 (0.04) 
12350 Crouzon syndrome 5 0.06 1 (0.08) 2 0.16 3 0.12 
12990 EEC syndrome 3 0.04 0 - 0 - 0 - 
14290 Holt-Oram syndrome 12 0.15 2 0.16 2 0.16 4 0.16 
15450 Treacher-Collins syndrome 3 0.04 1 (0.08) 1 (0.08) 2 0.08 
16620 Osteogenesis imperfecta, type I 11 0.14 3 0.24 3 0.24 6 0.24 
17470 Preaxial poly-syndactyly, type IV 56 0.69 15 1.18 10 0.80 25 0.99 
18360 Split hand and/or foot, typical 3 0.04 1 0.08 0 - 1 0.04 
18760 Thanatophoric dwarfism 6 0.07 2 0.16 1 (0.08) 3 0.12 
30830 Incontinentia dwarfism 7 0.09 0 - 0 - 0 - 
31120 Gorlin-Psaume syndrome 2 0.02 0 - 0 - 0 - 
18020 Retinoblastoma 26 0.32 2 0.16 1 (0.08) 3 0.12 
19407 Wilms tumor 65 0.80 6 0.47 7 0.56 13 0.52 

Total 246 3.04 39 a 3.08 a 37 a 2.95 ~ 76 a 3.01 a 

a Preliminary figures 

There are some other, mostly rare diseases, the frequency 
of which in the population is probably maintained by an 
equilibrium between mutat ion and selection. Others,  
such as bilateral ret inoblastoma (Matsunaga and Minoda 
1988) or haemophil ia  have been maintained by such an 
equilibrium in the past, but successful therapy has upset 
this equilibrium in recent decades. Assuming constant 
mutat ion rates, the incidence of such conditions is bound 
to increase, with no additional mutagenic agent, until a 
new equilibrium has been reached, unless there are coun- 
teracting circumstances, e.g. artificial selection. 

However ,  it is very unlikely that the most  common 
dominant  conditions are maintained by an equilibrium 
between mutat ion and selection. Monogenic familial hy- 
percholesterolemia (type I Ia) ,  for example,  is the most  
common of all well-defined dominant  conditions. In het- 
erozygotes,  it often leads to coronary heart  disease and 
premature  death in middle age; the very rare homozy- 
gotes may die early f rom cardiac infarction. With pre- 
sent-day living conditions in industrial countries, there 
may be a very small selective disadvantage of the muta- 
tions leading to this condition. In the past, however,  a 
small but widespread selective advantage would most 
easily explain the high frequency of these mutations in 
present  populations; the mechanism of such an advan- 
tage could have involved the shortage of certain food- 
stuffs. At  present,  its nature is unknown. 

Hunt ington 's  disease is another  example.  It also be- 
longs to the most common autosomal-dominant  diseases. 
Recent  sudies with closely linked D N A  markers  have 
shown that all mutants  identified so far may be located at 
the same gene locus. For this disease, a number  of good 
epidemiological studies exist (Reed and Nell 1959; Wendt 

and D r o h m  1972; see Harper1992). Selective disadvan- 
tage of the gene, as measured by the fertility of patients 
in comparison with the general population, is small (about 
5 % - 1 0 % ) .  Moreover ,  even this small disadvantage ap- 
pears to be caused by voluntary restriction of the num- 
ber of children, i.e. it is artificial. On the other hand, no 
new mutations have been identified so far beyond reason- 
able doubt. This suggests that the Huntington mutat ion 
might have had a selective advantage in earlier times. 

At  first glance, the problem might be solved by sim- 
ply not using such mutations in risk estimates. However ,  
for many dominant  diseases, the mechanisms that have 
caused their present-day incidence are unknown. More- 
over, the situation might be still more  complicated. Mu- 
tation and selection may cooperate.  The X-linked fra(X) 
(fragile X) syndrome is one example.  Here ,  a relatively 
high spontaneous mutation rate appears  to be combined 
with a selective advantage of heterozygous carriers, lead- 
ing to an exceptionally high population incidence (Vogel 
1984a; Vogel et al. 1985, 1990). 

It  follows that dominant and X-linked diseases cannot 
be subdivided entirely into those the incidence of which 
is maintained by an equilibrium between mutat ion and 
negative selection, and others in which a selective advan- 
tage under certain living conditions has been the decisive 
factor. More complicated situations may occur, and the 
equilibrium conditions may change over  time, depend- 
ing on living conditions. 

In earlier U N S C E A R  reports,  the mutational  compo- 
nent of the entire group was estimated as being 15%. In 
this estimate,  the medical geneticists may have been per- 
suasive, having in mind the more  severe and debilitating 
forms of genetic desease. In any case, the estimate is 
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high. Until more precise knowledge has accumulated, it 
might be reasonable to retain it. If  the situation is un- 
certain, it is always wise to assume a risk in the upper  
part  of the possible range; the higher the "spontaneous" 
mutational component ,  the higher the radiation risk. 

Dominant and X-linked mutations in relation to paternal 
age 

In order to consider an increase of morbidity attributa- 
ble to autosomal-dominant  and X-linked radiation-in- 
duced mutations in proper  perspec t ive ,  it should be re- 
membered  that the "spontaneous" mutat ion rate is not a 
natural constant. The best known factor that influences 
the mutation rate is paternal age. For some autosomal- 
dominant anomalies, such as achondroplasia,  acroceph- 
alosyndactyly, myositis ossificans, the Marfan syndrome, 
and probably some others, the mutat ion rate at a pater- 
nal age of 40-45 is fourfold to sixfold higher than at a pa- 
ternal age of 20-25 (see Vogel and Rathenberg 1975). 
Recently,  Modell and Kuliev (1990) have published cal- 
culations indicating how much a given shift in distribu- 
tion of paternal ages in a population would change muta- 
tion rates. Published data on achondroplasia,  myositis 

Table 3. Estimated relative mutation rate in European countries 
(Modell and Kuliev 1990) 

Country and year Fathers > 35 Relative mutation 
(%) rate (1 = level 

when all fathers 
are < 30 

Bulgaria 1980 7.3 1.22 
GDR 1980 8.5 1.22 
Czechoslovakia 1978 9.6 1.27 
Hungary 1980 10.2 1.28 
Belgium 1978 11.6 1.33 
Scotland 1980 12.0 1.34 
Poland 1980 12.1 1.35 
Netherlands 1979 12.9 1.38 
France 1980 14.9 1.43 
England and Wales a 1979 15.4 1.44 
Finland 1980 16.0 1.45 
Denmark 1980 17.6 1.47 
Luxembourg 1980 17.8 1.47 
Norway 1980 17.6 1.47 
Iceland 1980 21.1 1.53 
Northern Ireland 1978 19.0 1.53 
Switzerland 1979 20.0 1.53 
Sweden 1980 23.4 1.53 
Malta 1980 19.8 1.54 
FRG 1980 22.2 1.57 
Spain 1980 23.6 1.64 
Italy 1978 24.1 1.64 
Greece 1979 24.3 1.69 
Spain 1966 33.5 1.69 
Pakistan 1968 46. l 2.67 

a Correlation for infants born out of wedlock makes no difference 
to the figure 

ossificans and acrocephalosyndactyly were used for these 
model calculations. Table 3 is based on the paternal age 
distributions in the general populations of various coun- 
tries. The expected incidence of dominant new mutants 
is compared  with their incidence if all fathers were < 30 
years old at the time of birth of their children. The ratios 
vary from 1.22 in Bulgaria and East  Germany  in 1980 to 
2.67 in Pakistan, 1968. Hence,  even a relatively small 
shift in paternal age distribution, especially an increase 
or a reduction of "older" fathers, could influence the 
mutation rate for such paternal age-dependent  muta- 
tions appreciably, probably much more than any con- 
ceivable change in exposure to mutagenic agents, e.g. 
radiation. 

Autosomal-recessive diseases 

The 1988 U N S C E A R  report  gave an increase of 5 in- 
stances in the first generation, and 5 in the second gener- 
ation, with an equililbrium value of 1500 additional cases 
at equilibrium. The B E I R  V report ,  giving the same fig- 
ure for basal incidence (2500/1 million), estimated the 
increase in the first generation at < 1, and remarked in 
addition: "Very slow increase." The earlier U N S C E A R  
reports did not a t tempt  to provide any specific estimates, 
with the exception of the 1972 report  that gave an esti- 
mate for the first generation, based on adverse effects in 
heterozygotes as indicated by some studies in Drosophila. 
The new estimate was based on a publication of Searle 
and Edwards (1986). According to these authors, an 
extra genetically significant dose of 0.01 Gy of X-rays or 
7-rays received by each parent  in a stable population 
would lead to up to 1200 extra recessive mutations. De- 
pending on which other identical alleles they happened 
to meet ,  homozygotes  would segregate out; the number  
of such homozygotes  critically depends on the breeeding 
structure of the population, especially the number  of 
consanguineous matings. To arrive at the estimate of 
Table 1, the authors assumed a rate of 1% first-cousin 
marriages. They also stated that, with very low inbreed- 
ing rates or in the complete absence of inbreeding, man- 
ifestations of recessives may spread over  enormous time 
periods: "... if 1000 recessive lethals were randomly dis- 
tributed over  109 individuals mating at random, the pro- 
portion surviving per  generation would be 0.999999, giv- 
ing a half life (of a mutation) of over a million years in 
man."  

