Radiation and the Sex Ratio in Man

Sex ratic among children of survivors of atomic bombings suggests

induced sex-linked lethal mutations.
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In species with an XX-XY type of chromosomal
sex determination, such as man, the distribution
to the offspring of radiation-induced, sex—linked
mutations will differ according to the sex of the
radiated parent. Furthermore, in the human species
the nonhomologous nature of the X- and Y-chre-
mosomes, coupled with the genetic inertness of the
Y, permits the more frequent manifestation of sex—
linked recessive genessive genes in the heterogametic
sex—namely, the male. This difference in manifes—
tation and distribution of sex-linked genes would
lead us to expect a significant change in the sex
ratio if human populations were sufficiently exposed
to mutagenic factors such as x-rays, oOr the fallout
from weapon testing. Specifically, if fathers alone
were exposed, an increase in the frequency of male
births would be expected because sex-linked lethal
mutants induced by the exposure would be trans-
mitted only to the exposed fathers’ daughters. If
mothers alone were exposed, a decrease in the
frequency of male births would be expected because
sex-linked recessive mutants would more frequently
find expression in the sons rather than in the
daughters of the exposed females. If both parents
were exposed, and if the effects of parental exposure
were additive although not nccessarily equal, we

would expect a decrease in the frequency of male
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births; the change, however, would not be expected
to be as pronounced as when mothers alone were

exposed.

Assumptions

Several assumptions are implicit in postulating
the changes just mentioned, and it seems important
to state explicitly, at the outset, these assumptions,
with a brief justification for each. Firstly, it is
assumed that although autosomal lethal or semilethal
mutations which are sex-limited may occur, their
net effect is not such as to obscure the different
effects on the sex ratio of paternal versus maternal
radiation. Clearly, were this not so, the deviations
postulated could be altered in degree or direction
depending upon the relative frequencies of male-
limited or female-limited mutants, or both. In view
of the current state of knowledge of radiation
genetics, it seems appropriate to assume that the
predominant change in the sex ratio will stem from
sex-linked rather than sex-limited effects.

Secondly, it has been assumed that the effect on
the sex ratio of genes in the Y-chromosome is
negligible, and that there exist no homologous
portions of the X-and Y-chromosomes. The reason—
ableness of the former is supported by the
knowledge that there is known, at present, no
single, well-documented case of holandric inheri—
tance, although this form of genetic transmission
should be easy to recognize (for a discussion of
Y-borne inheritance, see Stern!). The legitimacy
of the assumption that there is no homology between
the X~ and Y-chromosomes rests on the cytological
work of Mathey? and Sachs.?

Thirdly, and with reference to the exposure of
both parents, it is assumed that sex-linked recessive
mutants would outnumber sex-linked dominant
mutations. The only animal for which data
exist relevant to this assumption is Drosophila
melanogaster, and here sex-linked recessives are
estimated to he several times more common than
sex-linked dominant mutants. In this connection,
however, attention must be called to the evidence
which suggests that sex-linked spontaneous mutation
occurs more frequently in the human male than in

the female.** The possibility must be entertained
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that the same may hold true for sex-linked induced
mutations. If this is, in fact, true, then maternal
exposure may not lead to a relatively greater effect
on the sex ratio than paternal exposure. The
directions of deviation of the sex ratio would not
of course be altered even if induced sex-linked
mutations occurred more frequently in the male
than in the female. One other assumption which
has been made in the analysis of the data presented
below is that the increase in gene mutations with
increasing radiation is linear over the measurable
range of exposures. The linearity of the response
in gene mutations to dose of radiation is one of the
cornerstones of radiation genetics, and rests on a
literature far too extensive to review here. Suffice
it to say that since linearity obtains in all organisms
thus far studied, it seems improbable that a

different situation would obtain in man.

