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GENETIC EFFECTS OF LOW-LEVEL IRRADIATION

P. B. Selby
Biology Division, Oak Ridge National Laboratory*

Oak Ridge, Tn. 37830

ABSTRACT

Recent estimates of the genetic effects of radiation by two
widely recognized committees (BEIR III and UNSCEAR 1977) are based
to a large extent on data collected in mice using either the (1)
specific-locus method or (2) the approach of empirically determining
the nature and extent of radiation-induced genetic damage to the
skeleton. Both committees made use of doubling-dose and direct
methods of estimating genetic hazard. Their estimates can be
applied to assessments of risk resulting from medical irradiation in
terms both of risk to the population at large and to the individual.

INTRODUCTION

Since H. J. Muller's discovery in 1927 that irradiation in-
duces mutations in the fruit fly, much has been learned to permit
estimation of the hazards to humans from exposure to low-level

1 2 3
irradiation. Three recent reviews ' ' of the subject present
some of the: information obtained in much more detail than will be
possible in this paper. In spite of many scientific advances in
this area, a recent editorial and a news article serve to illustrate
the widespread public ignorance about effects of radiation. Thus a
Washington Post editorial on December 17, 1979, stated that "the
effects of low levels of radiation are simply unknown," and the
Atomic Industrial Forum Press Info (No. 108, December 1979) reported
that there are "no genetic effects found in mice from radiation"
and that "exposure of every generation of humans since [480 B.C.]
to one-third the lethal dose of radiation would have produced no
noticeable effects today." None of the quotations from these
sources reflect what is currently known. The purpose of this paper
is to disseminate current knowledge about genetic risks from
radiation.

Emphasis will be on gene mutations and small deficiencies in-
stead of on gross chromosomal effects because the former contribute
a larger part of the total risk. Also, no attempt will be made to
deal with other than low-LET radiations (gamma and X rays).
Experiments on mammals will be discussed almost entirely because
such data are much more useful in estimating genetic risk than are
those obtained on organisms more distantly related to humans.

•Research sponsored by the Office of Health and Environinental
Research, U.S. Department of Energy under contract W-7405-eng-26
with the Union Carbide Corporation.



EFFECTS OF CONSIDERABLE IMPORTANCE IN ESTIMATING GENETIC RISK FOR
HUMANS THAT WERE DISCOVERED BY USE OF THE SPECIFIC-LOCUS 14ETHOD

The technique which has provided the most information about
genetic effects of radiation is the specific-locus method, which was

developed in the mouse by W. L. Russell . It received its name
because it permits the identification of recessive mutations at
specific genetic loci. The mouse that is irradiated has the normal
allele for both of its genes at each of seven specific loci. The
irradiated wild-type mice are mated to special test-stock (T stock)
mice, which are homozygous for a recessive mutation at each of these
same loci. If no mutation occurs in any of these genes, all progeny
of these matings will contain the normal allele from the irradiated
parent and the recessive allele from the T stock parent for all
seven loci. In this case, all offspring are normal in appearance.
However, if a mutation occurs at one of the loci, the offspring that
receives it has the new recessive allele from the irradiated parent
and the recessive allele from the T stock parent, and, as a result,
the easily recognized phenotype is expressed, thereby revealing the
locus at which the mutation has occurred. A presumed mutant obtain-
ed in this way is submitted to a breeding test to be sure that the
mutation is at the suspected locus and to learn more about it.
Although other forms of the specific-locus test now exist, the vast
majority of all specific-locus data collected to date have been
obtained using the test stock developed by W, L. Russell in which
the seven recessive mutations include six causing changes in coat
color and one causing small ears. Both gene mutations and small
deficiencies are recovered in mutants by this method.

Male

In the male, the germ-cell stage of overwhelming importance in

risk estimation is the stem cell, the A spermatogonium . All re-

sults discussed here, unless otherwise noted, deal with effects on

this stage.
Major findings obtained using the specific-locus method are

summarized below. Early risk estimates were based on the fruit fly,
Drosophila melanogaster. Specific-locus studies suggest that the
mutational response per locus per R in mouse spermatogonia is about

13 times ' higher than that in fruit fly spermatogonia. This
illustrates an important reason for basing risk estimates on data
collected in experiments carried out on those species most closely
related to humans in which mutagenesis can be studied <>

Figure 1 shows the dose-response curve for acute low™LET
radiation (72 to 90 R/rain) and for chronic low~LET radiation
(0.0007 to 0.8 R/min). The slope under chronic conditions is only
33% of that under acute conditions, or, in other words, the dose-
rate correction factor is 3 In going from effects at high dose rates
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Fig. 1. Straight lines of best fit for specific-locus data obtained
for mouse spermatogonia under chronic (o) and acute (•) exposure

8 1
conditions ' . Chronic experiments include all of those with
unfractionated exposures at dose rates of 0.8 R/min and lower.
Acute experiments include all of those with unfractionated exposures
up to 670 R with dose rates from 72 to 90 R/min. 90% confidence
intervals of data points are shown. D , control frequency. The
parameters a, b,. and b- in the formulas Y , . *= a + b,x and1' 2 —chronic 1
Y • a + b-x were estimated by the method of maximum likelihood.