In populations of industrialized countries, first-cousin 
matings have gone down to one or a few per thousand in 
recent decades (see Vogel and Motulsky 1986). Since 
this reduction is caused, on the one hand, by greater  mo- 
bility and, on the other hand, by smaller numbers of chil- 
dren (and, hence, the reduction in the number  of avail- 
able cousins), this decrease will probably continue and 
spread to other populations. However ,  if consanguinity 
can be neglected in the future, it is open to question 
whether effects distributed over thousands of genera- 
tions should be considered in genetic risk estimates. Gene 
therapy and/or  prenatal  diagnosis at the zygote level will 
eventually become routine, especially for autosomal-re- 
cessive diseases with mostly simple enzyme defects. 
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Another assumption of Searle and Edwards (1986) 
was a selective disadvantage of heterozygotes. Extra- 
polating from the Drosophila data given by Muller (1950), 
they assumed an average selective disadvantage of 2.5%. 
However, these are by no means the only available Dro- 
sophila data; selective advantages in a considerable frac- 
tion of heterozygotes have been shown in other studies 
(Stern et al. 1952; Wallace 1957). 

In humans, amazingly few data on phenotypic devia- 
tions in the heterozygotes of autosomal-recessive dis- 
eases are available (see Vogel 1984b). As a rule, hetero- 
zygotes have about half the activity of normal homozy- 
gotes for the product of the gene that is affected by the 
mutation, in many cases an enzyme. In most situations, 
this reduced activity will suffice for normal function. Ap- 
parently, evolution has provided the human body with a 
wide safety margin for the preservation of function, even 
in the presence of smaller deficiencies. When the system 
involved is put under special stress, however, abnormal 
phenotypic effects may ensue. Many examples are known 
(Vogel 1984b). Very few may lead to reduced reproduc- 
tion of their carriers, i.e. a selective disadvantage. Most 
of them, such as slight I.Q. shifts, have no relationship, 
or no culture-independent and therefore constant rela- 
tionship, with fertility. Some appear to influence health 
in middle and advanced age, and it is very well possible 
that susceptibilities to complex and so-called multifacto- 
rial diseases are influenced strongly by our individually dif- 
ferent patterns of heterozygosities for recessive diseases. 

It is possible that radiation-induced recessive muta- 
tions may have, on average, stronger phenotypic effects 
in heterozygotes than "spontaneous" mutations: As shown 
in the classical studies mainly by Russell (1952, 1954, 
1957, 1964a, b, 1965) on the seven autosomal-recessive 
test loci of the mouse, radiation-induced recessive muta- 
tions are small deletions. 

Nevertheless, it has to be conceded that the present 
knowledge of health effects of the heterozygous state for 
autosomal-recessive diseases is incomplete. Such studies 
are time-consuming and they require great epidemiolog- 
ical skill and complex logistics. Their results should be 
important for improving risk estimates, but they are 
never impressive, mostly showing slight deviations from 
normal that often cannot be established beyond reasona- 
ble doubt. It is not surprising that such investigations are 
seldom undertaken. 

Finally, the background of recessive genes and dis- 
eases in human populations is not constant, being even 
less constant than that, for example, of spontaneous mu- 
tations. The reduction of consanguineous marriages has 
already been mentioned. A second tendency is the break- 
ing up of isolates. Both developments must have led to a 
sudden reduction of homozygotes for recessive genes 
below equilibrium frequencies. Disregarding any changes 
in the mutation rate, on the one hand, and (unlikely) fu- 
ture increase of inbreeding, on the other, a very slow in- 
crease of affected homozygotes must be anticipated, until 
a new equilibrium is reached (for details see Vogel and 
Motulsky 1986). 

In conclusion, any possible effects of additional radia- 
tion should be viewed against a complex background. 

Moreover, these effects will be different depending on 
future changes in population structure, changes that can 
hardly be predicted. 

Chromosomal diseases 

The risks given for chromosomal diseases are, in princi- 
ple, similar in both reports. The basic figure for struc- 
tural anomalies or unbalanced translocations is given at 
400/1 million by UNSCEAR and 600/1 million by BEIR. 
Obviously, both estimates are based on well-known pop- 
ulation studies on newborns; they do not comprise fig- 
ures from studies on spontaneous abortions. UNSCEAR 
gives an increase estimate of 240 for 1 Sv (= the doubling 
dose), meaning that more than half the unbalanced trans- 
locations occur de novo, and that this fraction w~uld be 
doubled. The BEIR committee was much less detinite, 
but an estimate of < 5 per 0.01 Sv is obviously of the 
same order of magnitude. The UNSCEAR estimate was 
based on evidence that about 9% of individuals with un- 
balanced chromosome rearrangements will survive to 
birth. However, how many such rearrangements are ac- 
tually induced? Here, comparative studies in the mouse, 
rhesus monkeys, marmoset monkeys, and crab-eating 
monkeys, and in human males have revealed striking dif- 
ferences (see the 1986 UNSCEAR report, Table 21, p 
128). Hence, the figure given in Table 1 is a relatively 
crude approximation. It is the best estimate from many, 
but sometimes divergent, data. It is based on extrapola- 
tions, some details of which might be doubted. One in- 
teresting point should be noted: many spontaneously oc- 
curing translocations in humans are Robertsonian in 
type, but it has been concluded from mouse data that 
radiation does not induce such Robertsonian transloca- 
tions (Ford et al. 1978). 

For numerical chromosomal diseases (mainly triso- 
roles), UNSCEAR gives a figure of 3400/1 million; BEIR 
gives an estimate of 3800/1 million. Both reports agree 
that the increase with increasing radiation dose will prob- 
ably be very small. Adding incidence data in newborns 
for autosomal and gonosomal numerical anomalies to- 
gether (see for example, Nielsen und Silessen 1975; Niel- 
sen et al. 1982) gives a figure for incidence without addi- 
tional radiation that is closer to the higher (3800/1 mill- 
ion) than to the lower figure. The assumption made in 
both reports that the increase with low-dose rate radia- 
tion will be small is based on mouse data. Some of these 
data have been mentioned in passing in the first section 
of this review. Recently, a number of studies have been 
performed in the mouse in wich the effects of ionizing 
radiation on female and male germ cells have been in- 
vestigated in detail (Griffin and Taese 1988; Hansmann 
et al. 1979, 1985; Pacchierotti et al. 1987; Russo et al. 
1983; Speed and Chandley 1981; Tease 1982, 1985). Pac- 
chierotti et al. (1987) concluded from their own and 
other studies that the rates of aneuploidy induction cal- 
culated in male and female germinal cells were of the 
same order of magnitude (about 2-7 x 10-: per Gy) and 
were not very different from those reported by various 
authors for translocation induction in spermatogonia. 
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Taken as a whole, however, the evidence is not a 
good as it should be. This has been realized by mouse 
geneticists, and a comprehensive international research 
programme for collecting better data is now in progress. 
As mentioned in the beginning, the oocyte, when ir- 
radiated at the time of fertilization, is especially suscepti- 
ble to chromosome loss, especially loss of the X-chromo- 
some. However, most monosomic human zygotes do not 
survive early pregnancy; even the great majority of sur- 
viving 45 X zygotes are thought not to be attributable to 
nondisjunction or chromosome loss during meiosis, but 
to be caused by mitotic events during early pregnancy. 
Moreover, most trisomies do not survive to birth (Has- 
sold et al. 1981; Hassold and Jacobs 1984). Hence, in 
view of the well-known high incidence of chromosomal 
anomalies among spontaneous abortions, any radiation- 
induced increase of nondisjunction and/or early chromo- 
some loss would lead to an increase in the rate of sponta- 
neous abortion rather than to more chromosomally ab- 
normal newborns, as explained in greater detail in ear- 
lier UNSCEAR reports. This conclusion is corroborated 
by a study in the mouse (Reichert et al. 1984), in which 
the frequency of chromosomal radiation effects was fol- 
lowed from MI zygotes to early and late embryos. The 
fraction of chromosomally disturbed germ cells, which 
was very high at the beginning, was found to be practi- 
cally zero in embryos surviving to birth. 

In the UNSCEAR 1982 report, (Table 8, p 525), 12 
studies were listed in which the problem of whether the 
incidence of Down's syndrome increases after pre-con- 
ceptual irradiation of the mothers was addressed. In 4 
studies, a significant increase of this syndrome was de- 
scribed, whereas 8 studies failed to show such an effect. 
In these studies, women were included who had been ex- 
posed at some time in their lives to small radiation doses 
for medical reasons. Obviously, these women are not an 
unbiased population sample; there is ample opportunity 
for the action of confounding variables. On the other 
hand, these data do not allow the dismissal of the possi- 
bility that low radiation doses enhance the risk for auto- 
somal nondisjunction in female meiosis, at least under 
certain conditions (see also the studies of populations 
living in areas with high background activity in India and 
China, discussed in a later section of this report). 

As mentioned, the estimation of additional risks is 
meaningful only in relation to the "spontaneous" muta- 
tion rate. The "baseline" is especially variable for triso- 
mies, because the "spontaneous" mutation rate increases 
with the age of the mother; the risk for mothers above 40 
is 10-20 times higher than that for 20-year-old mothers 
(see for example, Hook and Chambers 1977). There- 
fore, the same conclusion that has previously been de- 
rived for paternal age and dominant mutations holds 
true, in principle: even a small shift in the distribution of 
maternal ages in a human population (and especially in 
the fraction of mothers above the age of 35) will alter the 
incidence of trisomy syndromes at birth much more than 
any conceivable increase caused by radiation. 