Studies of the Sex Ratio

=

To date, four studies on man have reported
information on the sex ratio among infants born
subsequent to parental exposure to ionizing radi—
ations. These are the observations of Macht and
Lawrence® on the offspring of American radiclogists;
of Kaplan’ on the pregnancies occurring to women
following the use of x-ray therapy to correct an
apparent sterility; of Turpin, Lejeune, and Rethore®

on the sex of children born to French men and
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Table |. Summary of the findings of Kaplan’ and of Macht and Lawrence® with
regard to the frequency of male births following parental exposure to

ionizing radiations.
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women receiving x-ray therapy for sciatic neuralgia
and a variety of other complaints; and, lastly, of
Neel and Schull? on pregnancy terminations to
survivors of the atomic bombings of Hiroshima
and Nagasaki. We present in Table 1 a summary
of the findings of Kaplan and of Macht and
Lawrence; in Table 2, the findings of Turpin,
Lejeune, and Rethore; and in Tables 3 and 4, the
findings of Neel and Schull. In the presentation of
these data, we give, when it has been published,
the author’'s estimate of the average exposure (or
the range) sustained by the various groups of
individuals. Let us be the first to recognize the
tenuous nature of these estimates; however, since
we shall be principally concerned with the direction
of devia tion of the sex ratio rather than the
magnitude of the change, precise specification of
the dose is less important, in a sense, than the
proper ranking of the various exposure groups.

In a discussion of the data presented in Tdbles
1to 4, one can deal rather briefly with the findings
of Kaplan and of Macht and Lawrence (Table 1).
In Kaplan's case, there does not exist a satisfactory
unexposed control for his observations, nor have
the data been presented in a fashion such that the
proportion of male births could be regressed on
different maternal exposures (generally Kaplan's
cases received 200 roentgens, but some appear to
have received less). In Macht and Lawrence’s data,
it is impossible to estimate the average exposure
of radiologists in the United States as contrasted
with physicians who are not radiologists. It is worth
noting, however, that the direction cf deviztion in
Kaplan's data would appear to be in keeping with
genetic theory, for the frequency of male hirths is
less than in the general population; this may not,
however, be a meaningful comparison. The direction
of deviation in Macht and Lawrence's data, on the
other hand, is contrary to genetic theory; there
are proporiionately fewer, rather than more, males
when the fathers were exposed.

Turpin,
{Table 2,

discussion. These authors selected for study, from

Lejeune, and Rethore's observations

warrant somewhat more extended
the radiotherapy files of all the hospitals in and
around Paris, 4428 individuals who had received

radiotherapy between 1925 and 1952, a substantial
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majority having been treated between 1940 and
1952, and where the estimated skin dose was in
excess of 300 roentgens. Two other restrictions
were placed upon the cases to be selected—namely,
the radiotherapy had to be for complaints of a
noncancerous nature, and the exposed persons were
to be adults less than 35 years of age, if female,
and less than 40, if male. Repeated questionnaires

were then sent to these individuals. In all, ques-
tionnaires were sent to 3579 males, of whom 37.4
and 849 females, of

whom 33.5 percent (284) responded. Turpin et al.

percent (1334) responded,

do not present data which would afford some
indication of how representative the respondents
were of the whole group queried. This is, of course,
a problem of real concern in all questionnaire
surveys, and especially in those surveys where only

a minority of those queried bother to respond.

Table 2.
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Summary of the findings~of Turpin, Lejeune, and Rethore?! with regard

to the frequency of male births following parental exposure to ionizing

radiations.
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Be this as it may, the irradiated males were
(a) 368
cases where the x-ray was delivered high up on
(b) 180 cases

where irradiation was to the pelvic area but with

divided by these authors into three groups (
the lumbar region, or to the thigh,

the gonads probably shielded, and (c) 786 cases
where the subjects were irradiated in the pelvic
area under conditions making protection of the
gonads impossible. Turpin ef al. present data on
reproductive performance for groups (b) and (¢},
but not for group (a). In the analysis of their data,
group (b) is rejected because of the uncertainty
regarding the amount of radiation received by the

group. The third group, (), was further subdivided
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Table 3. Summary of the findir;gs in Japan with regard to the association of the
frequency of male births and parental exposure. Only one parent exposed.
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Turpin et al. use, as is apparent from Table 2,
the reproductive performance of the exposed indi-
viduals prior to their exposure as the base of
reference with which to compare reproductive
performance after exposure. This procedure leads
to a cenfounding of age and parity effects with
those due to radiation. The importance of this
confounding is difficult to assess. We know (i) that
{irstborn children are more frequently males than
children in subsequent birth ranks®®, and (ii) that
the frequency of male births tends to decrease with

advancing maternal or paternal age' . It is not clear
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Table 4. Summary of the findings in Japan with regard to the association of the
frequency of male births and parental exposure. Both parents exposed.
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whether the correlation between birth rank and
frequency of male births is due wholly or in part
to the correla.tion between birth rank and parental
age. Conceivably this confounding could, then, lead
to an overestimation of maternal exposure effects
and an under estimation of paternal effects.

