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SUMMARY

Data are presented from studies of children bom
to survivors of the atomic bombs in Hiroshima
and Nagasaki on four indicators of genetic effects:
1) frequency of untoward pregnancy outcomes
{stillbirth and/or major congenital defect and /or
death during first postnatal week), 2} occurrence
of death in live-born children, through an average
life expectancy of 17 vears, 3) frequency of
children with sex chromosome aneuploidy, and
4) frequency of children with mutation resulting
in an electrophoretic variant. In no instance is
there a statistically significant effect of parental
exposure but for all indicators the observed
effect is in the direction suggested by the
hypothesis that genetic damage resulted from the
exposure. On the basis of assumptions concerning
the contribution which spontaneous mutation
in the preceding generation makes to the
indicators in question, it is possible to estimate
the genetic doubling dose for radiation for the
first three indicators (data base is still too small
for the fourth). The average of these estimates
is 156rem. This is some four times higher than
the results from experimental studies on the
mouse using comparable radiation sources,
results which have been the principal guide to
the presumed human sensitivities. The relevance
of these data in setting permissible limits for
human exposure is discussed briefly.
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INTRODUCTION

Concern over the somatic and genetic effects of
ionizing radiation, which had apparently peaked
during the period of atmospheric testing of
nuclear weapons in the 1950s, has recently
experienced a recrudescence, as the United States
and other nations debate the role of future
nuclear power, and as allegations of the late
effects of low-level radiation exposure accumu-
late. With respect to the genetic risks, extensive
experimental studies have provided a solid frame-
work within which to view the problem.! These
sgme studies have also demonstrated the
enormous complexities inherent in estimating
the impact of an exposure to radiation on
populations of organisms (as confrasted to the
measurement of an effect in a specific locus test
system), as well as the many ways in which the
apparent genetic responses of diverse species to
radiation may vary. In consequence there is
an urgent need for properly controlled human
data.

Ever since mid-1946, the birth cohorts of
Hiroshima and Nagasaki have been serving as the
basis for a number of studies on the potential
genetic effects of the A-bombs. It is the purpose
of this report to present a coherent picture of
the findings to date. We will first examine the
effect of parental exposure on a number of
indicators of genetic damage in their children;
then, using recently developed estimates of
gonadal dose, we will attempt to develop a
preliminary estimate of that amount of ionizing
radiation whick under the conditions of these
exposures, with these indicators, in this popu-
lation, will produce a 100% increase over the
spontaneous mutation rate (i.e., the doubling
dose). Insofar as the current popular concerns
are directed primarily at the effects of low-level
exposure, it is important at the outset of this
presentation to point out that of the persons
receiving 1 or more 1ad of radiation (kerma),
some 50% are estimated to fall within the 1-%rad
dose range, with roughly half of the surface
exposure reaching the gonad.

HISTORICAL REVIEW OF GENETIC STUDIES
The genetic studies to be described were initially
undertaken by the Atomic Bomb Casualty
Commission, and ~subsequently, in 1975, by
RERF. Beebe® has presented an excellent review
of the more recent activities of these organi-
zations. The first steps towards a genetic program
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were taken in 1946 and a fullscale program was
initiated in 1948, primarily, as necessitated by
the times and circumstances, morphological in
nature. The Japanese postwar rationing system
inciuded a special provision for pregnant women
after the fifth lunar month of pregnancy. A
preliminary study revealed that the vast majority
of pregnant women availed themselves of this
opportunity. It was therefore possible to identify
practically all pregnant women in Hiroshima and
Nagasaki at about the fifth month of gestation.
These women were requested at the time of
ration registration to complete a questionnaire
concerning previous reproductive history and the
exposure of themselves and their spouses to the
A-bomb. The consanguinity of the marriage was
also determined since, given the untoward
effects of consanguinity on pregnancy outcome,
which we have documented for this very
population,3 an uneven distribution in the
frequency of consanguineous martiage in relation
to radiation exposure could introduce a signifi-
cant bias into the study. When the pregnancy
terminated, the attendant at birth (usually a
midwife) submitted a brief report on the
outcome. As soon as possible after each birth,
an effort was made to have a physician examine
the infant, regardless of the attendant’s report.
Where permission could be obtained, autopsies
were performed on stillbom infants or those
dying during the neonatal period. Finally,
on a randomized basis about half of all infants
examined shortly after birth were reexamined

at age 8-10 months, If no termination had been

reported for a registered pregnancy by one
month after the expected date of confinement,
a follow-up was initiated. The program thus met
the requirements of a prospective study. Limited
data on socioeconomic status were collected
on a randomized 10% subsample, as well as on all
untoward pregnancy terminations. Further
details of the study are provided by Neel and
Schull. **

The indicators of possible genetic effects which
could be extracted from this program (all of
them of course confounded by a variety of
extraneous factors) were sex, birth weight,
viability at birth, presence of gross malformation,
occurrence of death during the neonatal period,
and physical development at age 8-10 months.
A comprehensive analysis of the accumulated
data through 1953, undertaken in 1954 and
1955, suggested that this extensive clinical
program (GE3 study) had reached its logical
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conclusion.*  Because of borderline findings
with respect to sex ratio and survival of live-born
infants, however, the collection of data on sex
ratio and survival in relation to parental radiation
history was continued. The study on sex ratio
was. extended to embrace essentially all births
occurring in Hiroshima and Nagasaki through
1962.° However, the ongoing study on survival,
termed the F, Mortality Study, was based on a
more restricted sample, composed of three
cohorts: 1) all infants live-born in the two cities
between May 1946 and December 1958 one or
both of whose parents were proximally exposed
to the A-bomb (<2,0001m from the hypocenter),
2} an age- and sex-matched cohort randomly
drawn from the remaining births during this
same period in the two cities, for which one
parent was distally exposed (2,500+m from the
hypocenter) and the other either distally exposed
or not in either city at the time of the bomb
(ATB), and 3) a second age- and sex-matched
cohort randomly drawn from the remaining
births where neither parent was present in either
city ATB. Children bomn to parenis one or
both of whom were 2,000-2499m from the
hypocenter were excluded from the study
because of difficulty in the accurate evaluation
of the very low doses received at this distance.
A full description of the study has been
published.”®

As the field of human cytogenetics developed in
the late 19505 and early 1960s it became
apparent that cytological studies on the survivors
and cytogenetic studies on their offspring were
highly desirable. Accordingly, on the basis of
a pilot study conducted in 1967, a full-scale
investigation of the children of exposed parents
was initiated in 1968, the subjects being drawn
initially from the cohorts established for the F,
Mortality Study. Awa et al!®1! have described
this study on several occasions. Ten metaphase
preparations are routinely examined for each
child included in the study. Since the minimum
age at study (obtaining a blood sample) is 13,
and the oldest “children” in the series (born
in 1946) are now 34, the survey will not yield
adequate data on the frequency of cytogenetic
abnormalities associated with increased mortality
rates, such as unbalanced antosomal structural
arrangements and autosomal trisomies. On the
other hand, the data on sex chromosome abnot-
malities and balanced autosomal structural
rearrangements should be relatively unbiased
even now.
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The advent of convenient and inexpensive
electrophoretic techniques for the identification
of abnormal protein molecules in the 1950s and
1960s created a new potential approach to the
genetic effects of the A-bomb which, like the
cytogenetic one, was free of many of the ambi-
guities of the past. By the early 1970s electro-
phoretic techniques had been developed for a
sufficiently large battery of proteins of the
erythrocyte and blood plasma to render a
meaningful study feasible, and in 1976, after a
pilot study extending from 1972 to.1975, a
fullscale investigation employing this technique
(the Biochemical Genetics Study — BGS) was
undertaken.’®'® The subjects are being drawn
from the cohorts of children born to proximally
and distally exposed parents identified for the F;
Mortality Study, as these were described earlier.
The same blood sample serves the needs both of
this program and the Cytogenetic Study although,
because the latter was initiated first, and cannot
process as many samples as the BGS, there isno
complete overlap between the two samples of
children thus far studied. To increase the
number of children available for these two
studies, the two cohorts are currently being
extended (the F; Mortality exiended sample)
to include births from 1959 through 1975.