In conclusion, the increase of structural and numeri- 
cal chromosomal aberration among newborns attributa- 
ble to additional radiation of parents would very proba- 

bly be minor. Nevertheless, additional evidence from 
animal experiments would be very welcome. 

Congenital anomalies and multifactorial diseases 

For these two categories, UNSCEAR and BEIR devi- 
ate from each other in the estimation of incidences. 
UNSCEAR gives a figure of 60000/1million for "con- 
genital anomalies" and 600000/1 million for "other multi- 
factorial diseases." BEIR estimated "congenital abnor- 
malities" as 20000-30000/1million. This report sub- 
divided "other disorders of complex etiology" into three 
categories: heart disease (600000), cancer (300000) and 
"selected others" (300000). These three figures add up 
to more than 1 million; hence, they cannot be meant to 
be mutually exclusive, UNSCEAR did not estimate the 
increase caused by radiation for any of the two categories; 
BEIR mentioned an increase of 10 (per 0.01 Sv) in the 
first generation and a new equilibrium value of 10-100 
for congenital abnormalities. Both estimates, however, 
are extremely unreliable. The problem begins with the 
estimation of the incidence of congenital anomalies at 
birth. It continues with attempts at estimating the "mu- 
tational component" of these malformations. As to the 
first step, estimates of incidence, there are many such es- 
timates. Their results show an enormous range of varia- 
tion, depending mainly on the definition and delineation 
of the malformations included and the mode of ascer- 
tainment. Population screening programmes, often sup- 
plemented by additional examination in selected indi- 
viduals and families, and ad hoc studies are, in most in- 
stances, performed not only to determine incidences, 
but also to obtain possible causes of such malformations. 

The ad hoc studies can be subdivided into two groups: 
retrospective and prospective studies. In retrospective 
studies, cases with certain malformations are ascertained 
in a population, and data on the history of the pregnan- 
cies and genetic data are collected retrospectively and 
compared with adequate controls. In prospective stud- 
ies, pregnancies are monitored from the beginning, and 
the outcome is registered. The retrospective design is 
much simpler and less time-consuming and expensive, 
but is less reliable for the detection of possible causes. 

Koller et al. (1983), who conducted such a prospec- 
tive study in the Federal Republic of Germany, com- 
pared their work with others, and noted that, despite 
basic agreement on principles of definition, there re- 
mained a wide range of subjective and observational var- 
iation in real ascertainment and classification of single 
cases. The following parameters are especially impor- 
tant: age of the child at time of observation, single or re- 
peated examination, and the exclusion or inclusion of in- 
stances of early death. 

In the study mentioned, children were examined within 
the first week after delivery, after 6 weeks and at 9, 18, 
and 36 months. Severe malformations were observed in 
122 children (1.73% of 7042 children born). Of these, 86 
were discovered at birth or within the first three months, 
and 36 after the first quarter of a year and up to the end 
of the third year. In addition to these severe malforma- 
tions, 1761 (24.9% of 6900) children showed "small but 
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definite" anomalies; "small borderline" anomalies were 
registered in 2772 (40.2%). This means that about two- 
thirds of children included in this study were diagnosed 
as having malformations or anomalies. This study, com- 
prising a relatively small but unbiased number of thor- 
oughly studied pregnancies, shows many of the problems 
involved in the seemingly simple task of ascertaining and 
counting newborns and children with malformations and 
anomalies. 

This study can be compared with a population-wide 
registry of hereditary or partially hereditary diseases in 
British Columbia (Canada) with a population of some- 
what over 2 million (Trimble and Doughty 1974). All 
liveborn children in the period 1952-1972 were exam- 
ined; stillbirths were not included. Anomalies were coded 
using the International Classification of Diseases (ICD) 
system. A total of 29 378 liveborn children (out of 756 304) 
were found to have one or another of the often heredi- 
tary anomalies and birth defects registered in this study; 
among them 15728 had congenital malformations (3.58%). 
As in the study of Koller et al. (1983), this figure also 
comprises chromosomal aberrations and diseases with 
Mendelian modes of inheritance. The incidence estimate 
of 3.58% is slightly higher than that given in the study of 
Koller et al. (1983) for severe malformations (1.73%), 
but much lower than the figure for children with small 
but definite anomalies (24.9%). In comparing the fig- 
ures for severe malformations, it should be noted that 
Down's syndrome is included in the severe malformation 
class of the Koller study, but not in the British Columbia 
study. The ethnic origin of the British Columbia popula- 
tion is not so different from the German one. The actual 
incidences of malformations in the two populations might 
therefore be regarded as similar. Moreover, both groups 
used the ICD classification. However, this classification 
is insufficient for the purposes of medical genetics, be- 
cause it combines anomalies with different clinical signs 
and different etiologies. In comparing ICD classes, it 
may be concluded that the Canadian survey probably 
contains, within the single ICD classes, milder anomalies 
than the German survey. The German team has very 
probably included fewer malformations in its "severe" 
class, and included many more anomalies in its "small 
but definite" category than the Canadians in their "mal- 
formation" category. 

In theory, a system of continuous registration that is 
complemented by ad hoc studies on special problems, 
such as genetic data (for example empirical risks in fami- 
lies) or environmental factors (radiation, drugs and en- 
vironmental chemicals), is the best system for answering 
questions of incidence and causation. The programme in 
Hungary, which has been in operation since the early 
1960s, appears to be the most informative of this kind. 

Hungary, with a population of about 10.7 million, has 
been registering all newborns (liveborns and stillborns) 
with congenital malformations since 1962. Reporting is 
also mandatory for all birth defects detected within the 
first year of life. This registry is supplemented by the leg- 
ally enforced autopsy of all deceased children. Addition- 
ally, epidemiological ad hoc studies are performed to 
solve special problems. In Hungary, practically all pre- 

gnancies are monitored, and unusual events during these 
pregnancies, including drugs and X-ray exposures, are 
noted. In a case where a child carries a malformation or 
another anomaly, data from that pregnancy are com- 
pared with those from suitably matched control pregnan- 
cies. 

Reports have been published mainly on congenital 
anomalies (Czeizel and Sankaranarayanan 1984), selected 
common multifactorial diseases (Czeizel et al. 1988) and 
mental retardation (Czeizel et al. 1990). Table 4 contains 
the relative frequencies per 10000 births in Hungary 
(total births and live births) in comparison with data 
from a prospective study in the United States (Chung 
and Myrianthopoulos 1975) and the above-mentioned 
British Columbia study. The total number of congenital 
anomalies in the Hungarian study is higher than in the 
British Columbian study, but much lower than in the US 
study. 

At first glance, this result would suggest that studies 
based on malformation registers are always incomplete 
and unreliable. However, this does not explain the major 
part of the difference. As shown above, the (much smal- 
ler) prospective study in Germany was performed with 
great care; children were re-examined up to the third 
year of life. Nevertheless, the recorded incidence of se- 
vere anomalies turned out to be much lower in the Ger- 
man than in all three other studies, despite the fact that 
the same ICD categories were used. 

A few of these different results suggest real differ- 
ences in the incidence of some malformations between 
these populations. For example, Czeizel and Sankarana- 
rayanan (1984) described an especially high incidence of 
congenital dislocation of the hip in Hungary in compari- 
son with other European populations (Carter 1976). This 
anomaly is also common in Britanny (France), and might 
possibly have a genetic basis. On the other hand, re- 
corded incidence may vary with the diagnostic standards 
used. Other real (but small) differences might be hidden 
in the information collected and analysed by the various 
teams, because of differences in classification and inclu- 
sion or exclusion of individual cases. 

In the reports on the Hungarian data, the authors 
also attempted to estimate "detriment in terms of years 
lost and years of impaired life" for the various categories 
of anomalies. This attempt at quantifying the actual bur- 
den inflicted upon the individual and upon human soci- 
ety by congenital anomalies is certainly interesting. In 
the opinion of the present author, these results are how- 
ever unsatisfactory for many reasons. Therefore, this ap- 
proach will not be discussed in detail within this review. 