The extent of this over-or underestimation is in
part a matter of speculation; however, Ciocco® has
found that the sex ratio among first born is 0.5153
and that the sex ratio among fifth or higher order
births is 0.5124. This change would be the equiv-
alent of approximately 50 rep of maternal exposure,
judging from the Japanese data (see below). It is
not our purpose to present a critique of the data
of Turpin et al., but merely to indicate that this study,
like all of the others, including our own, suffers
from several deficienciesi One must, therefore,
exercise considerable cauti on in any interpretation
of the data on the sex ratio. Be this as it may, it
is interesting to observe that of the four compar—
isons afforded by all of the data presented by
Turpin ef al., three are in the direction which one

would expect on genetic grounds.

Japanese Data

Before we turn to a description of the Japanese
data, it is important that one rather important
fundamental difference between the study in Japan
and those previously mentioned be pointed out.
The data of Kaplan, Macht and Lawrence, and
Turpin et al. involve observations on individuals
whose exposure was distributed over some interval
in time. Thus Macht and Lawrence’s observations
are on persons whose total dose may be appreciable,
but this dose was incurred at relatively low levels
and over a considerable period of time. Kaplan's
individuals received three exposures of 50, 75, and
75 roentgens, and the interval intervening between
successive exposures was 7 days. Turpin ef al. do
not state that the individuals in their study received
repeated exposures; however, if the practice of
radiotherapy in France is similar to that in the
United States, this is undoubtedly so. The obser-
vations from Hiroshima and Nagasaki, on the other
hand, are on individuals who received but a single

exposure.
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In the past, this distinction would perhaps not
have been considered important since the data from
Drosophila, for example, suggest that the critical
factor is the total dose and not the period of time
over which this dose occurred. Recently, however,
Russell!® has presented data on the mouse which
suggest that the effect of chronic irradiation for a
given dose and in terms of the frequency of the
induction of specific locus mutations is less than
the effect of acute irradiation. Russell states
“Results obtained from an accumulated dose of
600 r given to spermatogonia at approximately 100
r/wk continuous irradiation show a much lower
mutation rate than that obtained earlier with a
600 r acute dose of x-rays.”” The same also appears
to be true at a total dose of 100 roentgens. If this
finding is confirmed, and if the same phenomenon
holds true in man, then there are reasons for
believing that the Japanese data are not comparable
to the studies in the United States and France.

The Japanese data concerning the effects- of
radiation on the sex ratio fall into three categories,
as follows, two of which (i and ii) have been
presented previously?, but analyzed differently,
one of which (iii) is presented here for the first
time: (i) the sex ratio in infants born to unrelated
parents in the years 1948-1953, these infants all
examined by Japanese physicians; (ii) the sex ratio
in infants born to unrelated parents in the years
1954-1955, sex reported by the parents but not
verified by a physician examiner; (iii) the sex ratio
in infants born to related parents in the years
1948-1953, these infants all examined by physician
examiners. (A description of the background of
these children will be found in Schull's report®*].

Detailed presentation of the method of data
collection and the bases for the dosage estimates
for the parents will not be attempted here,since
this material has been described by Neel and
Schull,® and Schull®*. The present method of- analysis
was an outgrowth of an effort to integrate the
findings on the offspring of related parents with
those previously reported on the pregnancy termi-
nations of unrelated parents. In the analysis to
follow, we have treated the data as if they were
the results from three separate, but similarly

oriented, experiences. The decision to do this was
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based upon two considerations. Firstly, the infor—
mation collected in the years 1948-1953 involved
direct observations by physicians on newly born
infants, whereas the information obtained in 1954—
1955 was based upon municipal birth records
supplemented by a questionnaire to the parents.
The two methods of collecting data would seem
sufficiently different to justify maintaining a dis—
tinction between the two bodies of data which were
collected. Secondly, within the years 1948-1953,
the division of the data into observations on the
offspring of related and unrelated parents seems
appropriate in view of the frequently voiced belief
that the increased homozygosity of the inbred child
may make it a more sensitive indicator of genetic
damage, and direct combination of these data was
not feasible because of the dissimilarity in the
frequency of consanguinecus marriages in the
various exposure classes. Let us turn now to a brief
description of how the data have been apaiyzed,
and a presentation of the results which were
obtained.