Data points at each dose, for some of which there were a few
separate experiments, were combined in the figure but kept separate
in computations.

8 1
to effects at low dose rates in spermatogonia ' . It is of
special interest that the magnitude of the dose-rate effect in the
male does not change over the three-orders-of-magnitude range of
exposure rates in chronic experiments. This is the basis for the
belief that no matter how low the dose rate is in the male, there
will be genetic effects induced by irradiation. In 1958, W. L.

9
Russell advanced his repair hypothesis to explain the dose-rate



effect. He suggested that there is a repair process present in the
cell which is saturated or damaged when large doses of radiation are
administered at high dose rates. His hypothesis still stands as a
very plausible explanation, but some alternative hypotheses cannot
be ruled out.

The dose-rate effect was discovered when X rays were used for
acute and gamma rays for chronic irradiation. Additional experi-
ments have shown that the difference in response is not due to
radiation quality alone, because a dose—rate €.>ffect was found for

each type of radiation alone ' '
It will be noted in Figure 1 that the acute dose-response line

below about 300 R is incomplete. This is because it is known that
the dose response in this region is concave upward, but the exact
shape of the curve is unknown. Fractionation experiments make it
appear that an ac itp exposure of 10 R causes no more mutations than
a chronic exposure c t 10 R and that an acute exposure of 51 R likely
induces about the sa.ie mutation frequency predicted by extending the

12
acute line in Figure 1 downward to 51 R

13
W. L. Russell discovered that two large acute exposures to

radiation, given 24 hours apart, cause an enhanced mutation frequen-
cy. Thus, for example, the induced mutation frequency following
100 R + 24 hr + 500 R of acute X irradiation is 1.9 times that found
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for an acute exposure to 600 R of X radiation . This finding is
of importance, as will be shown later, in extrapolating another type
of mutation-rate data to the expected response under low-level
irradiation conditions. To avoid confusion, it should be noted that
this fractionation effect, by causing an enhancement of the damage,
is in the opposite direction from common fractionation effects for
somatic damage or from that described earlier for mutation induction
with repeated acute fractions of 10 R.

One effect on a stage other than the stem cell that is of
relevance to risks from medical irradiation is that the specific-
locus mutation frequency is about two times higher following
irradiation of postspermatogonial stages with acute X radiation. In
addition, there is much more radiation-induced gross chromosomal
damage in some of the postspermatogonial stages . For these
reasons, it seems that any man whose testes were therapeutically
exposed to a large dose of radiation would probably be well advised
to practice strict birth control before the beginning of the long

sterile period that should start by about nine weeks following
exposure to doses of 100 rads or more of X radiation. The sterile
period would be very long, likely well over one year for exposures

of 200 rad or more . After the sterile period, or, if there is
no sterile period, after very roughly three months (72 days for

18
the duration of spermatogenesis plus some extra tine before sperm
leave the body), genetic risk in men would be expected to have
decreased to the lower level found for the stem cell.



Female

In the female mammal the germ-cell stage of by far the most
importance in estimating genetic risk is the primary oocyte; there
is no stem cell. There is, however, uncertainty over which primary
oocytes in the female mouse are most relevant in estimating genetic
hazard for women. Mutation induction can be most easily studied in
the following three groups of mouse oocytes: (1) "mature and matur-
ing oocytes," which are those ovulated within six weeks of irradia-
tion of adult females, (2) "arrested oocytes," which are those
ovulated more than six weeks after irradiation of adult females,
and (3) those oocytes (probably pachytene and/or diplotene) that are
present near the time of birth.

Figure 2 shows the weighted least-squares regression lines of
specific-locus data obtained for mature and maturing oocytes in
young virgin females in low-level (that is, large exposures made
up of many small acute fractions ̂ r administered at a low dose rate)
irradiation experiments and data points for the same oocytes
irradiated with 400 R at 0.8 R/min and 90 R/min. Even though the
mutation frequency of mature and maturing oocytes following acute
high-dose exposure is about twice that of similarly irradiated
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Fig. 2. Weighted least-squares regression lines of specific-locus
data obtained for mature and maturing oocytes in young virgin fe-
males in low-level irradiation experiments (o) and data points for
the same oocytes in experiments at 0.8 R/min (•) and 90 R/min (A).
90% confidence intervals of data points are shown. • , control fre-
quencies, for which there are two estimates. References 1. 11,19,20.
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stem-cell spermatogonia, the dose-rate effect is clearly much more
pronounced in them than it is in the spermatogonia. The mutation
frequency per R continues to drop as the dose rate is lowered below
0.8 R/min, so that at 0.009 R/min there is not a statistically
significant increase in the mutation frequency above that of the

19
control . The mutational response in these oocytes is also
extremely low following 20 fractions of 10.6 R of acute X radiation

20
(separated by at least 24 hours) . For this fractionation, there
is no suggestion that mutations are being induced by the irradia-
tion, and the point estimate of the mutation frequency is only
about one-half of the spontaneous mutation frequency in the male!