The mutational component of common malformations 

The seemingly simple task of determining the incidence 
of congenital malformations at birth poses some prob- 
lems, and results from one study to the next may show 
considerable differences, occasionally because of real 
differences between populations, but much more often 
because of differences in ascertainment and classifica- 
tion. In order to predict a possible increase attributable 
to a specified radiation dose experienced by the germ 
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Table 4. Relative frequencies (per 10000 births) of congenital anomalies in the United States of America and Hungary (according to 
Czeizel and Sankaranarayanan 1984) 

ICD code Congenital anomaly Prevalence aper 104 

US, Hungary British Columbia, 
among total births Among Among among live births 

total births live births 

740-741 
742 
743 

744 
745-747 
748 

749 
750-751 
752-753 

754-756 
757 
758 
759 

Anencephaly andspinabifida 17.4 (42) b 
Other anomalies of the nervous system 35.2 (85) 
Anomalies of the eye 23.6 (57) 

Anomalies of ear, face and neck 14.9 (36) 
Cardiovascular anomalies 86.5 (209) 
Anomalies of the respiratory system 14.1 (34) 

Cleft palate and cleft hip 27.3 (66) 
Anomalies of the digestive system 61.7 (149) 
Anomalies of the genital organs and 115.5 (279) 
urinary system 

Musculoskeletal and skeletal anomalies 438.0 (1058) 
Anomalies of the integument 101.4 (245) 
Chromosomal anomalies 16.1 (39) 
Other and unspecified anomalies 12.8 (31) 

Total 964.5 (2 330) 

550 Hernia, inguinal 127.9 (309) 
553 Hernia, umbilical 10.8 (26) 350 

Congenital tumors 6.2 (15) 

Grand total 1109.4 (2680) 

16.6 10.3 9.2 
14.6 11.4 7.9 
3.2 3.2 7.8 

4.7 4.6 6.0 
80.8 79.2 42.6 
2.8 2.8 1.5 

14.8 14.5 17.5 
27.8 27.8 17.6 
93.7 90.9 27.5 

314.2 312.7 
7.6 7.4 

12.6 12.6 
21.5 20.0 

614.9 597.4 

110.4 110.4 
9.4 8.8 
1.2 1.2 

735.9 717.8 

66.2 
2.4 

14.1 
1.9 

222.2 (358) ~ 
(428) d 

a The US prevalence figures refer to the number of congenital anom- 
alies (and not the number of affected individuals); for the other 
two, the figures are based on the numbers of affected individuals 
b The figures given in parentheses (column 4) refer to the numbers 
of congenital anomalies on which the prevalence estimates (given 
in column 3) are based 

c The frequency of 222.2 is for the period 1952-1972 and that of 
358 is the authors' minimal estimate (excluding chromosomal anom- 
alies) 
d The authors' adjusted estimate (excluding chromosomal anoma- 
lies) 

cells of parents, the "mutational component" of this inci- 
dence should be estimated. This involves an estimate of 
frequency and degree of genetic determination of single 
anomalies and their modes of inheritance. Furthermore, 
possible selective disadvantages of such anomalies under 
the living conditions of earlier times and at present (and, 
if possible, in populations of industrialized countries, and 
in developing countries with poor medical systems) should 
be known. This information is needed to estimate which 
part of the genetic component of a certain anomaly is 
lost in every generation, and which is therefore replaced 
by new mutants. Even then, one would make an estimate 
of the right order of magnitude only if an equilibrium be- 
tween mutation and selection actually existed (Haldane's 
principle; Haldane 1935) 

In view of the complex genetic basis of most malfor- 
mations, such estimates are impossible to date. There- 
fore, it was a reasonable decision that, in the U N S C E A R  
1988 report, no such estimate was attempted. As men- 
tioned, however, the B E I R  (1990) report gives such an 
estimate: about 10 in the first generation and 10-100 at 
equilibrium for 0.01 Sv of additional radiation. These es- 
timates are based on the assumption that the relevant 

malformations consist of those caused in part by multi- 
factorial inheritance in combination with a threshold, 
and in part, by irregularly manifesting dominant muta- 
tions. The overall mutational component is estimated to 
be between 5% and 35%. The upper limit (35%) is then 
used to estimate the increase as seen in Table 1. For de- 
tails of this involved estimation process, the reader should 
refer to the B E I R  (1990) report itself. Suffice it to say 
that the result is very vague indeed. Moreover, the argu- 
ment is based in part on results of twin studies, which are 
misleading for congenital malformations, since the inci- 
dence of most of them is increased because of the special 
conditions of monozygotic twin pregnancies (Vogel and 
Motulsky 1986). 

Many congenital malformations have a truly "multi- 
factorial" basis. A few are caused by environmental fac- 
tors such as teratogenic drugs or, very rarely, irradiation 
during pregnancy. For many of them, no cause can be 
identified; they are attributable to an accumulation of 
random processes during early embryonic development. 
However, data from radiation experiments in mice sug- 
gest that some may also be caused by irregularly man- 
ifesting dominant mutation. Their frequency may increase 



after the irradiation of parents. For example, Ehling 
(1966, 1989a, b), Selby (1990), Selby and Selby (1978) 
and Selby et al. (1991) have shown that irradiation of 
mouse spermatogonia may lead to the occurrence of a 
wide array of skeletal malformations. This indicates that 
genetic variation influencing such malformations may, 
indeed, have a strong mutational component. It is re- 
markable, on the other hand, that studies on the associa- 
tions of malformations with known genetic polymor- 
phisms, such as the ABO blood grous (see Vogel 1970; 
Vogel and Helmbold 1972; Mourant et al. 1978), have 
largely failed to point to any such associations. The same 
is true for disease associations with the major histocom- 
patibility system (Tiwari and Terasaki 1985). Cautious 
extrapolation from these few polymorphisms to poly- 
morphisms in general may permit the preliminary con- 
clusion that variation within such polymorphisms in the 
normal range has litte significance for the occurrence of 
malformations. 

The genetic load 

The concept of genetic load has been discussed exten- 
sively by population geneticists. At least two types of 
load have been distinguished: the mutational, and the 
segregational load. The mutational load describes the 
deviations from optimal fitness in a population caused by 
recurrent, and mostly detrimental, mutations, whereas 
the segregational load comprises deviations attributable 
to the segregation of homozygotes in situations in which 
heterozygotes have a selective advantage (for details see 
Crow 1970; Vogel and Motulsky 1986). Both types of 
load occur, but there have been heated discussions be- 
tween population geneticists as to which is the more im- 
portant in humans. 

In the event that the above-mentioned mouse data on 
skeletal anomalies can be extrapolated to humans, and 
further studies should confirm the absence of associa- 
tions with genetic polymorphisms, this would point to a 
predominance of the mutational load with respect to 
these anomalies. In this case, only non-genetic causes 
and a mutational genetic component would have to be 
considered for this group of mutations. 

At present, our limited knowledge concerning these 
problems in humans does not permit a prediction of how 
much a certain additional radiation dose will enhance 
the load due to congenital malformations (except those 
caused by chromosomal aberrations or regularly inher- 
ited dominant and X-linked mutations). This task meets 
with two major difficulties. (1) The present-day inci- 
dence of such malformations in human populations is 
not known with sufficient precision. This difficulty could 
be overcome if monitoring systems for birth defects were 
introduced in a few human populations, following the 
Hungarian example, and if their logistic and diagnostic 
precision could be optimized. (2) The mutational com- 
ponent of this group of malformations in humans is un- 
known. Many more studies on the genetic background of 
common malformations at different levels (clinical, bio- 
chemical, and molecular) are necessary to fill this gap. In 
the absence of an adequate theoretical rationale, empiri- 
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cal data on irradiated population groups may help with 
regard to preliminary conclusions (see below). 

Other multifactorial diseases 

The second group of diseases with no well-defined ge- 
netic basis (Table 1) are the "other multifactorial dis- 
eases" (UNSCEAR) or the "other disorders of complex 
etiology" (BEIR). As mentioned, UNSCEAR gives an 
estimate for present-day incidence of 600000/1 million; 
BEIR gives 1200000/lmillion, subdivided into three 
categories that are obviously not mutually exclusive. So 
far, both committees have refrained from estimating the 
increase caused by additional irradiation. This is a wise 
decision, since no scientific basis can be found at present 
for such an estimate. On the other hand, this category 
poses the very questions that human society want an- 
swered. How much will the general health status within 
our society be altered by increased radiation exposure in 
previous generations? Will this exposure influence our 
liability for diseases such as coronary heart disease, can- 
cer, diabetes or autoimmune diseases? 

The UNSCEAR figure for incidence, 600000/1mill- 
ion again comes from a Hungarian study (Czeizel et al. 
1988). To arrive at this estimate, the simplifying assump- 
tion that one individual suffers from only one such con- 
dition was made. Moreover, morbidity was considered 
only up to the age of 70. Before going into details, it is 
necessary to discuss the conceptual basis of this estimate. 

Multifactorial diseases in this group include coronary 
heart disease, diabetes mellitus (type 1 and type 2), hy- 
pertension with its consequences, and the rheumatic dis- 
eases. In short, they comprise almost the entire field of 
internal medicine. In addition, mental diseases and neu- 
roses have to be considered. Such multifactorial condi- 
tions are so common that practically all human beings 
will suffer at one time or another from one or a few of 
them, to a mild or severe extent. Moreover, under pre- 
sent living conditions in industrialized countries, almost 
everybody will die sooner or later from one or a few of 
the diseases within this group. The entire group of com- 
mon malignant tumours also belongs in this category. 
Moreover, etiology is usually complex, and may vary 
from one population to the other, within the same popu- 
lation from one time to the next, and even from one indi- 
vidual to another. These differences mainly depend on 
environmental factors that have been, and are being, 
identified by epidemiological research. Diabetes mel- 
litus may be mentioned as one example (Creutzfeldt et 
al. 1976; Rfidiger and Dreyer 1983). Two common types 
are distinguished: type 1 (juvenile, insulin-dependent), 
and type 2 (adult, insulin-independent). Type 1 often 
starts with a virus infection; there are also associations 
with HLA types. Incidence does not change markedly 
with changes in general living conditions. In type 2, 
monozygotic twin concordance and familial risk are higher 
than in type 1, indicating a stronger genetic component. 
However, the incidence of type 2 seems to have differed 
at different time periods, such as in periods of war and 
food shortage; in some European countries, it disappeared 
almost completely during and after the Second World 
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War .  It  r eappeared  when the food supply first became 
adequate  and then abundant .  These observat ions  point  
to a strong environmenta l ,  and especially nutrit ional,  
c o m p o n e n t  within the etiology. The  diabetes example  
may be used to demons t ra te  yet another  problem:  as 
ment ioned ,  type 2 diabetes is c o m m o n  under  present-  
day living condit ions in affluent societies, but  was very 
rare under  condit ions of  food shortage and near-starva-  
tion. This leads to the quest ion:  what  phenotypic  effects 
did the genes present ly p romot ing  type 2 diabetes exert  
in times of  food  shor tage?  Neel  (1962) suggested the 
hypothesis  that  they const i tuted a "thrifty geno type" ,  
i.e. that  they caused a bet ter  utilization of  foodstuffs,  
thereby facilitating survival under  ext reme shortage of  
certain foods.  If  such or  similar hypotheses  contain  some 
truth, this means  that  present -day populat ions  are prob-  
ably not  at equil ibrium for genes establishing this geno- 
type. Possibly, there is now some weak  selection against 
this genotype ,  which had a selective advantage  in times 
of  food  shortage.  