As we have indicated, we have, in effect, three
experiences, and the information with respect to
each of these three experiences can be further
subdivided into three parts—namely, pregnancies
where the mother was exposed but the father was
not, where the father was exposed but the mother
was not, and where both parents were exposed.
Within each of these nine “experience-exposed
parent (s)’' groups, there exist three or more
dosage levels., Thus it is possible to fit nine linear
regressions of the frequency of male births on the
dose of radiation received by the parent (s). Six

of these regressions will be of the form
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E(p)=0D+b (d—1d)

where E (pi) is the expected proportion of males
in the i exposure class, P is the mean proportion
of males, d;is the dose in the i'* exposure class,
d is the average dose, and b is the regression
coefficient, Three of the regressions will be of the

form
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where by and bz are now partial regression coeffi—
cients, F; and M;jare, respectively the doses in
the i paternal and j» maternal exposure groups,
F and M are the mean paternal and maternal ex-
posures, and P is, again, the mean proportion of
male births. The regressions which were, in fact,
fitted were weighted to allow for the differences
in the numbers of observations at the wvarious
exposure levels. The weights which were used were
the reciprocals of the wvariances (the information)
of the proportions of males at the different dosage
levels. The final weights were obtained by iteration,
starting with the observed proportions as trial values.
The intercepts and regression coefficients which
were obtained are presented in Table 5. Several
comments on these values are in order.

1) It should be noted that no less than 11 of the
12 regression coefficients are of the sign anticipated
by genetic theory—that is to say, the deviation is
in the direction anticipated if sex-linked mutations
have been induced by the exposure. The “one
nonconforming coefficient that mothers
unrelated, 1954-1955. The prior probability that 11

or more of 12 regression coefficients will have

is for

signs in keeping with genetic theory, if the signs
of these regression coefficients are. in fact, equi-
probable, is approximately 1 in 341. Clearly the
array of signs is significant,

2) Only one of the regression coefficients can be
shown to be significantly different from zero, at the
S-percent level of significance, and, unfortunately
none of the common regression coefficients for
mothers only exposed, fathers only exposed, or both
It

should be mentioned here that substantially the

parents exposed differs significantly from zero.

same results are obtained if the arc sin transfor—
mation is used.

3) It will be noted from Table 3 that certain
observations—namely, those where both parents
were unexposed—occur more than once. This, of
course, implies that the regression coefficient for
1954-1955, "
wholly independent of the regression coefficient
mothers only exposed, 1954-1955."" It may,
therefore,

“fathers only exposed, say, is not

for *

be argued that we are nct, in fact,

dealing with 12 independent regression coefficients

since some data are scored twice. This difficulty
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can be avoided, at the expense of some chservations,
by omitting entirely the observations cn both parents
unexposed, and basing the regressicn coefficients
on only those data where the ‘‘exposed’ parent
experienced some irradiation. When this is done,
we find that 10 of these 12 estimates have the
signs one would expect from genetic thecry under
these circumstances. A simple sign test reveals
that approximately 2 times in 100 we would expect