In large experiments, there is no evidence for the induction
of mutations by radiation (acutely or chronically delivered) in the
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arrested oocytes of the adult mouse ' . Also, there is no indi-
cation that mutations are induced when those oocytes present just
before birth are exposed to 300 R of gamma radiation delivered at
0.8 R/niin22.

If the very conservative view is taken that the most mutable
of these three groups of oocytes (the mature and maturing ones)
should be used in estimating genetic risk for women, then genetic

19
risk in women is unlikely to be any more than 44% of that in n.en ,
and it might be negligible. (The 44% figure is based on a regres-
sion line that includes data on old females, this line having a
slope that indicates a statistically significantly higher mutation

19
frequency than that of the control .)

The quotation from the Washington Post that "effects of low
levels of radiation are simply unknown" is clearly incorrect as
regards genetic effects. While it is true, for example, that it
would not be feasible using current methodology to attempt to
raeasure the effect of an exposure as small as 5 R (the maximum
permissible exposure per generation to the general population from
man-made radiation other than medical irradiation), the results of
the many experiments utilizing low dose rates or small fractions
give us considerable reason to be reasonably certain of what would
happen even at doses much smaller than 5 R.

DOMINANT SKELETAL APPROACH IN THE MOUSE FOR ASSESSING
THE MAGNITUDE OF RADIATION-INDUCED PHENOTYPIC DAMAGE

23
In the 1960's, U. H. Ehling performed a series of experi-

ments that strongly suggested that high-dose irradiation induces a
rather high frequency of dominant mutations that cause malforma-
tions of the mouse skeleton. He demonstrated that certain classes
of abnormalities were much more frequent among the F 's of irradi-
ated males than among those of controls. However, probably because
only very few of his presumed mutants were given breeding tests to
determine whether they were really mutants, his data were not used
by committees in making estimates of overall genetic risk.



The approach of looking for induced phenotypic damage in the
first generation, as in Ehling's experiments, was needed for evalua-
ting genetic risk because it was extremely difficult to estimate
overall genetic damage based on specific-locus data or any other
genetic data then available. Thus, although the specific-locus
method has been extremely useful in providing information about the
physical and biological factors affecting the mutation rate (for
example, dose rate, dose fractionation, sex, and cell stage), the
actual mutation frequencies obtained using it cannot easily be con-
verted to risk estimates. There is, for example, no way of knowing
how representative the seven loci are of the genome as a whole.
Furthermore, the specific-locus mutations are recessive mutations
and almost all induced genetic disorders in the early generations
following irradiation would have to be caused by dominant mutations.
(Some of the specific-locus mutations have deleterious effects in
heterozygotes, but the effects are difficult to measure.)

The author and his wife, working in Ehling's laboratory, per-
formed an obvious follow-up experiment to Ehling's earlier work.
Mice, of the same mouse strains used by him, were exposed to 100 R +
24 hr + 500 R of 60 R/min gamma radiation because a similar exposure
regimen, although using X rays, had yielded the highest presumed
dominant skeletal mutation frequency in his experiments. The impor-
tant new feature of this experiment was that instead of killing the
F's at four weeks of age, they were first raised and permitted to

breed. As a result, in most cases, when an F. was found to have

skeletal malformations that made it suspicious that -J. mutation was
present, a sample of his offspring that could be eyamined to see if
the anomalies were transmitted was already in existence. It was
therefore possible to prove that certain abnormalities were caused
by specific dominant mutations.

A total of 37 dominant skeletal mutations were found in the
24

sample of 2646 F. offspring . Of these 37, 31 were proved to be
2ci

mutations by breeding tests " and 6, for which there were no pro-
geny, were concluded to be mutations based on presumed-rautation
criteria supported by the data . Many of the mutations cause
multiple effects, and if specific anomalies are counted, five of the
"M proved mutations caused one anomaly each, 19 caused 2-5
anomalies, five caused 6-10, and two caused 11-13. Individual domi-
nant skeletal mutations often affect widely separated parts of the
skeleton in specific ways. Effects occurred in almost all regions
of the skeleton. The types of abnormalities occurring in most
mutants were (1) fusions of bones or other changes in the number of
separate bones, (2) gross changes in the shape of bones, or (3)
shifts in the relative position of bones. Pictures of a few of the
effects of two of the mutations help to show the types of damage
that were detected. See Figures 4, 6, and 7.