Each child is examined for rare electrophoretic
variants of 28 proteins of the blood plasma and
erythrocytes, and for activity variants of a subset
of 8 erythrocytic enzymes. ‘Rare’ is defined in
this context as a variant with a phenotype
frequency of less than 2% in the population.
When such a variant is encountered, its occurrence
is first verified and then blood samples from both
parents are examined for the presence of a
similar variant, If the variant is not encountered
in either parent, the two principal possible
explanations are mutation or a discrepancy
between legal and biological parentage. The
latter contingency is explored with studies of
alleles at 11 different loci, a battery of determi-
nations that should detect some 80% of such
discrepancies. Given the many speculations in
the scientific and lay literature about a possibly
large recessive component to the genetic effects
of the A-bomb, a component to find manifes-
tation over many generations, it is important to
emphasize that the electrophoretic appreach
should provide insights into the possible
magnitude of any induced recessive genetic
effects.
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EVALUATING THE GENETICALLY EFFEC-
TIVE RADIATION EXPOSURE

The significance of this extensive (and expensive)
program is of course directly proportional to
the amount of gonadal radiation received by the
exposed parents of the children under investi-
gation ATB. For a variety of reasons, some
immediately obvious, some not, the dosage
assessment has proven difficult. In our first
analysis of the morphological data,® it was not
possible to do more than assign the parents of
the children under study to five categories,
ranging from those exhibiting symptoms of
radiation sickness following the bomb to those
not in either city ATB. Ever since the 1950s,
ABCC, the Atomic Energy Commission, and the
Japanese National Institute of Radiological
Sciences have devoted a major effort to the
estimation of the surface (whole-body) dose
for each survivor within 1,600m from the
hypocenter in Hiroshima and 2,000m in
Nagasaki.!*™1® At these distances, the sum of
the gamma and neutron exposures (kerma) is
approximately the same in each city, slightly
more than 10rad. These individual exposure
estimates, known as the T65D estimates, were
based on the distance-dose relationships of the
two explosions and an effort to reconstruct the
precise position and shielding of each person in
the zone of appreciable direct radiation. Because
of the much greater neutron component in the
radiation emitted by the Hiroshima bomb,
these relationships are not the same for the two
cities. Separate gamma ray and neutron doses
have been assigned to each survivor. It has been
estimated that the errors of the individual
surface dose assigned to survivors in the two
cities may amount to as much as +30%,Y7
However, no systematic biases in the assignment
of dose have been recognized. The exact
position of the hypocenter in Nagasaki was not
resolved until late 1978, and thus only recently
has it been possible to make a final assignment of
dose in that city. This has necessitated a revision
(T65DR) of the dose estimates; these revised
estimates are the basis of the present analysis.
It should be noted that discussions of the
amount and type of radiation received by those
exposed to the A-bomb continue,'® and it is
possible there will be further revisions of the
dose estimates.

The assignment of individual doses greatly
increases the power of the possible statistical
analyses of these data. Not unexpectedly in view

HAHEH R ORIEHY R O
COXKBELZ(BRO»»Z)WEFEOZERIE,
554, ERBIINESOEMAHINS T AERBRD
HetiERIZ kT 3. coBROFELERTHS.
TOBEEBEATHY, —HEWETHD, —8HI2
ZITHV. BEREMNRMIIOVWTORTORES
T, dREORRE, FRRBCREREROER
22LAEHS, FRSwThomicbvwiboiH
TTCOSHEICHBTAZL L CEEL oM 19504
LIk, ABCC, XBEFHERZ, RUNKMHBEZE
BAEWMEMRRZ, EBETIRBLHASS5],600mEH,
B T2, 000m KRB CHEBLAE—A—ADEK
BR(EF)DEFEIIARELHEEELTEL S
ZNEDIEMTIE, HBLAF  vBERUFHETF
BROESE (kerma ) i, FHE LIEERILCT, W0rad
EDeeEh o, e AOHEERBRIT TSDH
EELTHshTE), AMORSBOHE —Hi
MiF, RU»4 N OEBRRHBREEGIEBENIC
LWEAKBEOERAMNBRACERREZERT S
BHALL2THE2LOTHE. LEOEEORESH
BigMotolnhEFREF IS, Fr o4
b, MAFOIh 5 OMRERE —TlEEn., &
BECHL T2 v <EBRFDPETHRAES
EEshTWwE. AHOHBEEEACHERKFL
DI|EE, £LTEI0%THS.7 Ll, EERR
EFEHEREIEEDShTVRERY, BEHORLBO
L RE 1078 R CEMMEN Aok
DT, TLBEIC L > THTOMRE S RFMITHE
FEZLAHIL R, ZhizL2BRBEEED
RET(TE5DRY A PEILZ -, AEOEHFIEZH
SORTHEHEENRLT3L0THS. RREIER
ENF I BRHEORBUERICAT S EF KR
ELTHRIFShTEHED,” SERLBRBHEBEO R
MEN@BaITEefRETS.

AADBRBHREHEAS BN EIZLD, ZhED
HEOKHFHERORE AN K E CRML %,




of the complexity of the situation, however,
there are some residual problems in the assign-
ment of individual doses, problems which will
probably never be resolved. For roughly 3% of
the persons exposed in Hiroshima or Nagasaki
{many now dead), the history of position ATB is
either incomplete, or the shielding data so
complex, that even an approximate dose cannot
be computed. In most of the analyses to be
described, children born to parents whose dose is
unknown have been excluded from consideration,
for the time being, but in the BGS, these parents
have been assigned the mean dose of all survivors
within this area in that study.

In assigning a genetically effective {gonadal)
dose, two further problems arise, namely, how to
evaluate the attenuation of the surface dose by
the intervening tissues, and how to meet the
question of the relative biological effectiveness
(RBE) of the neutron component in the assigned
doses. With respect to the first of these problems,
the matter is complicated by the differential
attennation of the gamma ray and neutron
components of the dose, as determined from
models of the human body. In computing
gonadal dose, we shall employ the tables only
recently developed by Kerr'® specifically for the
type of radiation emitted by the A-bombs,
which provide separate attenuation factors for
gonadal exposure to adult males and females,
and for neutron and gamma radiation. Uncer-
tainty about precise posture ATB complicates
the calculation of organ dose and introduces a
further source of error into the estimation of the
genefically effective dose. Using Kerr’s adult-
based tables is a conservative practice, since
some parents were still children ATB (with
lesser attenuation of dose). No allowance has
been made for the much discussed possibility
of exposure to small amounts of residual radiation
following the A-bombs.?® All analyses to be
presented are now based on the estimated
gonadal dose of the parents.