A n o t h e r  quest ion to be considered before  the actual 
data  on the incidence of  such multifactorial  condit ions 
can profi tably be reviewed seems to be,  at first glance, 
much simpler, a l though it is really at least as complex.  
W h o  is ill? Where  shall the limit be placed be tween an 
un impor tan t  genetic variant,  the slight and slightly un- 
comfor table  anomaly,  and the actual disease? We  can 
consider the diabetes example once  again. In earlier 
times, a diabetic was someone  whose urine conta ined 
sugar,  and who suffered f rom certain wel l -known clinical 
symptoms.  Later  on,  the range of  this diagnosis was ex- 
tended to include individuals who had increased blood 
sugar, and who were therefore  liable to develop the 
above-men t ioned  symptoms in the future.  Since b lood 
sugar level is a quanti tat ive trait, the quest ion arose re- 
garding the level at which diabetes might  be assumed to 
begin. This very question shows that there is no "natural"  
limit and no "na tura l"  disease ent i ty  "d iabe tes" ,  the 
boundar ies  of  which can simply be discovered.  Rather ,  
this delineation is a convent inal  one  within a cont inuum.  

Similar considerat ions apply to o ther  such multifacto- 
rial condit ions,  as well. There  is no "natural  system" of  
multifactorial  diseases (see also Vogel  1990). A n y  state- 
men t  on incidences and prevalences depends  critically 
on convent ions  regarding the definit ion and classifica- 
tion of  such diseases. It  is extremely difficult, to  say the 
least, to  compare  different populat ions ,  or  even to com- 
pare different periods of  time with respect  to the same 
populat ion.  

The Hungar ian  study men t ioned  above  (Czeizel et al. 
1988) comprises  incidence est imates for 26 such "multi- 
factorial" diseases that  were classified according to I C D ,  
and that  were subdivided into three groups:  (1) very se- 
vere (schizophrenia,  multiple sclerosis, epilepsy, myo-  
cardial infarction);  (2) modera te ly  severe and /o r  epi- 
sodal or  seasonal  (Graves '  disease, diabetes,  gout ,  affec- 
tive psychoses,  duodenal  ulcerat ion,  as thma);  (3) less se- 
vere (varicose veins, atopic dermatitis,  etc.).  With the 
exception of  epilepsy, none of  these diseases causes death 
in the age-group 0 -19  years,  but  they are among  the 
leading causes of  death in advanced age. Table  5 gives a 

Table 5. So-called multifactorial diseases in Hungary (1977-1981) 
according to Czeizel et al. (1988) 

Disease Life- Mean age Mean 
time of onset age at 
preva- (years) death 
lence (years) 
p e r  10 4 

Group 1 

Schizophrenic psychoses 
Multiple sclerosis 
Epilepsy a 

Acute myocardial infarction, 
other acute and sub-acute 
forms of ischaemic heart 
disease 

Systematic lupus erythematosus 

85 21 59.8 
4 33 55.5 

36 4 41.9 
24 4 41.9 

359 50 68.0 
4 34 56.8 

Subtotals/means 512 

Group 2 

Grave's disease 65 45 67.1 
Diabetes mellitus 427 58 b 70.4 
Gout 18 25 69.9 
Affective psychoses 600 36 54.5 
Glaucoma 160 55 76.0 
Essential hypertension 850 58 b 74.3 
Asthma 249 35 67.4 
Peptic ulcers 460 45 68.2 
Idiopathic protocolitis 3 35 65.5 
Cholelithiasis 94 35 71.6 
Coeliac disease 13 1 71.8 
Calculus of the kidney 90 45 b 70.6 
Psoriasis 39 20 72.3 
Rheumatoid arthritis 131 40 70.3 
Ankylosing spondylitis 19 23 67.2 

Subtotals/means 3 218 

Group 3 

Varicose veins 1250 (125) c30 70.3 
Allergic rhinitis 360 (120) c25 72.6 
Atopic dermatitis 60 (20) c18 72.2 
Scheuermann disease 1100 (55) ~12 73.2 
Adolescent idiopathic scoliosis 41 (8) ~13 73.2 

Subtotals/means 2811 (328) 

Grand totals/means 6541 (4058) 

a In the group of epilepsies, there are 2 subgroups: (I) birth onset 
with severe progression, 20% of the cases and another 20% also 
with severe progression, the so-called chronic intractable cases; 
these 40% never start work; and (II) other cases 
b For these diseases, the mean age at premature retirement is 
lower than the age at onset because the most severe cases (with 
onset earlier than the estimated mean age at onset) are prema- 
turely retired at an earlier age than the estimated mean age at pre- 
mature retirement 
c Adjusted figures; to take into account the proportion of cases re- 
quiring medical treatment (e.g. 10% in the case of varicose veins) 
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short overview of the results. Such data are certainly ex- 
tremely useful for many practical purposes, but their use 
for studying associations with exposure to mutagenic 
agents, such as radiation, is very limited, because of the 
following: (1) A major part of morbidity for many of 
these diseases is not the result of genetic predisposition 
or inescapable environmental exposure or both, but is a 
result of voluntary and avoidable behaviour. Type 2 dia- 
betes has already been mentioned; coronary heart dis- 
ease and gout are other examples. (2) In some of these 
diseases, the quality of life is not impaired decisively, 
providing that the individual finds a way of adapting his 
life-style to the condition. (3) In a broad borderline 
field, parameters such as the attitude of the society, the 
number of available doctors, and the health care systems 
influence whether a disease is diagnosed at all, and how 
much detriment it causes. All these factors may vary in 
different populations, and may vary in time within the 
same population. 

The greatest difficulty is however caused by the com- 
plexities of the genetic causes of this disease group. Dis- 
cussing the genetic background of congenital malforma- 
tion, we have distinguished two types of genetic load: 
mutational and segregational. As mentioned, there is 
some evidence that, for example, for the genetic compo- 
nent in the etiology of malformations, the mutational 
component might prevail. Such evidence does not exist 
for most of the multifactorial diseases: many of them 
show associations with genetic polymorphisms, such as 
the ABO blood groups (Vogel 1970; Vogel and Helm- 
bold 1972; Mourant et al. 1978) and/or the HLA system 
(Tiwari and Terasaki 1985). Most mutations within such 
polymorphic systems show no systematic tendency for 
increasing disease liabilities. In conclusion, to the extent 
that the segregational load prevails in such multifactorial 
diseases, no increase of disease liabilites can be pre- 
dicted as a result of increased radiation exposure. 

However, although the arguments for such a negative 
prediction are weak, this does not mean that the prob- 
lem should not be investigated. It would nevertheless be 
hopeless (at least at our present state of knowledge) to 
study it at the level of morbidity from single "multifacto- 
rial" diseases. One parameter that could be studied is 
life-span. The mean and distribution of age at death are 
parameters for which relatively hard data are available. 
Moreover, there are data in the mouse pointing to a 
negative influence of parental irradiation on life-span 
(Russell 1957), especially on prereproductive death (Ro- 
derick 1964; for references and discussion, see also Neel 
and Lewis 1990). A serious problem with the use of this 
indicator in the mouse, a multiparous animal, is the nega- 
tive correlation between litter size and survival of new- 
borns. There is some hope that, in the course of time, the 
continuing study of children of people exposed to the atom- 
ic bombs of Hiroshima and Nagasaki will provide informa- 
tion with regard to this aspect (see also Yoshimoto et al. 
1991). This also applies to the last category in the 1988 
UNSCEAR report, "Early-acting dominants - heritable 
tumors", which has no counterpart in the BEIR V report. 

It might be pssible some time in the not too remote 
future to make a prediction for a section of the entire 

group of morbidity and mortality, e.g. mortality up to 
the age of 20. At present, not even this is possible. 

Data from children of atomic bomb survivors 

The predictions of Table 1 are based mainly on epide- 
miological data in humans, and on experiments with 
mice. Results of the only large-scale "experiment" with 
human beings, the continuing studies of atomic bomb 
survivors, have been used only occasionally. 