The incomplete clavicles (Fig. 4) occur in all mice heterozygous
for mutation 320, and this effect is accordingly said to have com-
plete penetrance. In contrast, 17% of the mice with this mutation
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Fig. 3. Notice normal clavicles.

Fig. 4. Notice incomplete clavicles in mouse
heterozygous for mutation 320.

have the interparietal bone completely normal, while 55%, 24%, 3%,
and 1%, respectively, have this bone divided into 2 (Fig. 6), 3, 4,
or 5 pieces. This subdivision of the interparietal is thus said to
be a trait with incomplete penetrance. Clearly, the mutation has
differing degrees of penetrance for differing degrees of severity of
the syndrome. Mutation 320 causes a syndrome similar to one in
humans known as cleidocranial dysplasia. The abnormalities shown in
Fig. 7 are a few of the effects caused by a mutation that causes
mice to have 8 additional specific bones in their skeletons.

On the basis of the 31 proved mutations, it seems to be a valid
generalization that dominant mutations have incomplete penetrance
for some or all of their effects. At least nine of the 31 have
incomplete penetrance for every effect that they are known to cause.
Mice can be greatly deformed without showing any sign of it extern-
ally. Very few dominant skeletal mutations cause any effect that
is externally visible, and of those that do, most such effects occur
in only a small proportion of carriers.
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Fig. 5. Notice normal frontals
and uormal interparietal.
Disregard air bubble in left
parietal.

..-Si

Fig. 6. Notice large frontal
fontanelle and subdivision of
interparietai into two pieces
by a longitudinal suture
(marked by arrow). Mouse is
heterozygous for mutation 320.

Fig. 7. Left sternum is normal. Right
sternum, which is from a mouse heterozygous
for mutation 565, has an additional sternebra.
An additional pair of ribs is also attached
to it.
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FAILURE OF MULTIGENERATION IRRADIATION EXPERIMENTS
TO SHOW AN ACCUMULATION OF SERIOUS GENETIC EFFECTS

Many attempts have been made to determine the extent, if any,
of the accumulation of genetic effects in a population of rodents
exposed to radiation generation after generation. It was reasoned
that.if most induced mutations have slight deleterious effects in
heter"ozygotes, the'continued accumulation of such changes, without
comparable elimination by selection, would eventually cause an
obvious and substantial effect on members of the population. Wich

27 28
one exception , the results have been negative or equivocal
The interpretation of the one positive result, which dealt with maze
learning ability in rats, is not clear because it resulted from
irradiation of postspermatogonial stages and a similar study using
spermatogonial irradiation showed no effect . Almost all of these
studies have dealt with end points that are components of fitness,
for example viability, fertility, and growth. Failure to find
clear-cut accumulation of genetic damage in these experiments, one
of which formed the basis for the quotations from the Atomic
Industrial Forum Press Info given earlier, is now thought to result
from failure to use the right sort of indicator traits. As noted
by Green, one possible explanation for the negative results might
have been the "relatively small sizes of the experiments so far con-
ducted aad their relative lack of power for discriminating small
genetic differences in the presence of large amounts of nongenetic

28
variability ." Thus, for example, the likelihood of demonstrating
a slight- decrease in the life span of mice (which has been
attempted) seems much smaller than the likelihood of demonstrating
a severalfold increase in the incidence of dominant skeletal muta-
tions (which has not yet been attempted) following several genera-
tions of spermatogonial exposure.

The skeletal experiments described earlier have shown that
high-dose irradiation induces a fairly high frequency of dominant
mutations that cause skeletal abnormalities. Because most of these
mutations can easily be maintained in the laboratory, there is every
reason to expect that such mutations would have accumulated
undetected in the earlier multigeneration experiments which were
concerned with other end points. It is clear from the earlier
multigeneration experiments that exposures of males to a few hundred
R in each generation over scores of generations does not lead to
extinction. However, such studies tell us almost nothing about the
rate at which genetic disorders would accumulate in the population.

ESTIMATION OF GENETIC RISK TO HUMANS FROM RADIATION

The goal of risk estimation for genetic effects of radiation is
to make a reasonable estimate of what effect a certain exposure to
radiation would have upon the genetic burden of mankind. Would, for
example, an exposure to one rem in 30 years cause a slight, medium,
or large increase in this burden already in the first generation or.