With respect to the assignment of an RBE to
the neutron component of the dose, under the
best of circumstances that assignment would
follow from the results of the study. Unfortu-
nately, in the absence of statistically significant
findings, this is difficult; we must also be guided
by the results of experimental data. Studies of
the genetic effects of acute neutron dose of the
order of 50-100rad on mouse spermatogonia
and mature oocytes in a specific locus test
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system have yielded RBE of about 52! and
earlier’” we adopted that figure. Although there
are no data at very low neutron doses from the
mouse-specific locus test system, the recent work
of Grahn et al** with other, softer genetic end
points in the mouse suggests that at acute
neutron doses below 5rad the RBE is as high as
20. Under certain assumptions, similar or even
higher RBE at low neutron doses can be invoked
from the A-bomb experience for several end
points which may be viewed as the result of
somatic cell “mutations”, such as acute leu-
kemia’® and chromosome aberrations in
leul~:c>c:yte=s.24 The neutron dose in the exposed
parents was generally low. Thus, for example,
among the proximally exposed parents of children
incorporated into the F; Mortality Study, and
who are estimated to have received 1rad or more
of neutron exposure, the estimated neutron
surface dose in rad is: 1-4rad, 8,357 persons;
5-9rad, 2,463 persons; 10-19rad, 1,378 persons;
20-49rad, 1,150 persons; 50-99rad, 501 persons;
and 100+rad, 410 persons, Despite these recent
genetic developments and the data just presented
on the generally low neutron exposure, we will
continue to assign neutrons an RBE of 5 for
genetic effects, a conservative position when
we turn to the calculation of the genetic doubling
dose. The assignment of an RBE to the neutron
component permits us to express dose in rem and
so facilitates the comparison of these results
with experimental studies in which doubling
doses have been developed for low liner energy
transfer (LET) radiation.

The genetically effective dose represented by
each child is the sum of the parental doses. It
will be seen that by the standards of experimental
radiation genetics, these individual doses are for
the most part modest. This fact was recognized
with the first decision to undertake genetic
studies in the two cities?® Small though the
dose is, and limited as is the number of children
born to proximally exposed parents, however,
this situation is unquestionably the most signifi-
cant experience of normal (well) human beings
with the genetic effects of radiation on record,
especially since the total exposure was instan-
taneous rather than chronic in nature; the
greater genetic effectiveness of a given amount
of radiation when delivered in a limited rather
than in a prolonged period of time has been
documented for a variety of organisms, including
the mouse.?*?® Because of the relatively small
doses involved, it has been a cardinal principle
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of the genetics program from the outset to
pursue as many objective endpoints as feasible
in this attempt to evaluate the genetic effects
of the A-bomb. o

STRATEGY OF THIS PRESENTATION

Genetic Considerations

We will limit this treatment to those aspects of
the rather voluminous data which should best
lend themselves to the derivation of a genetic
doubling dose of radiation. For this réason we
will not further consider data on continuously
distributed traits such as height and weight, as
studied' at birth or at age 8-10 months® or in
middle or high school children.?®" We note
in passing that at no time was there persuasive
evidence of a growth depression in the children
of the exposed clearly attributable to the
induction of dominant deleterious mutations.
The remaining data will be presented under five
headings, in the order of collection:

Untoward Outcomes. These include major
congenital defect andfor stillbirth and/or death
during the first week of life, in the children
included in the GE3 study. The results of the
autopsy eoxaminations, and diagnoses of
congenital defect reached at the 9-month
examination, have been incorporated into the
analysis. Geneticexpectation is that the untoward
ountcomes will increase in the children in
proportion to radiation dose of the parents,
because of the induction of mutations with
deleterious effects.

Survival of Live-born Infants. The analysis of
survival will be based upos the children mentioned
eatlier as comprising the F, Mortality Study.
Expectation is an increase in mortality in the
children, in proportion to the radiation received
by the parents. Deaths were followed through
1971; the mean age of the surviving children
at that time was 17 years. The study should thus
embrace the bulk of pre-reproductive mortality.

Sex Ratio in Relation to Maternal Exposure. In
the early years of these genetic studies, the
expectation for sex ratio ¢ffects was set by the
simple theory of sex-linked inheritance. Exposed
males transmit their single X chromosome and
a set of autosomes to their daughters, but their
sons, while they also receive a set of irradiated
autosomes, receive the genetically largely inert
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Y chromosome from the father. The expectation
would be for the sex ratio to increase because
of the increased death rate of female fetuses
receiving any induced sex-linked dominant
lethals, Exposed females transmit an X chromo-
some to their sons and daughters (plus a set of
autosomes), but since the X is hemizygous in
males, induced sex-linked recessive as well as
dominant mutations will find expression in the
males. The sex ratio should decrsase. Given
that the X comprises approximately 6% of the
haploid genome in DNA content, and given the
much greater theoretical and experimentally
based expectation of phenotypically recessive
than dominant mutations, the effect of maternal
exposure on the sex ratio should for a given dose
greatly exceed the effect of paternal exposure.

These simple projections are now greatly
complicated by two genetic developments of
the past 20 years, On the one hand, given the
phenomenon of X chromosome inactivation in
mammalian females (Lyonization), it seems
probable that sex-linked ‘‘point’ mutations
which are dominant lethal in females are
extremely rare. On the other hand, the demon-
stration of sex chromosome aneuploidy, charac-
terized by XO, XXY, XXX and other more
complicated abnormal combinations of sex
chromosomes, introduces a further complication
into the study of sex ratio changes. Again
expectation depends on the sex of the irradiated
parent, as well as the events at the first and
second meiotic divisions. Male irradiation should
in theory increase the proportion of XY and O
gametes, which shouid result in XXY and XO
zygotes; the impact on the phenotypic sex ratio
of this will depend primarily on how much
greater the intrauterine mortality is for XO than
XXY fetuses (plus the ratio of the two types at
conception}). Female radiation should increase
the proportion of XX and O gametes. Four types
of zygotes are expected: XXX, XO, XXY, and
OY (inviable). Assuming equal viability of XXX
and XXY zygotes, again the impact on the
phenotypic sex ratio depends primarily on the
{greatly reduced) viability of XO zygotes (as
well as the proportions of XX and O eggs at
fertilization), YY gametes, resulting from
secondary nondisjunction, should not further
alter the sex ratio. Thus, the a priori expectaticns
regarding the effects of parental radiation on the
frequency at birth of the different types of sex
chromosome aneuploidy are not entirely clear.
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In the light of these developments, we now feel
that the effects of female radiation on the sex
ratio should lend themselves to manipulation
with reference to estimates of doubling dose
much better than the results of male radiation,
and we will limit this treatment of sex ratio to
the consequences of maternal radiation. However,
any analysis must be coupled with studies of the
same material for sex chromosome aneuploids.
The data to be analyzed will be drawn from the
study on sex ratio described earlier,’ covering
all births in Hiroshima and Nagasaki between
1948 and 1962, but now the analysis can be
based on gonadal dose and adjusted for neutron
RBE.

Chromosomal Abnormalities. The cytogenetic
data to be analyzed have most recently been
presented by Awa et al.®® The subjects for this
investigation are being drawn from the F,
Mortality Study described earlier, as well as
its extension. Expectation is of course for an
increase in cytogenetic abnormalities in the
offspring of exposed. Since, however, blood
samples are not obtained until the children have
reached 13 years of age, most children with
autosomal aneuploidy will have died prior to
the age of examination, with the possible
exception of those with trisomy 21. The
findings are thus valid only with respect to
balanced translocations and the sex chromosome
aneuploids.

Alterations of Specific Proteins. The RERF BGS
was described earlier. Like the Cytogenetic
Study, subjects are being drawn from the F,
Mortality Study and its extension. Expectation
is that electrophoretic variants which can be
attributed to a mutational event in one or the
other parent will be more frequent in the
children of exposed survivors than among the
childrten of controls. A description of the
findings of the study at its approximate halfway
peoint has recently been published, containing
references to the precise biochemical techniques
employed.'?

As is apparent, all five of the bodies of data
which will be under consideration have been
described in extenso elsewhere; the reader
interested in the details of the various studies
should consult these publications. What is
unique to this presentation is the newly gained
ability to relate the findings to individually
assigned gonadal doses, a development which
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greatly facilitates the calculation of the genetic FERZERIIT S,
doubling dose of radiation.