On August 6, 1945, the first atomic bomb, an uranium- 
235 bomb, was dropped over the city of Hiroshima; 2 
days later, Nagasaki was hit by the second bomb, a 
plutonium-239 bomb. In June, 1946, a high-ranking US 
government committee decided to start a comprehensive 
research programme "towards the end of learning as 
much as possible of medical significance from the Japa- 
nese experience" (Neel and Schull 1956). A mixed Amer- 
ican-Japanese commission, The Atomic Bomb Casualty 
Commission (ABCC), now the Radiation Effects Re- 
search Foundation (RERF), started work in the two 
cities. J.V. Neel was responsible for the genetic part of 
this programme, which was to become over 41/2 decades 
the only "big science" programme in human genetics. It 
involved long-term investigations on children who had 
been born to atomic bomb survivors and who had been 
conceived after the bombing. An overview of these stud- 
ies from 1946 to the present, together with a reprint of 
the most important original reports, has been published 
recently (Neel and Schull 1991). 

At the onset of the study, the following endpoints 
were chosen: sex ratio (fraction of males among new- 
borns), malformation, stillbirths, birth weight, death 
during the 9 month period after delivery, anthropomet- 
ric data and autopsy findings. In later phases of the 
study, and with the progress of methods in human genet- 
ics, this list of endpoints was supplemented by chromo- 
somal aberrations (see Awa et al. 1968, 1987; Awa 1975), 
mutants ascertained at the protein level, and survival 
first up to the age of 19 years, and later, up to middle age 
(Yoshimoto et al. 1991). 

Within the two cities, all pregnancies were registered, 
and data on the radiation history of husband and wife, 
their reproductive history, and information on the present 
pregnancy were collected. A short time after delivery, 
all newborns were examined by a medical doctor, and a 
random sample of infants was re-examined 9 months later. 

Germ cell radiation exposure was estimated using 
parameters such as distance from the hypocentre at the 
time of the bombing, sheltering and signs of radiation 
sickness. A problem essential for the assessment of any 
biological effects was the estimation of the quality and 
quantity of radiation emitted by the bombs and received 
by exposed individuals. These problems were settled 
only in 1989 (Neel et al. 1989). Neel et al. (1989) gave an 
average conjoint parental gonad radiation dose (= radia- 
tion dose for both parents together) for all parents with 
increased exposure of 0.4-0.5 Sv. However, the distribu- 
tion was very much skewed: a few parents received more 
than the threshold dose, whereas the dose received by 
many of them was much lower. Statistical evaluation was 
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Table 6. Numberical gonosomal aberrtions among children of ex- 
posed and unexposed parents (from Neel et al. 1989) 

No. with gonosomal aberrations 

No. of Males 
chil- 
dren 

Females Total 

Children of 
exposed parents 8322 12 (0.307%) 7 (0.159%) 19 

Children of un- 
exposed parents 7976 16 (0.435%) 8 (0.186%) 24 

carried out with great care (see, for example, Neel and 
Schull 1956, 1991; for a review, see Vogel 1989). Chil- 
dren of unexposed parents in the same two cities were 
taken as controls. 

For most of the endpoints, no significant increase 
could be detected that could have been interpreted as a 
radiation effect. A small sex ratio shift (reduction of 
liveborn males among the offspring of irradiated females 
because of X-linked recessive lethals and reduction of 
females in the offspring of radiation-exposed males be- 
cause of X-linked dominant lethals) seemed to emerge 
from the first studies (Schull and Neel 1958) but this was 
not confirmed later after an increase of sample size (Schull 
et al. 1966). Subsequently, when chromosomal aberra- 
tions and protein variants were included in the list of 
endpoints, no increase was found in the number of num- 
erical gonosomal chromosome aberrations (Table 6), or 
in the number of protein variants identified by an ex- 
tended study of parents as new mutants (Neel et al. 
1987; Neel and Schull 1991). In the 1981 and 1989/1990 
evaluations, major congenital malformations, stillbirth 
and death during the first week of life were combined 
under the heading "untoward pregnancy outcome".  Re- 
gressions of prevalences on individually estimated radia- 
tion exposures of both parents were calculated, assum- 
ing a linear (one-hit) dose-effect relationship. More than 
70 000 pregnancies could be analysed. After  confounding 
variables (such as parental consanguinity) had been elim- 
inated, there was an increase of 0.00182 (according to 
the 1981 report) or of 0.00239 per 1 gonadal Sv accord- 
ing to the 1989 report  (Neel et al. 1989, 1990). Calculat- 
ing the doubling dose from this value requires making an 
assumption regarding the fraction of untoward outcome 
that is caused by spontaneous, i.e. not radiation-induced, 
mutations in the germ cells of both parents. This prob- 
lem, estimating the "mutational component" in this group 
of conditions, has been mentioned before. From com- 
plex considerations that cannot be repeated here,  the au- 
thors concluded in 1981 (Schull et al. 1981) that this 
might have been the case in 1 : 200 to 1 : 400 newborns. In 
order to be on the conservative side (i.e. to over-esti- 
mate rather than under-estimate the genetic radiation ef- 
fects), they chose the second value for their estimate. 
Using the 1981 value, they arrived at 1.37 Sv as the zygo- 
tic doubling dose. In a similar way, the doubling dose for 
death during infancy or childhood (up to the age of 19) 
was estimated. It turned out to be 2.94 Sv. In the 1989 
and 1990 report ,  the four variables, viz. untoward preg- 

nancy outcome,  pre-reproductive mortality,  balanced 
structural chromosome aberrations and protein muta- 
tions, were combined to yield an overall doubling dose 
of between 1.5 and 1.9 Sv. 

All these estimates are lower than those for vari- 
ous endpoints in the mouse (Liining and Searle 1970). 
As mentioned, the doubling dose estimate used in the 
U N S C E A R  and BEIR reports was 1 Sv. However,  this 
admittedly very crude estimate relates to chronic irradia- 
tion with small dose rates, whereas irradiation by the 
atomic bombs was acute, with high dose rates. Therefore,  
one would have expected a higher effect (= a doubling 
dose lower than 1 Sv if the human doubling dose is about 
equal to that found in the mouse). As mentioned at the 
beginning, Neel and Lewis (1990), in a review of mouse 
data relevant for a comparison with these human data, 
arrived at higher estimates for the mouse, pointing to a 
much lower genetic radiation effect (1.35Sv for acute 
and about 4 Sv for chronic low dose rate irradiation; this 
is more in line with the human estimates). 

Before Neel and Lewis (1990) published their report ,  
it was often speculated whether the genetic material of 
the mouse is more susceptible to radiation than that of 
humans. Now, such speculations no longer appear to be 
necessary. There might be a difference, but the evidence 
for it is certainly limited. As mentioned before,  "unto- 
ward pregnancy outcome" and death within childhood 
are poorly defined; they embrace many events of very 
different genetic significance, from severe malformation 
to traffic accidents. Moreover,  the doubling dose esti- 
mates depent  critically on assumptions regarding the 
fraction of such events that are caused by spontaneous 
mutations. The geneticist tends to ask why these particu- 
lar endpoints were chosen and not genetically better  de- 
fined ones. The answer is that they were not available. 
Chromosomal aberrations have already been discussed. 
The fraction of gonosomal anomalies and balanced trans- 
locations was not increased in comparison with the con- 
trols (Table 6). Most children with autosomal, unbal- 
anced numerical of structural aberrations (except Down's 
syndrome) had died by the time the appropriate meth- 
ods became available. Down's syndrome is no longer 
mentioned in the more recent reports, but an older re- 
port (Schull and Neel 1962) suggests that the number of 
children with this syndrome was not increased in the ir- 
radiated group. Dominant  and X-linked sentinel muta- 
tions (see Vogel and Rathenberg 1975; Czeizel 1989a, b) 
could have been the obvious choice for this study, but, 
despite the size of the catastrophy, the available sample 
was much too small for the utilization of such rare events 
(see, for example, Strobel and Vogel 1958). On the other 
hand, a strong argument in favour of the general para- 
meters used in this study, (pregnancy outcome and early 
mortality) is that, after all, this is what society wants to 
know. Precisely this kind of information is asked for, 
and geneticists have to do their best to provide it. 

Tumour diseases 

Another  interesting study has been devoted to the ques- 
tion whether tumour diseases in childhood and youth 
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were increased among this cohort  of children. Some ex- 
perimental data in the mouse suggest an increase of ma- 
lignancies in the Fl-generation after parental irradiation 
(Nomura 1982). A rationale for such an increase could 
be provided by recent results on tumour suppressor genes. 
Retinoblastoma is the best model. About  40% of all in- 
stances, among then all bilateral cases, are caused by 
constitutional heterozygosity of such a tumour suppres- 
sor gene; a second mutation in a cell of the appropriate 
tissue (in this cases, cells of the developing retina) leads 
to homozygosity in this cell, which now initiates a tu- 
mour. The remaining 60% are caused by two somatic 
mutations in each of the two alleles (see Vogel 1979). 
The Wilms tumour probably follows the same rule (Mat- 
sunaga 1981). If this holds true for many or even most 
childhood cancers, irradiation of the parents could lead 
to an increase of the germ cell mutation rate, and hence, 
to a higher incidence of childhood cancer. With this 
question in mind, the children of irradiated parents were 
examined with respect to the occurrence of malignancies 
up to the age of 20 (Yoshimoto et al. 1990a, b). The 
series consisted of 31 150 children, one ore both of whose 
parents had received > 0.01 Sv (average conjoint gonad 
exposure of 0.435 Sv), and two control groups with 41066 
children altogether. A total of 92 cancer cases at an age 
less than 20 was found; 49 in the control group and 43 in 
the irradiated group. Obviously, the data fail to indicate 
any increase within the irradiated group. Taken at face 
value, they even suggest a small decrease. Because of 
the small number of cases, confidence intervals are large; 
the negative result would even be compatible with a 
small increase. The cohorts are being followed up to as- 
certain any possible increase in the future. So far, how- 
ever, no such indication has been observed. 