if not then, at some later time?
In order to understand genetic risk estimation, it is impera-

tive that one have some comprehension of mankind's current genetic
burden. This quantity is still imprecisely known; however, the
estiniate of it used by the BEIR III Committee (Committee on the
Biological Effects of Ionizing Radiations of the National Academy

of Sciences) in its recent report is shown in Table I. The burdens
for five patterns of inheritance are shown. These, when totaled,
indicate that approximately 10.7% of liveborn humans can be expected
to have, at some time, a serious genetic disorder. This 10.7% con-
sists of thousands of individual disorders, most of which are extra-
ordinarily rare and poorly understood. The last column in the
Table lists a few of the more commonly known examples of these types
of genetic disorders. Also shown is the number of individuals
afflicted with each in the sample of 756,304 people studied in

29
British Columbia in the major analysis upon which the incidence
figures are based.

Table I Current genetic burden of mankind

Type of genetic Current Incidence Examples (number found in
disorder per million _ sample of 756,304 people „„

liveborn offspring studied in British Columbia )

Autosomal dominant ^ Osteogenesis imperfecta (30)
Tuberous sclerosis £12)

10,000
X-linked J Hemophilia A (40)

„ , ,nn Cystic fibrosis (151)
Recessive 1,100 .' . . ,oo.' Albinism (28)

Irregularly 9 Q 0 0 Q Cleft palate (460)
inherited ' Schizophrenia (59)

Chromosomal , syndrome (972)
aberrations ' J

T o t a l 1 Q 7 1 0 Q (Most are extremely rare and poorly
' understood.)

The risk estimates for gene mutations and small deficiencies,
to be presented later, were derived using either the doubling-dose
approach (also called the relative-mutation-risk approach) or the
direct method of risk estimation. Because there are no human data
showing that radiation induces transmitted genetic disorders, the
data collected in experiments on animals must be used in estimating
genetic risk. The 1977 UNSCEAR (United Nations Scientific Committee

on the Effects of Atomic Radiation) Report and the BEIR III
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Report both include estimates of genetic hazard for the first
generation following increased exposure and for genetic equilibrium.
Genetic equilibrium is what would occur many generations from now
when, theoretically, a steady-state in the incidence of genetic dis-
orders would be reached if the mutation frequency abruptly changed
to a new level now and held constant. The UNSCEAR Committee made a
point estimate of risk, such an estimate being its best guess based
on current knowledge. In contrast, the BETR III Committee expressed
risk as a range encompassing the degree of uncertainty that it
thought was reasonable.

Doubling-dose method

The doubling-dose approach is based on the assumption that the
livelihood of causing a disorder is, on the average, identical for
spontaneous and radiation-induced mutations. The doubling dose of
radiation is that amount expected to add as many new mutations each
generation as would occur spontaneously. A doubling of the current
incidence would noc occur, however, until the doubling dose had been
applied over enough generations for equilibrium to occur between the
higher mutation frequency and selection. Even then, a doubling
would only occur for those disorders for which there is a direct
relationship between incidence and mutation frequency.

Genetic disorders are grouped into the few patterns of inheri-
tance shown in Table I in order to make calculations less complex
and because a more sophisticated treatment is not justified by
current knowledge. The relationship between the incidence and the
mutation frequency differs among the many disorders. This relation-
ship s which is called the mutational component, is a crucial para-
meter in applying the doubling-dose approach. Operationally, if the
mutational component of a group of disorders is 50%, this means
that at genetic equilibrium, following exposure to the doubling dose
of radiation from now until then, there would be 50% of a doubling
of the incidence of that group of disorders. For example, if there
were 109000 per million now, there would be 15,000 per million then.
Both the BEIR III and 1977 UNSCEAR Committees assumed that the
autosomal dominants have a mutational component of 100%. The ir-
regularly inherited disorders were assumed to have a mutational
component of 5-50% by the BEIR III Committee and of 5% by the :J77
UNSCEAR Committee. Additional assumptions about the persistence of
these classes of disorders in the population permit derivation of a
first-generation estimate from that at genetic equilibrium. For
example, if the equilibrium estimate is 100 induced disorders and
average persistence is assumed to be 5 generations, the first-
generation estimate for that category would be (100 •=• 5) = 20
disorders.

In order to apply the doubling-dose approach, it is necessary
to have estimates, as described above, for each of the different
patterns of inheritance regarding current incidence, doubling dose,
mutational component, and, if anything besides a genetic equili-
brium estimate is desired, persistence. These estimates come from



studies on humans, with the crucial exception of the doubling dose,
which is based primarily, or entirely, on animal data. The estimate
of the BEIR III Committee was based almost entirely on specific-
locus data. The doubling dose was estimated to be 50-250 rein and
100 rad by the BEIR III and UNSCEAR Committees, respectively. Once
the above estimates are in hand, calculations are easy. To illus-
trate with the risk estimate made by the 1977 UNSCEAR Committee for
autosomal dominants and X-linked mutations combined, if the equilib-
rium estimate is desired for exposure oi: parents to 1 rad of pro-
tracted X or gamma rays, genetic risk = f(10,000 serious disorders X
mutational component of 1) * 100] = 100 serious genetic
disorders.