Statistical Considerations . R EaER
Since our earlier analyses of these data were INsOREIZMT IERSOLIMOENIZ, @A
undertaken at a time when individual exposure DERBRE LR T EBSATVESI LTS

estimates were unavailable, we were forced to ERBAELOTHY, PR HEELERRT

assign individuals to dose categories based upon . . ) !
symptomatology and distance, to treat the HRCETSCRBREMCARLT, BEREE

attribute data as if multiply classified, and to HlErLERIIGESALLOO LI 2BV, Roy
examine “main effects” and “interactions” % U Kastenbaum,® 3 U012 Bertlett® iz &£ 3 S HO
through a generalization of the analysis of a ONOX2FREEELF Lk T, "2

2% 2% 2 system of classification due to Roy . . " o an - g
and Kastenbaum® and Bertlett.®*® The details ERRUTHEEGFRTEE SAFELEL AL

are to be found in Neel and Schull® Recent  ZHHI3 Neel BUf Schull! ¥ BMEh/. WHIH
advances in the analysis of categorical data® 8 DEFES-B oA EREOEE, BUCBAOEKE
and the availability of individual exposure  wgyeo A Fi, HLCEHORREBRET 5.
estimates offer new analytic opportunities. We KHE T, 205 60—>DRHE BEL A,

shall limit ourselves here to only one analysis, i} "
namely, one which treats the indicators, untoward +hbb, LEOEETH AHRAERE, B,

outcomes, mortality, and male births, described RUBONEY 2THES L L THY, —dE0daE
above as binomial variables and regresses the H, T hbEOKE, LUCEEERIREY R

observed values on a series of independent , . N .
i i A A i3 g 7 - %
variates — parental exposures and extraneous but EFRRAASLEATELOET, vh0w AR

nonnegligible factors which influence pregnancy ERINTSRBEORBETI.
outcome, so-called concomitant variables.

We assume that mutations follow a “one-hit” FHELURAERUL L~y M ERARLEMFEN
radiobiological model and thus that EFMIEREIEELI TS, LEHFST

[+ v
Pj=1—exp [—ay(on) — kélﬁkxijk - k§c+lﬁk Xijk]
where Pj; is the expected proportion in the ij-th REL, PyRijFBoMBMIC &1 5 HFER,
exposure cell; oy (o) is a constant associated ey ) X5 5 (R HET SEH, A3 HHD

with Hiroshima (Nagasaki); fy is the regression
coefficient associated with the k-th (=1,2,...,V) MBI & 5 THEA X, THSkER(=1,2,, v)

independent variate having mean value Xy in the OWMTTHEEELADRERTHD, cRU (voe)
ij-th celi, and c and (v-¢) are, respectively, the

number of concomitant and exposure variables, RERThOMEERRUVEREROHTSHS. £O
But we note that if one replaces the equation A ZOBWBOSNIRB TR, B—HELY

by the power series of which it is the limit, and . - . : -
further assumes that the powers higher than the mONFREIE, LELEATHZ & IDmElaThE

first are negligible, as is frequently true, then FETRIE, COERNE “1—Ly P E2FMIRD
the following approximation to the basic s e - . .
“one-hit” model seems justifiable: BRI 52 L e HETS:

c v
Py =aplon) + Z BeXipe + 2 BiXijk

The frequencies of the variables previously AL AR (HERERE, B, RUBTF4E)
described (untoward outcomes, mortality, and OHERSOEBE S ORBFES NS, 0@
male births) have been regressed on some 25 .

exposure categories characterizable by the REFOWERL LTE, HREOTHHO #"/_7%&0’
mean maternal and paternal gamma and neutron FHEFOTHHBHRBEFEDSNTEY, FILER
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exposure of individuals within that category and
by a number of concomitant variables known to
influence pregnancy outcome and early infant
survival. Different arrays of concomitant and
exposure variables have been examined. Among
the former, we have assessed the effects of year
of birth, multiple births, inbreeding, matemal
age (and its square}, paternal age (and its square),
and birth order. All have been shown to influence
pregnancy outcome in other studies and can be
shown to do so here as well.* Insofar as exposure
variables are concerned, we have examined the
effects of total parental exposure (the sum of the
mean gamma and neutron parental exposures},
parental gamma and neutron exposures (ihe
mean gamma and neutron doses separately
summed over the two parents), total individual
prarental exposures (the simple sum of the mean
maternal (paternal) gamma and neutron expo-

sures), a weighted sum of the mean parental

gamma and neutron exposures {(neutron exposure
was given five times the value of 1rad of gamma
exposure, that is, neutrons are viewed as having
an RBE of 5), and the weighted total parental
exposure. Both kerma and tissue doses have been
analyzed. We present here only the results of the
weighted conjoint tissue dose analyses unless
otherwise stated. We have selected this analysis
for the following reasons: Gamma and neutron
exposures are so highly correlated within
individuals and between spouses that their
individual effects are difficult to disentangle.
Indeed, the only seemingly successful strategy
thus far has been to utilize the differences in
the radiation spectra in the two cities to estimate
the neutron effect and hence RBE. But this
approach has its problems too; it requires the
cities to be analyzed separately and the aumbers
available for analysis are sharply different, less
in Nagasaki. If, however, an RBE is assumed,
the cities and gamma and neutron exposure can
be pooled, and the greatest amount of information
can be brought to bear on the estiamtion of the
doubling dose. Finally, all of the analyses are
weighted, i.e., in the determination of the
regression coefficients the observed frequencies
have been weighted by the inverse of the variance
of the frequency predicted for that cell by the
model.

For the other indicators (chromosomal abnor-
malities and alterations of specific proteins),
where we are concerned with such low frequency
events that 2 regression analysis is impractical,
we propose to employ simple chi-square contrasts.
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In fact, for “alterations of specific proteins™ the
events of interest have thus far been so uncommon
that no statistical analysis seems justified.

The indicators untoward outcomes and mor-
tality are influenced by socioeconomic status. In
an earlier analysis,8 we found that the unexposed
control parents (who came to Hiroshima and
Nagasaki following the bombs) were slightly
younger and had a little more education and
slightly higher occupational ratings than the
exposed. The differences as tested by contingency
chi-square were of borderline statistical signifi-
cance. In general, these differences in the
extraneous socioenonomic status variables are
such as might result in a higher mortality in the
children of the proximally exposed, but the
data do not permit a rigorous treatment of this
possible bias. We note, however, that to the
extent these facis inflate the apparent radiation
effects, they bias downwards the estiamte of
doubling dose.

DESCRIPTION OF FINDINGS
The findings are presented in the order in which
the data have been gathered.

Untoward Qutcomes

Table 1 sets forth the number of cbservaticns,
among ail observations, considered in the analysis
of untoward pregnancy outcomes. Several of the
exclusions require explanation.® First, it will be
noted that the largest number involves un-
registered pregnancies. Many of these are
illegitimate conceptions or terminated prior fo
the stage in gestation at which registration was
legal. Ascertainment of these events is known to
be very incomplete, and those cases ascertained
are markedly biased exposure-wise and in the
frequency of untoward outcomes. Second, 1,825
pregnancies were rejected because the distance of
an exposed parent was unknown (397), or the
exposure information was inadequate in other
ways to estimate the amount of radiation which
may have been received (1,219), or the individuals
were exposed in one ¢ity but were residing in the
other and an appropriate comparison group is
unclear {209). Finally, 1,233 terminations were
excluded either because the termination was
induced and presumably prematurely from the
infant’s birth weight, .or the birth weight was
unknown, and the gestational age and hence
legitimacy of registration was uncertain. The
70,082 pregnancies considered for analysis here
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TABLE 1 ACCOUNTING OF THE NUMBER OF OBSERVATIONS CONSIDERED
IN THE ANALYSIS OF UNTOWARD PREGNANCY OUTCOMES