this distribution of signs, or one favoring genetic

8 s 4 "u&l-l"}
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theory even more if, in fact, the null hypothesis ZhUEDGhEAETFHTHTHES S,
were true.
Table 5. Means and regression coefficients obtained by fitting a weighted linear
regression of the proportion of male births to average group exposure in
the Japanese data. The values in parentheses are these obtained when
unexposed parents are rejected.
= 5 BEREROEFHIBWT, v=4 FENACHTHESSOONEHR Y, P
BEIC U TIIn D & LT Lo TR PSS L ORIRIREL, TP ORI
IR ORAERS LR ORIt DTH S,
' " Both parents e‘(posed ey
. Father only Mother only | ;
References: £:3EEH ! exposed exposed | _
Neel and Schull, 1956° ; RO L ER B O LR
Schull and Neel, 1958 v & .
(this article) (&3|EH)
I P b* P b
1948~1953 | . | 5
Unrelated parents 0.5202 0.0058 0.5213 —0.010% 0.5102) 0.0039 0.5102, —0.0037
SRR fo\ | | 0.0094) (~0.0111) | | |
Related parents ‘ 0.5307 0.0188 0.5204 —0.0116 0A5310i 0,0024? 0.53100 —0.0179
AHEFRCE BHE | | (0.0423) (0. 0386) i !
| |
1954~1955 : ! !
Unrelated parents i 0.5211 0.0039. 0.5186 0.0090. 0.5464 0.0137 0.5464 —0.0269
IR IR { (0.0047) (0.0141)
Common regrea%mn coefficients | | 0.0036 —0.0080, 0.0036 —0.0042
JEsi o0 [RHFHR AL '

* Regression coefficients are given as increase or decrease in propertion of male births per 100 rep.

4
+ Significant at the 5-percent level.
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Analysis

The findings in the Japanese data pose two very

interesting and important questicns. (i) How much

confidence c¢an we place in these findings as

)

in fact,

evidence of radiation-induced genetic damage?
If the

manifestations of genetic damage,

changes in the sex ratio are,
why do we not

find evidence for a radiation-induced change in the
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frequency of congenital malformations or one of the

other attributes of a pregnancy lermination? In
this connection, it should be stated that an analysis
of radiation effects in the consanguineous material
with respect to malformation frequency and frequency
of stillbirths and necnatal deaths, to be presented
in detail elsewhere, fails to yield resulis comparable
negativity

to those regarding sex ratio, in their

confirming the findings reported earlier for the

children born to unrelated parents®. Clearly a
categorical answer to either of these questicns is
impossible ; however, certain observations seem
pertinent to any answer which one may arrive at.

With respect to the first two questions, we have
indicated elswhere? the interpretive difficulties which
arise when one begins to select, in the Japanese
data, specific cells or groups of cells on which to
base comparisons. The present approach would,
however, seem to avoid many of these difficulties
since (i) all of the data are used, and (ii) the
division of the data was based upon a priori consi~
derations reparding parental exposure, relationship,
and method of data collection alone, and did not
involve value judgments regarding the extent to
which one portion of data, collected at one time
and in one manner, was in pari materia with an
other collected at the same time time and in the
same manner.

It must be pointed out, however, that the sex
ratio, as a variable, leaves much to be desired, the
elegant genetic argument which can be advanced
for expecting changes in the sex ratio consequent
to parental exposure notwithstanding. Any number
of factors—for example,

maternal age, paternal

age, parity, war, and so forth—seem capable of
altering the sex ratio, and though these effects are,
in general, small, adequate explanation for the

peculiar variations which occur due to these factors
has not been advanced. Perhaps the greatest recom-
mendation for accepting the ohservations with regard
to the sex ratio as a manifestation of a real effect
of parental exposure is the consistency of the
findings. It is true, however, that one dees not find
within the Japanese data other evidence of sex—
linked lethal genes which might logically be expected,
such as an increase in the difference in frequency
inviable males and inviable females

between as
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maternal exposure increases. The significance of
this absence of what might be termed *'secondary
effeclzs’ is not readily appraised since (i) the direci
effect on the sex ratio is itself small and (ii) the
sex difference in viability bas been measured only
for the period from approximately the 21 st week
of gestation onward. Thus, sex-linked lethal mutants

leading to gamelic death or to the early death of
the zygote would not come within our ken.

A further possible recommendation for accepting
the results as real is the apparent ‘“‘reasonableness™
of the change. The following rather simple calcula-
tion llustrates this: The average number of induced
sex-linked lethal mutanis at any given dose of
radiation is equal to the product of the number of
genetic loci at risk, the probability of inducing a
mutant per unit dose, and the dose received. If we
accept 0.0060 as the best estimate of the change
in the sex ratio following 100 rep of maternal
irradiation, and if we assume that the nudmber
of “‘targets” —that is, sex-linked lethal precducing
genetic loci on one X-chromosome—Tlies between 250
and 2500, then we find that the probability of a
sex-linked lethal mutation per rep lies in the
interval 2.4%x10~7 and 2.4x10-%. Current genetic
thinking would tend to suggest that the number of
loci at -risk is rather nearer 250 than 2500, and
hence that the sensitivity of human genes would be
more likely to be of the order of 2.4x10-7, a figure
which agrees well with the findings for the only
other mammal studied thus far, the mouse't, but
which sugpests a significantly greater sensitivily
than that observed in Drosophila.