Direct method

This very different approach to risk estimation is based on the
author's recent determination of the extent of mutational damage
occurring in the skeletons of the first-generation offspring of
heavily irradiated mice. In the absence of data on this type of
mutacional damage following low-dose-rate exposures of spermato-
gonia, some of the many findings of W. L. Russell using the specific-
locus method have been applied in extrapolating to expected results
under low-level irradiation conditions. The estimate of genetic
damage to the skeleton so obtained is expanded to what would be
expected for all body systems and is restricted to that morpholog-
ical damage expected to cause a serious handicap if identical
effects occurred in humans.

Following a detailed discussion by V. A. McKusick and the
author of the 37 individual dominant skeletal mutations found in his
experiment, it was concluded that about one-half of them would, if
they occurred in humans, result in a serious handicap. The other
half would be expected to blend in with normal variation or be
innocuous. The 1977 UNSCEAR Committee accepted this estimate, but
the BEIR III Committee preferred to assume that the true value was
in the range of one-quarter to three-quarters, which the author had

24
suggested earlier

In order to expand the genetic damage in the skeletal system to
all body systems, thereby getting a total estimate of induced first-
generation damage, the 1977 UNSCEAR Committee multiplied the fre-
quency of dominant skeletal mutations by 10. This figure was
decided upon in the following way. According to McKusick's tabula-
tion of monogenic disorders in humans, 74 of 328 clinically impor-
tant dominant disorders (about one-fifth of them) involve the

skeleton . This suggests that the number of skeletal mutations
should be multiplied by about five to get the total number of
dominant mutations. However, one-fifth is likely to be too large a
fraction because of the ease of diagnosis of skeletal defects. On
the other hand, it seemed unlikely that this fraction could be much
lower than one-fifth because it is well known in humans and in
other animals that many dominant mutations exhibit pleiotropisra and
affect more than one body system. In view of these considerations
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and of tlie opinions of the human geneticists, C. 0. Carter and V. A.
McKusick, it was felt that the factor of 10 was reasonable. The BEIR
Committee assumed that the true value was in the range of 5 to 15.

At the present time, a direct estimate can be made for the
first generation only. Although no data on the induction of domi-
nant skeletal mutations in the female exist, the BEIR Committee
assuced that maternal risk would not exceed 44% of that in the male
based on the recent reanalysis of specific-locus data mentioned
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earlier . The UNSCEAR Committee made a direct estimate for pater-
nal irradiation only, but it stated that maternal risk would be
expected to be low.

To illustrate the way in which the direct method calculations
were nade, both Committees divided the mutation frequency of 37
dominant skeletal mutations in 2646 offspring by 600 R (the expo-
sure), by 3 (the dose-rate effect), and by 1.9 (the fractionation
effect) to give the expected induced mutation frequency for 1 R of
low-level spennatogonial irradiation. The remainder of the calcula-
tion, for which only che 1977 UNSCEAR version is shown, consisted of

multiplying the frequency so calculated, which is 4 X 10 dominant

skeletal mutations per R, by — (the severity factor), by 10 (the
factor for extrapolating to all body systems), and by 1 million (the
number of progeny in which the incidence was to be estimated). The
estimate is thus 20 serious genetic disorders, and it applies to
(1) those conditions in humans known as autosomal dominants, (2)
those conditions in humans known as irregularly inherited disorders
that ara caused by dominants with incomplete penetrance, and (3) any
chrososoral-aberration disorders in humans that mimic dominant
inheritance.

Risk estimates

Tables II and III show the genetic risk estimates agreed upon
by the UNSCEAR and BEIR III Committees, respectively. The estimates
for chromosomal aberrations are included even though they are not
discussed in detail in this paper. The risk estimates must be com-
pared with the current incidences, which are shown in Table I, in
order to put them into perspective.

HUMAN STUDIES

As mentioned earlier, there is no clear evidence in humans of
radiation-induced transmitted genetic damage. There are data,
however, from men exposed in Hiroshima and Nagasaki that are on the

31
borderline of statistical significance . These data concerned
mortality during the first 17 years of life among children with one
or both parents exposed. From the data obtained following the
atomic bombings in Japan, minimal doubling doses can be calculated.
For men this value is 138 rads; for women it is over 1000 rads. The

31 3
average for the two sexes is about 240 rads * . The higher the
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Table II UNSCEAR 1977 risk estimates

Classification
of disorders

Serious genetic disorders induced by an average
population exposure to 1 rad of low-dose, low-
dose-rate, lcw-LET irradiation in a 30-year
generation, per million liveborn offspring