#1 EESERFEORT ORI LR

Total infants seen 76617

Rejected because:
Unregistered birth 3264
Induced termination, bisthweight <2500g 520
Unknown birthweight ‘ 713
Gestation <21 weeks or unknown, birthweight <2500g 144
Unknown sex 16
Unknown distance from hypocenter 397
Unknown parental age 39
Exposed in one city, now residing in the other city 209
Unknown parental exposure 1219
Unknown maltiple birth 14

Considered for analysis of untoward pregnancy outcomes 70082

differ from the 65,431 considered previously in
two important respects; the inclusion of inbred
infants and muitiple births if they satisfied the
other criteria (registration, known parental age,
etc.) for acceptance,

Table 2 gives the distribution of untoward
pregnancy outcomes by parental gonadal dose.
We have pooled sexes and cities for brevity,
since neither cities nor sexes are significantly
different.®® Recall that an untoward outcome is
one which terminated in an infant who was
grossly abnormal, was stiliborn, or died prema-
turely. Inspection discloses no persuasive trends
with maternal or paternal exposure or both.
Table 3 sets forth the results of an analysis of
these data. Although only the relationship of
untoward outcomes to two concomitants are
recorded (i.e., inbreeding and the occurrence of
a multiple birth) the effects of year of birth and
parental age were also estimated. Note that the
weighted conjoint gonadal dose is not significantly
related to pregnancy outcome. Moreover, when
taken at face value, the risk which accompanies
exposure is substantially less than that associated
with multiple births or inbreeding.

Survival of Live-born Infants

As previously stated, this analysis is based on
the experience of the cohort which comprises
the F, Mortality Study. Briefly, these are
singletons born alive in one or the other of the
two cities in the years May 1946 through
December 1958, Their survival statusis routinely
ascertained from the household registers (koseki)

15

ZOMBRELRATRLS. Thbb, hofFRAERE
(B4, BOERMIFHELATHIIERY) EMALT
VRBERERARERRUEREE2LED-AET
53,

Fed, EEXLSECOSH AN LML
AT WAL ERELEZ R OOTC, MR
{LDZbicELMms S LA MIEREREG,
EEREOI SHERF BRI RETH S,
REOHRE, REFRRECTH-LBEGTEHS
ZeEMESALY. #X5BAHO—FIERFO
HBIMENLHAEHB S LI E) 2 HEIEDER
B, 233, CASORMOBIERERT. LR
BERBLISOHMBEET, tabb, HHTRR
BRUZRRELOMEEREL TR THBY, B4
EERUVHOEROBBE I VT LHEL . &5
ANEAERMRSR S LEAERS oM I3RS
Mgz wC kB ahie, B, HEBICES
ERBIEHEAD I2E 2 NIE, SRR XGRETE
SRR L ) LRF Y.

Mt R ) 47 o _

BEEOL 512, AR EEEEOTFHEIoLTO
RCEEMRER I 55 3 RHCETOT VS, @
HiziE~hif, Zh 51219464 5 H A 5 19584E 128
ECOMBEBHOVT NS TEENERERTHS.



91

TABLE 2 DISTRIBUTION OF UNTOWARD PREGNANCY QUTCOMES BY PARENTAL GONADAL DOSE (CITIES AND SEXES COMBINED)
#2 EREBREOSA. SOERRRRN (BHRUEEEH)

Father’s gonadal dose in rad (T65DR)

Mother’s

exposure Total NIC 0 {0 1099 100+

in rad

(T6SDR) Cases UPO* % Cases UPO % . Cases UPQO % Cases UPO % Cases UPO % Cases UPO %
100+ 452 20 442 348 14 402 44 5 11.36 25 1 4.00 14 0 0.00 21 0 0.00
1099 2776 152 548 1964 113 5.75 324 14 4.32 136 9 6.62 285 14 491 67 2 2.99

1-9 5309 236 445 3538 168 4.75 770 25 325 667 21 315 270 16 5.93 64 6 9.38
0 22088 1078 4.88 14862 709 477 5540 284 513 999 49 490 467 26 5.57 220 10 455
NIC 39457 1846 - 4.68 34117 1580 4.63 3389 173 5.10 1102 49 445 596 28 470 253 16 6.32
Total 70082 3332 4.75 54829 2584 4.71 10067 501 458 2929 129 440 1632 84 5.15 625 34 5.55

* An untoward pregnancy outcome (UPQ) is one which terminated in a child with a major congenital defect, was stillborn, or died in the neonatal
period. EEHERAWLILFEOEREZELAKITMELE T, RETH P, }ﬁ'}:'ﬂ.ﬂit%‘ Fv.

TABLE 4 DISTRIBUTION BY GONADAL DOSE GROUP OF THE PARENTS OF THE INDIVIDUALS WHO COMPRISE THE F,
MORTALITY COHORT (CITIES AND SEXES COMBINED)

#4 HBAEOFHROFBCHBELAPOASRECMT 5 ERO EAMRBRIH A (BT R UESH)

Mother's Father’s gonadal dose in rad (T65DR)

exposure
in rad
{T65DR)

Total NIC 0 1-9 1099 100+

Cases Deaths % Cases Deaths % Cases Deaths % Cases Deaths % Cases Deaths % Cases Deaths %

100+ 856 61 7.1 642 44 69 101 4 40 41 5 122 29 4 138 43 4 9.3
10:99 5111 313 6.1 3580 216 6.0 642 38 59 239 19 80 523 33 63 127 7 5.5
19 5769 363 6.3 3530 204 58 831 47 57 819 63 17 472 36 7.6 117 13 111
0 16189 1096 6.8 9648 623 6.5 4264 310 7.5 897 67 75 932 65 7.0 448 22 4.9
NIC 22764 1398 6.1 17112 1060 6.2 2952 189 64 1021 59 5.8 1156 60 52 523 ° 30 5.7
Total 50689 3231 6.4 34512 2147 6.2 8790 597 6.8 3017 213 7.1 3112 198 64 1258 76 6.0

Excludes unknown exposure: 2,036 cases, 137 deaths, 6.7%. #BGWI &H2,036/, JECHIBTH, It6.7% E5b.

I8-L 4L 4994
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TABLE 3 INCREMENTS OR DECREMENTS IN THE FREQUENCY OF
UNTOWARD PREGNANCY OUTCOMES PER 100 rem OF GONADAL
"EXPOSURE BASED UPON AN ASSUMED NEUTRON RBE OF 5

#3 4T RBE # 5 > L 234 0L MIRE &K1 0ren
LA 1) DT IR R T SR ) B

. Regression Standard
Variable Coefficient Error
Joint parental exposure 0.001824 0.003232
Inbreeding* 0.009826 0.039437
Multiple births** 0.2875 0.4071

*Change per percent inbreeding E® XA 1 %570 OBIL
**Increased risk to twins as opposed to singleton births
HERSBCHT 3WEROBREORM.

TABLE 5 INCREMENTS OR DECREMENTS IN THE FREQUENCY OF
DEATH IN THE F; MORTALITY COHORT PER 100 rem OF
GONADAL EXPOSURE BASED UPON AN ASSUMED
NEUTRON RBE OF 5

#5 HEFRBE £ 5& LARES0OEHRHEERI0rem
AN BT ASEREOTHOFCHAELE SO

FEL #EE o) W
. Regression Standard
Variable Coefficient Error
Joint parental exposure 0.000852 0.002131
Year of birth* —0.002170 0.004617
Mother’s age** 0.009130 0.008171
Father’s age** —0.005156 0.005534

*Change per year in year of birth $i%BEH£ 185 15E 5420 0L,
**Change per year of parental age RO MO 1£57: D OE L.

of which they are part. Table 4 shows deaths
in this group prior to [ January 1972;sexes and
cities have been combined. Patently, since the
oldest of these individuals was then only 25
years of age, the force of mortality is still
relatively small. Again, asin the case of untoward
pregnancy outcomes, there is no compelling
evidence of an increasing mortality with increasing
parental gonadal dose. This impression is

reinforced by the analysis of these data (Table 5).