Conclusions from the Hiroshima-Nagasaki study 

In conclusion, the studies on children of atomic bomb 
survivors have a very important result. Acute irradiation 
with moderate doses of ionizing radiation does not pro- 
duce any major effects on the health of the following 
generation. Any minor effects that might be produced 
are so small that they are submerged in the "background 
noise" of "naturally" occuring mutational effects. In 
part, this is because of the variable nature of this "back- 
ground noise". Spontaneous mutation rates, for exam- 
ple, vary depending on maternal and paternal age, fre- 
quencies of stillbirth and early deaths are influenced 
strongly by environmental factors, such as nutrition or 
infections, and the incidence of malformations may be 
influenced not only by population structure, for example 
consanguinity rates (see, Schull and Neel 1965; Vogel 
and Motulsky 1986), but also by exposure to teratogenic 
agents during pregnancy. 

Other studies on radiation-exposed population groups 

Other  studies on radiation-exposed population groups 
will be mentioned only briefly. There are some areas in 
the world (Kerala, South India; Brazil; Yangjiang County, 

China), in which natural radioactivity is strongly increased 
(sometimes 10-100 times the normal levels) because of 
the high content of radioactive elements, such as thorium 
and radium, in the soil. In a population of 12918 indi- 
viduals living in a high-irradiation area of Kerala, South 
India, 12 individuals with Down's  syndrome, and 12 
others with severe mental deficiency but without addi- 
tional malformations were found, compared with no 
Down's syndrome cases, only one case with severe men- 
tal deficiency and malformations, and two cases with se- 
vere retardation without additional clinical signs observed 
in 5938 controls (Kochupillai et al. 1976). The difference 
in prevalence of Down's syndrome could easily be caused 
by an ascertainment bias, since the figure in the controls 
is unusually low. In a severely exposed population sam- 
ple of about 12000 individuals in Brazil, a significant but 
marginal increase of chromosome-type aberrations was 
found in lymphocyte cultures (Barcinski et al. 1975). 
Comprehensive studies have been performed in China. 
The population examined consisted of about 80000 indi- 
viduals. Here,  background radiation is about three times 
as high as in the control district, where it corresponds 
roughly to that found in most other populations of the 
world. As a rule, the families had lived for six or more 
generations in these regions; there was no major differ- 
ence in the general living conditions between high-irradi- 
ation and control areas. Investigations into this popula- 
tion have been proceeding since 1972, and the last report  
known to us was published in 1990 (Wei et al. 1990). 
These studies have failed to show any increase in cancer 
mortality or in the fraction of children suffering from 
specified genetic defects or diseases compared with con- 
trols. Again, the fraction of chromosome abnormalities 
in lymphocyte cultures was slightly but not significantly 
increased, and there was a slightly higher incidence of 
Down's syndrome patients in the irradiated group (Wei 
et al. 1987) (Table 7). The sample of children was stud- 
ied in 1975, 1979, and 1985; at the time of examination, 
they were less than 12 years old. The difference in the 
raw figures (22 in the high-irradiation group vs 4 among 
the controls) is impressive. Part of it can be explained by 
the higher fraction of mothers above the age of 35 in the 
irradiated group (Table 7). However,  even taking this 

Table 7. Prevalence of Down's syndrome among children in the ir- 
radiated Chinese population, and in the control area (Wei et al. 
1987) 

Area Mother's No. of No. of Frequency 
age children cases per  10 3 

examined with children 
Down's 
syn- 
drome 

High irradiation 
Controls 

High irradiation 

Controls 

>35 
<35 

> 35 
< 35 

25258 22 0.87 
21837 4 0.18 

3076 14 4.61 
22 222 8 0.36 

970 3 3.09 
20867 i 0.05 
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Table 8. Radiation and Down's syndrome: epidemiological studies (UNSCEAR 1982). DSM, Mothers of Down's syndrome cases; DS, 
Down's syndrome; M, mothers; DSP, parents of Down's syndrome cases 

Country Study type Cases Outcome 

Canada 1961 Retrospective 81 DSM 

1968 Prospective 861 M 

Denmark 1970 Retrospective '~ 

Japan 1962 Prospective 15 034 M 

United Kingdom 
Scotland 1959 Retrospective 117 DSP 
England 1961 Retrospective 51DSM 
Northern Ireland 1 9 6 2  Retrospective 197 DSM 
England 1970 Prospective 630 M 
England 1972 Retrospective 465 DSP 

United States 
1965 Retrospective 216 DSP 
1969 Retrospective 61DSM 
1977 a Retrospective 128 DSP 

Significant increase in DS inicidence in exposed mothers (abdominal 
exposures or fluoroscopy) 
Significant increase in DS in exposed mothers 

No significant radiation effect 

Frequency of DS in the progeny of exposed mothers was less than 
half of the controls; not significant 

No significant radiation effect 
Non-significant increase of DS in controls 
No significant radiation effect 
No significant radiation effect 
Significant increase in DS in exposed mothers who had received 
radiation 10 years or more before the conception of the cases 

Significant increase in DS in exposed mothers 
No significant radiation effect 
No significant radiation effect 

a A follow-up of the 1965 survey above (S19) 

factor into account, a higher prevelance of Down's  syn- 
drome cases in the radiation-exposed sample remains. 
Wei et al. (1987) compared this figure with several other 
statistics from China. They concluded that the preva- 
lence in this group "is a little higher, but within the nor- 
mal (spontaneous) range." On the other hand, preva- 
lence in the control area is unusually low compared with 
figures from other parts of the world (see for example, 
Vogel and Motulsky 1986). The data are however not in- 
cidences from examinations of newborns, but prevalences 
for the age group up to 12 years. Mortality of Down's  
syndrome children within this age range is very high if 
sophisticated medical facilities are not generally available. 
Moreover, the recorded data from China show an amazing 
range of variation between different population groups. 
Nevertheless, all the available data for Down's syndrome 
(Table 8) leave some doubt as to whether there might be 
some effect of low-dose radiation on nondisjunction. 

Recently, there has been one report in which a higher 
incidence of leukemias and lymphomas in children of 
employees of the nuclear power plant Sellafield (Great 
Britain) has been suggested (Gardner et al. 1990a, b; for 
a comprehensive discussion see Vogel 1991). The study 
was performed because a certain increase of childhood 
leukemias and lymphomas had been observed in this 
area (Gardner et al. 1987a, b). Some of the fathers of the 
affected children were, indeed, employed in the nuclear 
power plant (Table 9). However, the figures were very 
small indeed, the children of fathers employed elsewhere 
were also affected, and (most important) the received 
radiation dose of these fathers was very low. Moreover, 
no increase in other possible radiation effects, such as 
chromosomal aberrations and dominant mutations, was 
reported. The increase of leukemias and lymphomas 
among these children has probably occurred by chance, 
or has some other cause. 

Table 9. Cases of leukaemia and controls where fathers had been 
employed in the atomic power plant in Sellafield, and radiation 
dose received before conception (data from Gardner et al. 1990a, b) 

Employment of father and dose Cases Controls 
with Local Total leu- area kaemia 

Not employed in atomic power plant 0 4 17 
No report about dose 0 0 1 
0.001-0.049 Sv 0 8 6 
0.050-0.099 Sv l 7 3 
_>0.9Sv 3 1 0 

Total 4 20 27 

New approaches for risk assessment: 
variation at the protein and D N A  levels 

So far, estimates have been discussed in which radiation 
effects have been assessed mainly at the level of pheno- 
types. Indeed, changes in phenotypes are of primary in- 
terest to our societies. However,  in any attempt at es- 
timating such effects, one is confronted with complex 
methodological problems, as discussed in the previous 
sections. Many uncertainties have to be bridged by as- 
sumptions and extrapolations. On the other hand, basic 
research in genetics, and especially in human genetics, is 
concentrating its efforts more and more on the genes 
themselves and their products. In order to utilize these 
new possibilities to test for radiation effects, new ap- 
proaches have been, or are being, developed at the gene- 
DNA and protein levels. 