First gener-
ation by
doubling-close
method

First gener-
ation by
direct method

Genetic
equilibrium

Autosooal
dominant and
X-linked

Irregularly
inherited

Recessive

Chrososc^al
aberrations

Total

20 20 in Cft
probably
fewer in o

100

relatively
few

38

63

2-10 in
probably
fewer in

22-30 in
probably
fewer in

very slow
increase

40

185

doubling dose: the lower the risk. Accordingly, because the
doubling dose based on specific-locus data in the BEIR III report is
50-250 rezn, the minimal estimate in humans of 240 rem suggests that
estimates of doubling doses based on mouse experiments likely lead
to an overestimation of genetic risk. Nonetheless, the safe
approach seems to be to base the estimates on th-*. animal data, which
come from much more controlled and numerous experiments and deal
with end points more directly related to genetic hazard. It should
be noted that the hint of an effect in men, but not in women, is
consistent with the conclusion, based on mouse studies, that genetic
risk is lower in women.

APPLICATION OF GENETIC RISK ESTIMATES TO ASSESSMENTS
OF RISK RESULTING FROM MEDICAL IRRADIATION

According to the BEIR III report, the estimated annual average
genetically significant dose equivalent rate of exposure to medical
and dental X rays is 20 mrem/yr for patients and <0.4 mrem/yr for
occupational exposures. The corresponding figures for exposure to
radiopharmaceuticals is 2-4 mrem/yr for patients and <0.15 mrem/yr
for occupational exposures. In contrast, background radiation
amounts to 82 mrem/yr. There are several ways in which the risk



Table III BEIR III risk estimates3

Classification of Serious genetic disorders induced by an
disorders average population exposure to 1 rera per

30-year generation, per million liveborn
offspring

First generation Genetic equilibrium

Autoscoal dominant ,_ _„„
and X-linked 1 4 ° - 2 0 0

>- 5-65
Irregularly J 20_90Q
mnerited

very few, effects
„ . in heterozygotes ,
Recessive ,_ , J° . very slow increase

accounted for in
top row

Chromosor-al , ,, , _b only increases
, . less than 10 ,/. ,
aberrations slightly

Total 5-75 60-1100

iJsed direct method only.

Majority of Committee feels that it is considerably closer to zero,
but one member feels that it could be as much as 20.

estimates described in this paper can be applied to comprehending
likely effects of medical and dental radiation. Some of these will
be given, and, in all cases, the estimates of the BEIR III
Committee will be applied.

It is of interest to estimate the number of individuals born in
the United States each year who will at some time have a serious
handicap caused by a radiation-induced mutation resulting from
medical or dental irradiation of some ancestor. If, for simplicity,
we assume that the annual average genetically significant exposure
per person to such radiation in the United States is 22 mrem/yr,
then in a generation of 30 years the average exposure per person is
0.66 rem. Further, let us assume that all medical and dental
(henceforward referred to simply as medical) exposure in the USA to
date is equivalent to 60 years, or 2 generations, at the above
exposure rate and that 3.million babies are born ajive in our coun-
try each year. The risk after two consecutive generations of
exposure would be somewhat less than twice the risk after one gen-
eration of exposure, but the error when multiplying by two should
lead to only a small overestimate. The BEIR III first-generation
risk estimate for 1 rem is 5-75 serious genetic disorders per
million lrveborn offspring. Accordingly, roughly [(2) X (5-75) X
(0.66) X (3 million * 1 million)] or 20-300 children born in the USA



each year can be expected to have, at some time, a serious genetic
disorder induced by medical irradiation. If the per person exposure
earlier in this century was actually much more than 0.66 rem, the
above estimate is, of course, too small to an important extent. It
should be kept in mind that the above estimate is more precisely the
estimate of the genetic burden induced by two generations of medical
exposure at current dose-equivalent rates.

If medical exposure stays constant at 22 mrent per year and if
the number of births per year in the USA remains about 3 million,
when genetic equilibrium occurs many centuries from now, roughly
[(0.66) X (60-1100) X (3 million * 1 million)] or 120-2200 children
born in the USA each year would be expected to have, at some time, a
serious genetic disorder induced by medical irradiation. No one
knows exactly how soon genetic equilibrium would occur even in the
unlikely event that exposure to radiation really stayed constant as
described. It should be realized, however, that the medically
induced genetic burden might begin to approach genetic equilibrium
levels after only two or three centuries if the persistences and
mutational components are anything like those assumed by the

UNSCEAK Committee .
This paper does not intend to suggest that medical irradiation

should not be used. However, a useful contrast for making clear the
distinction between induced genetic and induced somatic effects (for
example, radiation carcinogenesis and teratogenesis) of medical ir-
radiation is provided by comparing the effects of a complete cessa-
tion of all medical exposures on the induced incidences of these
different effects. It is obvious that if no more medical irradia-
tion occurred after March 1980, no individuals born in 1981 or
later would ever suffer from any somatic effects resulting from
medical irradiation. In contrast, OVER ALL TIME, a total of roughly
7,200-132,000 persons in the USA would be expected to have, at some
time, a serious genetic handicap resulting from mutations induced by
medical irradiations before April 1980. It must be emphasized that
this huge number of handicapped persons would occur in a vast, and
unknown, number of offspring born over many centuries, and the
incidence would not be expected to exceed 300 in any one year.
This, it should be recalled, is 300 out of roughly 321,000 persons
born each year in our country who will at some time have a serious
genetic disorder.