A small but not significant increase in mortality
occurs with increasing conjoint exposure. Only
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one concomitant has been included (year of birth)
and we note that mortality has declined with
time as is to be expected with the falling infant
mortality rate in Japan. Data on consanguinity
exist for only a portion of the F, cohort; thus it
has not been possible to remove the effects of
inbreeding. It should be noted that this could
lead to an underestimation of the effects of
radiation, because consanguineous marriages are
relatively more common in the not-in-city
{NIC) group and the 0rad group.

Sex Ratio

Table 6 gives the distribution of male births by
parental gonadal dose for the years 1948-53 and
1954-62 (i.e., for the period coincident with the
GE3 program and the subsequent special effort
to collect sex ratio data). No clear trends with
either maternal or paternal exposure or both are
disclosed by these data. Table 7 reveals the
results of the regression of the frequency of male
births on maternal exposure in those instances
where the father was either NIC ATB or received
less than 1rad. The analysis has been so restricted
for the reasons previously stated (the effect of
paternal exposure is not now easily predicted)
and to include such unpredictable effects could
confound any trend associated with matemal
exposure. Again, in the estimation of maternal
exposure, neutrons have been assigned an RBE of
5. We have compared the frequency of male
births to mothers whose husbands were not
exposed with that to mothers whose husbands,
though exposed, were exposed to less than 1rad
for evidence of internal inconsistency in the
data within time periods. No such inconsistency
emerges. It seems appropriate, therefore, to
combine the groups within these periods. Observe
too that only one significant effect is disclosed.
Male births increase in frequency with maternal
exposure in the years 1954-62 if the father was
unexposed. This change is, however, inconsistent
with the argument that the sex ratio should
decline with maternal exposure because of the
induction of sex-linked lethal mutations. When
the data for all of the years are analyzed (Table 7),
no significant effect of maternal exposure is to
be seen. It should be noted though that the
regression coefficients associated with the years
1948-53 and 1954-62 differ significantly one
from the other. We are not aware of any change
in these cities of a demographic, socioeconomic,
or other nature of sufficient magnitude to
account for this difference. It is true that the
ascertainment procedures were different, but
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TABLE 6 DISTRIBUTION BY SEX OF CHILD AND GONADAL DOSE GROUP OF PARENTS FOR INFANTS BORN

IN THE YEARS 1948-53 AND 195462 (CITIES COMBINED)

#6 1948~S3ER V1954 ~628 10k F WA FHROENIM R Z OB O ERMIRREIER 546 (W& #)
Mother's Father’s gonadal dose in rad (T6SDR)
exposure Total NIC o 19 1099 100+
inrad
(T65DR) . . . . . -
Births  Male % Births Male %  Births Male % Births Male % Births Male % Births Male %
Infants Born During 1948-53
100+ 452 232 513 348 180 51.7 44 19 43.2 25 14 56.0 14 6 42.9 21 13 619
10-99 2776 1390 50.1 1964 984 50.1 324 171 528 136 72 529 285 130 45.6 67 33 493
19 5309 2681 505 3538 1795 50.7 770 392 509 667 321 48.1 270 141 52.2 64 32 50,0
0 22088 11447 51.8 14862 7747 52.1 5540 2816 50.8 999 525 526 467 249 533 220 110 500
NIC 39457 20563 522 34117 17785 52.1 3389 1736 51.2 1102 597 54.2 596 310 520 253 135 534
Total 70082 36313 51.8 54829 28491 52.0 10067 5134 51.0 2929 1529 52.2 1632 B36 51.2 625 323 517
Infants Born During 1954-62
100+ 414 248 599 299 185 619 69 36 522 16 10 62.5 12 7 58.3 18 10 556
1099 2471 1304 528 1842 963 52.3 357 199 557 119 63 3529 115 55 471.8 38 24 632
1-9 4625 2461 532 3182 1691 53.1 774 418 54.0 460 239 520 158 82 519 51 31 60.8
0 21404 11289 52.7 14049 7338 522 5220 2805 53.7 1291 706 54.7 589 312 530 255 128 50.2
NIC 43988 722893 52.0 32907 16959 51.5 6763 3677 54.4 2727 1429 524 1148 599 522 443 229 517
Total 72902 38195 524 52279 27136 51.9 13183 7135 54.1 4613 2447 53.0 2022 1055 522 805 422 524

T8-L 4L 4939
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TABLE 7 INCREMENTS OR DECREMENTS IN THE PROPORTION OF MALE BIRTHS PER 100 rem
OF GONADAL EXPOSURE BASED UPON AN ASSUMED NEUTRON RBE OF §

%7 HEFRBE %54 L7ABS05MREEI0rem A VOB TFHERD MR
* Year of birth of child
1948-53 195462 1948-62
Variable _

Regression  Standard Regression Standard Regression Standard

Coefficient Error Coefficient Error Coefficient  Error
Father NIC; mother exposed* —0.009892  0.014042 0.044613** (.018276 0.013814 0.010648
Father 0 rad; mother exposed —0.018742  0.020070 0.000102 0.015250 —0.007922 0.022928
Combined groups —0.010539  0.011155 0.035260%* 0.014589 0.010263 0.006650

*Includes mothers not-incity ATB FREFHNC WL BRAERE.

**Significant at the 1% level 1 %O kT HE.

there are no inherent reasons we can see to
believe that either should be biased.

Cytogenetic Studies

The cytogenetic studies through 1979 have
yielded 12 individuals with sex chromosome
abnormalities and 9 with balanced autosomal
structural rearrangements in 5,058 children of
the distally exposed, and 16 sex chromosome
abnormalities and 11 balanced rearrangements in
5,762 children of parents one or both of whom
were proximally exposed.?'2 The difference in
frequency in the two groups is in the direction of
hypothesis but far from significance. On the
basis of the attenuation tables of Kerr,19 the
average gonadal dose for the parents one or both
of whom were proximally exposed can be
estimated as follows:

FTOVTFNHFERONFHE EELSRRMBHD
R 5 e,

MRz R E

1979 TORPDREFAEETE, SHERSE
EDOTFHES50BHMNI L, BREFERELHTIEH
120, PHERLEakBERRNcH Y 2HEOME
A, TAERO— S X G HAEERTHEEL T
w3 ES,IRF0 Y5, HREKREIN, T
ERFANFMLEH TV 3.2 ComERzEE3H
Bz, RELBRRT3FECB-TvEH, #
EMEA S EEBEY. Kerr " 0EBSHFRIZLNE, —F
XM AEPTEEHERL TV IEROFHEMIR
BRUEKODLICHEETE S.

Gamma Neutron

H B oh % F
Hiroshima Father <8 26.0 5.6
I Mother B# 25.4 2.4
Nagasaki Father 0¥ 42.3 0.5
oy Mother &3 36.7 0.2

The mean joint parental gonadal exposure to
radiation for the parents in the proximally
exposed panel whose children were examined is
87.0 rem at a neutron RBE of 5.

Studies on Protein Phenotypes
Thus far, through 1979, the equivalent of 289,868
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locus tests have been performed on the children
of the proximally exposed, and 208,196 on the
children of the distally exposed. Again using
Kerr’s tables, average gonadal dose can be
estimated as follows:

RERF TR 7-81

289,868F, EIRERIEE D FIRIZDLT IS 208, 19675
DRETEERENFhhTY 5. BU Kerr @
FEErHVhE, KOXS U ERERBRELEE
TES.