With respect to the second of the two questions
raised above, concerning the implications for the
validity of the sex ratio findings of the failure to
demonstrale parallel changes with regard to the
frequency of malformations or stillbirths or neonatal
deaths, it should be pointed out that Neel'® has
recently suggested, on the basis of an analysis of
certain aspects of the Japanese daia and a comparison
of the findings with those available for Caucasian
populations, that a significant fraction of congenital
malformations may be the segregants from complex
homcostatic systems. If this viewpoint is correct,
then it follows that induced mutations at loci involved

in these homeostatic systems,  while  ultimately

U2 B OO EFNE L IR S e (i B
Cid Mo RFFTEBEME B TR X L D
PEWLC E DG OMET, ATHEFI2L H b B = b

MESRCIETH D, T, WTOCE -

RO T O P A T X TR T

R o i o

TAN D Z & AT

wmhzEnlbkad 5 Lo0Bhin, Bes [{rE
ol EEbh D ETho, oML 2
FUA B S BRSO BRI BT DB TR
FTE I IRE PR O IR LR 0 M P A
B, MHYEERY 0 RNEN A FE T DR DO
BAE L OB H L BHEAS 100 rep O A-S2 72
O OB Lo L WEHEET A 0.0060 £ L, [T
B —T i, 120 XY ki sth L HEE0ER
A EA Y — 0 B, 250 22,5000 & il 1 red
0 0.)ﬂ“—ﬂ-‘.&?—k‘«'fﬁa’ﬁ?ﬁféfﬁ'n&-anméé%is.t 2.4x10-7 £ 2.4 X
108D cih 2 2 k5 o TIRAOGRTN & 2T
B, falRo b B Ao B E2,500 1 H {14250
RS, BT, ARz 23S TR Xk ¢
2.4%10°7 FUETH LIRS 2 ThAd S D
LAUREE S TG, SO S T iME S sl
OO LI T B DN BU T X

L F DAY, vra e vl RS R

13

Rl SRS U T i R T STED B Sl I

DA R Ch D & & AT D,

Widhed 2 o FUengs 22T, SFIE, W
F I IRETE WL HIE I LRIV I At
St ST OZ M Lo T Neel ™, 11
ADOPFFHOW BHEEOR AT L, FolEN0A
Pl N3 SR & A 0 L= UN 228y 0, RN

F B T A, B0 & buro B A B
&ﬁﬁLthmbwnkbava:a%ﬂﬁ$%L
to. L SO RMAAE Lb e, Shsifios

PR o B S NI AR R AR, I
BT I IR s 2 R A Ko T H D TH DN,
PEMEFOE IR S 2 PLIE & oo [WIR & I U R
R RS S SR L T s D 2 2R

(14)



resulting in an increase in malformation frequency, Wl EAiEdLD,. 52T, MBIk
T HIRE B A B A BUE T & AR
HokZous 2 M4 E -2 ORI L ORICFIEA 5 5

would not be expected to bear the same simple and

,_.
‘|

immediate relationship to malformation frequency

as sex-linked lethal mutations do to the sex ratio.

; : EXmH BB,
It may well be, then, that no conflict of evidence 4 R
is invelved in the failure to demonstrate an effect
of radiation exposure on malformation frequency in
the first postbomb generation.
Summary & &

An analysis of new data concerning the sex of Ushits D ORlems oo gl b ff o F sk othiz

children born to the survivors of the atowmic bomb- - 20 L PR e 4T, 3TN Neel s X ¢ Schull®?

ings of Hiroshima and Nagasaki, together with a

ALAIRCIE R LIcER O\ P OoRiE, chboT 3
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reanalysis of the data previously presented by Neel

and Schull®, reveals significant changes in the sex

ratio of these children, changes in the direction to YPEVEHOURRTEIA R L2, IR S i diny
he expected if exposure had resulted in the induction DB EA AR s B,

of sex-linked lethal mutations.!*
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