The basis of the estimate just given can be understood by
realizing that at genetic equilibrium exactly as many future genetic
effects are induced as are selected out of the population in any one
generation. It follows from this that the total of all genetic
effects to be expressed over all generations as the result of
exposure to one generation is the same as the total genetic effects
found in one generation in the equilibrium situation. In other
words, if the genetic equilibrium estimate of a class of disorders
is 100 disorders per the number of children- born in one generation,
and if one-fifth are eliminated by selection in each generation,
then, if only one generation is exposed, the first-generation inci-
dence is 20. If no more irradiation is administered, because of



transmission of the mutations induced in the first generation to
later generations> the number of disorders in generations 2, 3,
4, ... u is 16, 12.80, 10.24, ... n1, and the sura of the disorders
over generations 1 to n is 100, which is the equilibrium estimate.
In our case, for simplicity, we have assumed that medical irradia-
tion to date is equivalent to two generations (that is, 60 years) of
exposure at the annual rate of 22 mrem/yr. and that the birth rate
regains 3 million offspring per year. It was shown earlier that the
equilibrium estimate for this exposure rate is 120-2200 seriously
handicapped individuals per year, which equals 3,600-66,000 in a 30-
year generation. Thus, an OVER ALL TIME estimate for two genera-
tions of such exposure would be about twice this or 7,200-132,000
persons. This large number of handicapped persons, even though it
represents only a very small increment over mankind's normal genetic
ourden, is a sobering reminder that medical exposures should be kept
as low as possible.

The first-generation risk estimate can be used in a consider-
ably different application to medical irradiation. To illustrate,
assune that a man was exposed to 100 R of gonadal radiation as the
result of therapy. This was a single exposure of gamma or X rays
lasting several minutes. Five years later his wife becomes
pregnant, and the couple is concerned whether or not the fetus
should be aborted in view of the father's large exposure. To help
answer this question, one can proceed as follows. The paternal
portion of first-generation risk is 5-45 handicapped individuals
(for gene mutations and small deficiencies alone) per million live-
born for each rem of protracted irradiation. Because the example
deals with acute irradiation, this range must be multiplied by 3.
The risk from this type of genetic damage would thus be [(100) X
(15-135)] in one million or 0.15-1.35%. The risk from chromosomal
aberrations for such exposure would be expected to be about 0.01-
0.1% according to application of the BEIR III Report. Putting
these estimates into perspective, the risk to the average man in the
population that a given child will at some time have a serious
genetic disorder is about 10.7% according to Table I. The risk to
the average man that a given child will someday have a serious
handicap of genetic, environmental, or unknown origin is about

[10.7% + 0.1% + 2.7%]29 or 13.5%. The total risk of the irradiated
man in question, assuming that no consideration is given to genetic
disorders that he may or may not have, is thus about [13.5% + 0.16-
1.45%] or 13.66-14.95%. In other words, an exposure this large to
one individual would cause a rather small increase in his normal
risk.

It must be cautioned that the assessments of risk from medical
irradiation given in this section are an attempt, by using simpli-
fying assumptions, to apply the BEIR III.risk estimates to some
difficult questions of concern to those in the medical profession.
No attempt has been made to use precise assumptions in applying the.
risk estimates because there is no way precise assessments could be
made in view of uncertainties as to the risk estimates themselves.
The assessments made, however, should provide an understanding of
the approximate effects of medical irradiation in inducing genetic



disorders. Care nr:jt h? taken in extending the examples given to
oihnr îtLi.itiOLis. For example, irradiation of different germ-cell
stages or with high-LET radiations might alter applications to
medical irradiation in ways unexpected by someone unfamiliar with
the data on which genetic risk estimates are based.

Risk estimates for genetic effects cannot easily be cor-par̂ d
with those for somatic effects to see which type of induced damage
is of greater importance. Not only is the time scale when somatic
and genetic effects occur very different, as explained earlier, but
it is unrealistic, for example, to equate one fatal radiation-
induced cancer at age 65 with one radiation-induced genetic disorder
that results in death after 20 years of being institutionalized for
profound mental retardation, or, alternatively, to equate one fatal
radiation-induced leukemia at an early age with one radiation-
induced- late-onset genetic disorder.

It is hoped that this presentation will (1) lead to better
decisions as to the benefit-risk ratio of certain medical
irradiation procedures and (2) stimulate further efforts in
eliminating unnecessary exposures.
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