Gamma Neutron

v bt F
Hiroshima Father X# 20.0 4.2
A Mother &# 16.6 1.6
Nagasaki Father %# 29.0 0.3
R Mother ## 23.1 0.1

The mean joint parental gonadal exposure per
locus studied in their children thus becomes
59rem for a neutron RBE of 5. (The higher
average gonadal dose for the cytogenetic studies
is because, lacking the facilities to process as
many samples as the biochemical program, these
studies have concentrated on children of the
more heavily exposed.) Thus, the biochemical
experience to date corresponds in the children
of exposed to 17,363,093 locus-rem, given an
RBE of 5. There has been observed one probable
mutation among the children of the proximally
exposed, and none among the children of the
distally exposed. At this stage, no rigorous
statistical test of the difference between the two
series is possible.

IMPLICATIONS FOR THE HUMAN GENETIC
DOUBLING DOSE OF RADIATION

In previous publications, and up to this point in
the present report, we have employed null
hypothesis strategy (i.e., no genetic effect existed
unless a finding was statistically significant).
When numerous tests of hypothesis are
performed, however, this approach carries with it
the possibility that one or more of these tesis
will by chance emerge as significant, and in such
cases the magnitude of the effect will generatly
be overestimated by the results of the significance
tests.®  There is an alternative approach.
Extensive experimental evidence attests to the
genetic effects of radiation; thus, there can be no
doubt that some mutations were induced in the
survivors of the bombs. The chromosomal
damage seen in the survivors* also suggests this
to be the case, as, given the correlation between
carcinogenic and mutagenic exposures, do the
data on the increase in leukemia and other

malignant neoplasms in the survivors.*?> Under
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BREOFHRIMT 240 TORMEELEMNET
HEFEL =L, RBE 517,363,093 {i - rem (=
ML T 5. EHRMERZTOTRIIBITWRLERY
RAYIFBREShTV 25, AHEHRBEEOT-ETIR
I EHshTRLL., HEETW, COREHD
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these circumstances, it seems permissible to shift
our stance, from the testing of a hypothesis to
that of generating an estimate of an effect
which may be presumed to exist. The most
convenient way to phrase this estimate is in
terms of the genetic doubling dose of radiation.

Any effort to estimate the doubling dose of
radiation for mutation in man must of necessity
involve a series of debatable and sometimes
tenuous assumptions. We will attempt to state
these assumptions with clarity and exquisite
care, so that if their basis changes, others (or
ourselves) will have a clear track to revise the
calculations. In experimental genetics, estimates
of the doubling dose vary with the end point,
stage of germ cell at time of treatment, interval
between treatment and observations, etc. Here
we are denied such precision, but, on the other
hand, derive a figure not available from experi-
mental observations on mice; an integrated
estimate based on the children born over a
2 1-year period following the radiation of a highly
heterogeneous population.

The Doubling Dose for Untoward Pregnancy
Outcomes

Table 3, where the effects of as many of the
extraneous. variables as possible are factored out,
suggests an increase of (.00182 in untoward
outcomes per 100 gonada! rem. In an earlier
publication we have suggested that for Japan,
during the interval covered by this study,
characterized by an infant and childhood
mortality rate of about 7%, we could assume that
approximately 1 in each 200 live-born infants
died before reaching maturity because of
mutation (point or chromosomal) in the preceding
generation.’ This estimate was based not only
on the established frequency of newborns
exhibiting the results of “point” and chromo-
somal mutation, but also on the frequency of
a variety of still poorly defined, nonfamilial
pediatric syndromes characterized by failure to
thrive, mental retardation, andfor an unusual
physiognomy which appear genetic in nature but
for which rigorous information is lacking.*®™*
We still believe this estimate will ultimately be
shown to have been valid, but to err on the
conservative side we shall reduce this figure to
1 in 400, and apply this estimate not only to the
survival data to be treated below but also to the
data on untoward pregnancy outcomes under
consideration here. Since 1rem would increase
untoward events by 0.0000182, the zygotic
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doubling dose is simply 0.0025/0.0000182, or
137 rem, Doubling dose is usually expressed as
gametic dose, On the assumption of equal muta-
tional contributions by both sexes, the gametic
doubling dose would be 69rem. The dataexclude,
at the 5% level (one-tailed test), a regression
coefficient greater than 0.00712/100rem, which
places a lower limit of 18rem on the estimate
of the gametic doubling dose.

The Doubling Dose for Death During Infancy
and Childhood Among Live-born Infants

The data (Table 5) indicate an increase of 0,00085
in death during infancy and childhood per
100rem of parental gonadal exposure. We
suggest, as discussed previousty, that in Japan
during the period covered by this study, 1 in
400 live-born children died in infancy or
childhood because of spontaneous mutation in
the preceding generation. The zygotic doubling
dose is then 0.0025/0.0000085, or 294 rem, and
the gametic, 147rem, if we assume equal
maternal and paternal contributions. The data
exclude, at the 5% level (one-tailed test), a regres-
sion coefficient greater than 0.00435/100rem
which places a lower limit of 29rem on the
estimate of the gametic doubling dose.

The Implications for Doubling Dose Estimnates
of the Sex Ratio Data

As noted earlier, the sex ratio data, taken at face
value, are contrary to any orthodox hypothesis
based solely on the induction of sex-linked
lethals in females, since this requires a negative
regression of sex ratio on maternal exposure,
Under these circumstances, we may inquire into
the probability that sampling error has obscured
an effect consistent with genetic expectation.
Applying a one-tailed test (necessary because
direction of expectation is specified) we find that
the data exclude with 95% probability a regression
term lower than —0.00064. Thus, even with
allowance for sampling error, these data fail to
suggest compellingly a genetic effect of maternal
radiation on the sex ratio expected if sex-linked
lethals had been induced. We will delay further
discussion of this point until after the data on
sex chromosome aneuploids have been discussed.
The Doubling Dose for Sex Chromosome
Aneuploids

_Although reliable data are available for the
frequency of both balanced translocations and
sex chromosome aneuploids, family studies on
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TABLE 8 THE QCCURRENCE OF SEX CHROMOSOME ANEUPLOIDS IN CHILDREN OF
EXPOSED AND CONTROL PARENTS IN HIROSHIMA AND NAGASAKI

#8 HEZERUMREOFHIIBTIMEGHERBFORE,; KL, &YW

Exposed
Se:;(blhrom:ﬁfme Cantrol Total
prormality Father - Mother Both
Male XYY 3 2 1 - 3
XXY 2 1 4 1 . 6
Other - 1 - 1
Femate XXX 2 2 - 1 3
Other 2 - i 1 2
Total examined Male 1863 614 1416 381 4274
Female 2218 717 1642 286 4863
Total 4081 1331 3058 667 9137
After Awa32

the children concerned are not yet complete,
and we shall base this estimate of doubling dose
on sex chromosome aneuploids alone, since
these are rarely inherited®’ and so for the great
majority can be safely attributed to mutation.
The frequency in the children of the distally
exposed parents is 12/5058, or 0.00237. The
frequency in the children of proximally exposed,
resulting from an average gonadal dose of 87.01rem
at an RBE of 5, is 16/5762, or 0.00278. Then
the increase per remis 0.00041/87.0 =0.0000047
and the zygote doubling dose becomes 0.00237/
0.0000047, or 504 rem; the gametic doubling
dose would be 252.