Among the children of atomic bomb survivors, quan- 
titative and qualitative protein variations were examined, 
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Table 10. Protein variants in children of survivors of the atomic 
bombs (data from Neel et al. 1989, 1990) 

Electrophoretically screened gene loci 

No. of loci New mutants 
screened 

Proximally exposed cohort 667404 3 
Distally (or not) exposed cohort 466881 3 

Mutation rates for electrophoretically detected protein mutation 
and mutations leading to reduction of enzyme activity 

Mutation 95% confidence 
rate per interval 
locus per 
generation 

Proximally exposed cohort 6.0 X 10 .6  2-15 • 10 -6 
Distally (or not) exposed cohort 6.4 x 10 -6 1-19 x 10 .6 

using a variety of methods (Table 10). Presumed new 
mutations were verified by carefully excluding false pa- 
ternity. As Table 10 shows, no increase in comparison 
with the controls was observed. For the monitoring of 
large population groups, another approach has been sug- 
gested in which the logistically most difficult part of pro- 
tein studies, namely contacting the families and collect- 
ing the blood samples, can be avoided (Vogel and Alt- 
land 1982). In most countries, practically all newborns 
are screened for inherited metabolic diseases, for exam- 
ple phenylketonuria (PKU). A few drops of blood are 
put on a special test card that is sent to a screening centre. 
In the meantime, a method has been developed by which 
haemoglobin (Hb) and other proteins can be extracted 
from this card and studied by electrophoretic methods 
(Altland et al. 1982, 1985, 1987). In a pilot project, blood 
samples from between 40003 newborns (for Hb variants) 
and 30659 individuals (for other protein variants), were 
screened, representing altogether 722719 gene loci. In 
three instances, the transmission test turned out to be 
negative, but there was no evidence for non-paternity. 
These three individuals can be regarded as new mutants. 
From these data, the following mutation rates were esti- 
mated: 5.2 x 10  -6  per locus per generation, 2.0 x 10 -8 
per codon, and 6.0 x 10 -9 per base. These data are in 
good agreement with other spontaneous mutation rates 
(see Vogel and Motulsky 1986). 

In view of the difficulties in assessing mutational ef- 
fects at the phenotypic and gene-product levels, on the 
one hand, and the recent progress in studying DNA se- 
quences directly, on the other, it is not surprising that 
the possibility of studying possible radiation effects di- 
rectly in the DNA has been explored. A number of ap- 
proaches were suggested at a symposium held in Alta, 
Colorado, in 1984 (Delehanty et al. 1989; see also Men- 
delssohn 1989). The last-mentioned author mainly dis- 
cussed the following possibilities: (1) Sequence analysis. 
At first glance, a comparison of the DNA sequences in 
parents and children would be the most promising ap- 
proach. Assuming a spontaneous base-pair mutation 
rate of 10 -8 and about 6-7 x 109 base pairs in the diploid 
human genome, this would mean about 60-70 spontane- 

ous new mutants in a child's genome. Any statistically 
significant increase could be pinned down to induced 
mutations. At present, however, sequencing would not 
be sufficiently precise and much too time-consuming and 
expensive. Further progress in techniques is awaited. (2) 
Restriction fragment length polymorphisms. This is also 
too time-consuming and expensive at the moment. (3) 
RNAse A and gradient denaturation electrophoresis. (4) 
Detection of deletions, insertions and rearrangements. 
Here, a single restriction enzyme digest is used together 
with a large number of DNA probes. (5) Mini-satellites 
viz. repetitive groups of short DNA sequences. (6) Poly- 
merase chain reactions provided that this method be- 
comes still more precise than it is at present. (7) Refined 
cytogenetic analysis by chromosome in situ suppression 
hybridization (chromosome painting). As mentioned, 
many, if not most, radiation-induced changes of the ge- 
netic material are structural chromosomal aberrations, 
such as deletions, insertions and reciprocal transloca- 
tions. Larger changes of these kinds can be ascertained 
by conventional cytogenetic techniques. More recently, 
however, techniques have been developed in which cyto- 
genetics has been combined with non-radioactive hybrid- 
ization techniques. The resolution power of such meth- 
ods, while not approaching that of sequencing DNA 
base pair by base pair, is much better than that of con- 
ventional cytogenetics (Cremer et al. 1990; Poppe t  al. 
1990). Such methods could also be used for studying 
human and animal germ cells. 

At this moment,  methods of DNA analysis are not 
contributing to risk assessment. Nevertheless, in the fu- 
ture, some of the approaches mentioned above, or others 
may help to improve appreciably our understanding of 
genetic radiation risks. However, even now, we can ques- 
tion whether and to what degree such studies will further 
our knowledge of possible health hazards. After all, hu- 
man societies are interested not so much in possible 
DNA changes, but in their effects on the health status of 
our populations. Some of these hazards will have ill-ef- 
fects on our health. Therefore, it is fortunate that the 
RERF group, which examines the children of atomic 
bomb survivors, works on such methods of hazard as- 
sessment, and is now establishing lymphoblastoid cell 
lines for further study. 

Recently, a new phenomenon of gene action during 
embryonic development has been studied by human and 
mouse geneticists: genomic imprinting (Hall 1991; T. 
Vogel 1992). If a different influence of paternal vs ma- 
ternal genotypes on the developing zygote is really the 
rule rather than the exception, then paternal and mater- 
nal irradiation could also have different influences on 
the phenotypes of F1 offspring, even if damage to the ge- 
netic material is identical. These are however concerns 
of the future. 

Conclusions 

The conceptual basis of genetic risk estimation and some 
new approaches for genetic screening have been discussed 
in this review. In addition, the information available on 
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the base l ine  of  inc idence  of  genet ic  d isease  in the  popu-  
la t ion  has been  cons ide red .  Some  re la t ive ly  re l iab le  da ta  
are  ava i lab le  on c h r o m o s o m a l  abe r r a t i ons  and on a few 
rare  d o m i n a n t  or  X- l inked  cond i t ions  (sent ine l  muta -  
t ions) .  

D e t e r m i n a t i o n  of  the  inc idence  of  congeni ta l  mal for -  
ma t ions  at b i r th  is, in pr inc ip le ,  poss ib le .  H o w e v e r ,  it  re- 
qui res  a soph i s t i ca ted  logist ic ne twork  tha t  should  in- 
c lude ,  a m o n g  o the r  aspects ,  a prec ise  def in i t ion  of  end-  
points .  To m a k e  da ta  f rom var ious  count r ies  and  differ-  
en t  t ime pe r iods  within the  same coun t ry  c o m p a r a b l e ,  
i n t e rna t iona l  coo rd ina t i on  is necessary .  The  H u n g a r i a n  
reg is t ry  is a g o o d  e x a m p l e  for  such an i n t e r n a t i o n a l  
screening  system.  

E v e n  with da ta  f rom such a sys tem at hand ,  p red ic -  
t ion of  an increase  in the  inc idence  of  congeni ta l  mal for -  
ma t ion  a t t r i bu tab le  to a specific exposu re  of  the  gonads  
to r ad ia t ion  is not  yet  poss ib le ,  since this also requ i res  an 
es t ima te  of  the  mu ta t i ona l  c o m p o n e n t  of  this inc idence .  
A n  e s t ima t ion  of  this c o m p o n e n t  requ i res  a much  m o r e  
tho rough  k n o w l e d g e  of  the  genet ic  basis  of  these  mal for -  
mat ions ,  and its in te rac t ion  with the  env i ronmen t .  

Wi th  respec t  to mul t i fac tor ia l  d iseases ,  the  s i tua t ion  
is even  m o r e  difficult .  The i r  genet ic  analysis  shows an in- 
creas ingly  complex  pa t t e rn .  Sys tems of  in t e r twined  ge- 
net ic  p o l y m o r p h i s m s  in c o m b i n a t i o n  with a g rea t  var ie ty  
of  defec t  mu tan t s  are  b e c o m i n g  visible.  M o r e o v e r ,  the re  
is increas ing  ev idence  that  the  p r e s e n t - d a y  inc idence  of  
genes  p red i spos ing  to such diseases  is s h a p e d  by na tu ra l  
se lec t ion  act ing via l iving condi t ions  in the  past .  Dur ing  
the p rev ious  one  o r  two centur ies ,  these  living cond i tons  
have changed  d ramat i ca l ly .  The re fo r e ,  m a r k e d  changes  
in the  genet ic  compos i t i on  of  h u m a n  popu la t i ons  have  to 
be an t i c ipa ted ,  even in the  absence  of  any add i t i ona l  
load  of  mu ta t i ons  caused  by ioniz ing rad ia t ion .  

The  p u r p o s e  of  this rev iew has been  to po in t  out  the  
diff icul t ies  that  are  i nhe ren t  in any a t t emp t  at quan t i t a -  
t ively prognos t ica t ing ,  for fu ture  genera t ions ,  hea l th  haz- 
ards  caused  by  addi t iona l  ioniz ing rad ia t ion .  Such pre-  
d ic t ions ,  b a s e d  on  e x t r a p o l a t i o n s  f rom an ima l  exper i -  
men t s  and  on  the d i rec t  obse rva t ion  of  exposed  popu la -  
t ion groups  will b e c o m e  poss ib le  in gene t ica l ly  s imple  
and s t r a igh t fo rward  s i tua t ions ,  such as in c h r o m o s o m a l  
abe r r a t i ons  or  ra re  d o m i n a n t  and  X- l inked  diseases .  F o r  
all o the r  g roups  of  diseases ,  such an es t ima te  is imposs i -  
ble  as yet ,  and  will p r o b a b l y  r e m a i n  so for  a long t ime  to 
come.  The  s tudies  on chi ldren  of  a tomic  b o m b  survivors  
in H i r o s h i m a  and  Nagasak i  suggest  that  the  i l l-effects on 
the  p r o g e n y  of  a single m o d e r a t e  r ad ia t ion  dose  will 
p robab ly  be only minor .  A more  specific s t a t ement  would  
be i r respons ib le .  
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