There is no simple theory which provides a
precise expectation for the relative proportion
of the sex chromosome phenotypes which would
appear in live-born infants following an increase
in sex chromosome nondisjunction. Given this
fact plus the fact that the observed effect is far
from the level of significance, it seems unwise to
attempt to adjust the sex ratio study for the
occurrence of nondisjunction. On the other
hand, a preliminary calculation does suggest that
even if the sex chromosome aneuploids occur in
the total material with the same frequency as
in that fraction thus far studied, the total elimi-
nation of these phenotypes from the data would
not alter the sign of the regression of sex ratio
on maternal radiation. We are thus left with no
persuasive evidence for the induction of sex-
linked lethals. Accordingly, any effort to factor
the sex ratio findings into an average estimate of
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doubling dose could not lead to a lower average
estimate of the doubling dose than will be
arrived at.

The Doubling Dose for Protein Phenotypes

As stated earlier, the observed mutation rate in
the children of distally expased is zero and in
the children of proximally exposed, on the basis
of a single probable mutation, 0.34x 1075/
locus/generation. Obviously this is not as yet the
material from which to generate an estimate of
doubling dose. On the other hand, we can at
least examine the data for consistency with the
other.available information. Elsewhere we have
reported our failure to demonstrate any electro-
phoretic mutations in 105,649 locus tests on a
US population and 94,796 such tests on
Amerindians®® and Harris et al*® found no
mutations in the equivalent of 113,478 locus
tests based on an English population. Clearly,
however, the mutation rate cannot be zero. The
failure to demonstrate any mutaitons of this
type in a total of 522,119 locus tests excludes,
at the 95% level of probability, a mutation rate
greater than 0.6 X 105 /locus/generation in this
combination of populations. Let us very
arbitrarily set the human rate at 0.2 X 10~5, the
figure emerging from the investigations of Tobari
and Kojima,®® Mukai and Cockerham,’’ and
Voelker et at®? on Drosophila, on the simple
grounds that there is no such other estimate.
Then the baseline expectation for the children
of proximally exposed is 0.6 mutations. Thus,
while the findings taken at face value are in the
direction of hypothesis, they do not hint at
any greater genetic susceptibility to the effects
of radiation than that suggested thus far by the
other indicators.

An Average Doubling Dose

Our various estimators of the A-bomb effect are
not independent of one another. For instance,
there is some overlap between the mortality
component in untoward pregnancy outcomes and
the F, Mortality Study, and, possibly, between
the frequency of sex chromosome aneuploids
and survival during infancy and childhood.
Thus, no combination of the results of the
various tests into a single parameter for which
statistical significance can be evaiuated seems
defensible. We may, however, average the
results of our three estimates of the doubling
dose, if no effort is made to attach an error term
to that average. While such averaging may
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obscure real differences in the various end points,
there is ample precedent, in the reports of
various committees, for settling on a single index
figure. .

Two sorts of errors enter into the doubling doses
we have generated thus far. One sort derives
from the estimator (regression or frequency),
which may well be in error by 2 factor of two.
The other. derives from our assumptions, which
we believe to be “‘middle-of-the-genetic-road”,
but which also could be in error by a factor of
two. These errors are undoubtedly to some
extent responsible for the differences between
the individual estimates of doubling dose.
Hopefully, the various biases are as often
upwards as downwards. The simple average of
the three estimates we have generated for acute
exposure of the type generated by A-bombs is
156rem. In view of the unexpectedly low
frequency of mutation resulting in electrophoretic
variants, the fourth set of data is still consistent
with a wide range of possibilities but certainly
does not contravene the above estimate. While
an error term c¢annot be attached to that estimate,
we surmise that the true value is very unlikely to
be less than 100 rem,

DISCUSSION
Five different measures of the potential genetic
effects of the A-bomb have beem presented.
Reasons are given why one of these, sex ratio,
is a complex phenomenon for which a theoretical
expectation cannot be readily derived. For the
remaining four measures, the difference between
the children of proximally and distally exposed
survivors is in the direction expected if a genetic
- effect had resulted from the experience, but
none of the findings are statistically significant.
Since, however, the hypothesis of the genetic
effects of radiation is not at issue but may be
regarded as a fact, we have felt justified in using
these differences between the two groups of
children as the basis for attempts to calculate
the doubling dose for radiation of this type.

The 1esults of these new analyses do not differ
qualitatively in any important way from the
extensive previous analyses of portions of these
data. No statistically significant effects of
parental exposure were observed earlier, and
none are now. The important difference from
the earlier analysis is that only now is it possible
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with any precision to relate the findings to
gonadal dose, in rem.

For certain of the indicators, the design of the
analysis permits comparing the magnitude of
the radiation effect in the first generation to
certain parameters familiar to all epidemiologists
and geneticists, such as inbreeding and multiple
births, For what we have defined as untoward
pregnancy outcomes, we find that 100rem of
radiation to either parent or distributed over
both parents, taken at face value, produces an
effect equivalent to about one-fourth of 1%
inbreeding and a very much lesser risk than being
one of twins.

A number of assumptions must be made in any
calculation of the human doubling dose. Since
some of these are somewhat tenuous, we have
laid them out in considerable detail, so that

those so-minded can make alternative assumptions.

By way of justification of such estimates in the
present state of our knowledge, we suggest that
the errors involved are apt to be no greater than
in the current practice of extrapolating to
humans from data on the mouse, an animal for
which spontaneous and induced mutation rates
may both differ from human rates. We believe
that in general our assumptions have been on the
conservative side (i.c., should bias the estimate of
the doubling dose downwards). Furthermore,
the data on untoward pregnancy outcomes are
limited to the 6-year period, 1948-53. If fewer
mutations are recovered in the offspring conceived
at some considerable time interval after maternal
radiation (as contrasted to those conceived
shortly following the radiation}, as is the case of
the 11'louse,53’54 then our data set would
exaggerate the overall genetic effect of maternal
radiation and so bias our estimate of doubling
dose downwards.

Only three of the four indicators lend themselves,
at this stage in the study, to estimates of doubling
dose. The average of the three esfimates is
156 rem for this complex of indicators. For
acute, low LET radiation, the average doubling
dose in the mouse for a variety of end points
is 3040rem,*® and for want of estimates on man
such a value has been cautiously applied to the
human situation by a variety of committees and
commissions. Even with all possible allowance
for the imprecisions in both estimates, the
preliminary estimate developed in this report
would seem to be significantly higher. It is
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perhaps important to bear in mind at thisjuncture
that whereas the mouse-based doubling dose
estimates that have quite properly dominated
genetic thinking in recent years Have been based
on carefully contrived tests of mutation at
specific loci, our present estimates are based
more on the vital statistics of compatison
populations, and even for the mouse, efforts
to demonstrate an impact of large amounts of
radiation on such characteristics as litter size,
survival, and body weight have yielded conflicting
results,%®

In general, human exposure to radiation will not
be acute and of the magnitude experienced by
the inhabitants of Hiroshima and Nagasaki, but
either interrupted or chronic, and at much lower
levels. Under these circumstances, in mice the
genetic yield of chronic radiation is approximately
one-third that of acute radiation.?** On the
assumption that mice and pecple are similar in
this respect, the doubling dose for human
chronic exposures suggested by these data thus
becomes 468 rem, in contrast to the estimate of
100rem for low LET, low dose, and low dose
rate exposure recently adopted by a Committee
of the International Commission on Radiological

Protection.?”*

Data continue to be collected on three of the
indicatots discussed in this presentation; the
survival of children, the frequency of sex
chromosome aneuploids, and frequency of
electrophoretic and other forms of biochemical
variants. We presume that in time these
additional data, in conjunction with a better
understanding of the human genetic baselines
necessary to calculate doubling dose, will lead to
improved estimates of the genetic doubling dose
for the various genetic end points employed in
this study. We suggest, however, in view of the
present extreme public concern over the genetic
effects of low-level radiation, that an intensive
accelerated effort be mounted to determine
whether the challenge the data present to
‘conventional wisdom’ is valid. This effort
should involve both the development of better
techniques for the study of germinal mutation
and the identification of other key populations
for study.
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