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Department of Statistics
#e i
SUMMARY 2B

Analysis of intelligence test scores at 10-11 years
of age of individuals exposed prenatally to the
atomic bombing of Hiroshima and Nagasaki has
revealed the following: 1) For those individuals
exposed in the first eight weeks after fertilization
or after the 25th week, there is no evidence of
a radiation-related effect on intelligence; 2) The
mean test scores but not the variances are signifi-
cantly heterogeneous among exposure categories
for individuals exposed at 8-15 weeks after
fertilization, and to a lesser extent those exposed
at 16-25 weeks; 3) The regression of intelligence
score on estimated fetal tissue dose is linear or
linear-quadratic for the 8-15 week group and
possibly linear for the 16-25 week group; 4) The
cumulative distributions of test scores suggest
a progressive shift downwards in the scores with
increasing exposure; and 5) Within the group
most sensitive to the occurrence of clinically
recognizable, severe mental retardation, indi-
viduals exposed 8 to 15 weeks after fertilization,
the diminution in intelligence score under the
linear-quadratic model is 21-27 points at 1 gray
(Gy = 100 c¢Gy = 100rad). The effect is some-
what greater when the controls receiving less
than 0.01 Gy are excluded, 33-4] points at | Gy;
but the two estimates are not statistically signifi-
cantly different.

INTRODUCTION
An extensive epidemiologic and experimental
literature testifies to the deleterious effects on
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the embryonic and fetal brain of exposure to
ionizing radiation; much of the human evidence
stems from studies of the in utero exposed
survivors of the A-bombings of Hiroshima and
Nagasaki.!™® [t is also clear that radiotherapy
in the treatment of brain tumors or acute
leukemia can act on the infantile and juvenile
central nervous system in the same way. 19713
Meadows ei al,'' for example, have stated:
“Significant reductions were found in overall
[Q score for the majority of [treated] children,
younger patients being most affected.” The
exposures of the brain involved in these instances
are higher than in the survivors of the A-bombings,
for whom the highest tissue doses were an order
of magnitude smaller than the tens of grays
used in radiation therapy. Moreover, most, or
even all of the treated individuals also received
chemotherapy so that the apparent effect of
ionizing radiation may be confounded with the
effect of the chemotherapy. Individuals treated
by X rays for tinea capitis, however, were not
given adjuvant systemic therapy and received
much lower brain doses, possibly an average of
1.3 Gy, 4 dose in the upper range of those
received by survivors prenatally exposed in
Hiroshima and Nagasaki. It was found that
“the irradiated children had lower examination
scores on scholastic aptitude, intelligence quotient
(IQ) and psychologic tests, completed fewer
school grades, and had an increased risk for
mental hospital admissions for certain disease
categories.” ™  No estimate was made of the
diminution in intelligence test score per unit
exposure.

A recent reevaluation of the prevalence of severe
mental retardation among survivors exposed
in utero to the A-bombings of Hiroshima and
Nagasaki'® was prompted by the availability
of data on the estimated absorbed dose in
fetal tissue, piven that the exposure in air is
kl’lcw\m,w’21 by important recent developments
in the understanding of the sequence and timing
of the prenatal events culminating in the human
brain, and by revisions of the gestational ages
attributed to some individuals at the time of
exposure, This reevaluation established that the
highest risk of clinically recognized, severe
mental retardation occurred when exposure was
at 8 to 15 weeks after fertilization, a time when
the most rapid proliferation of neuronal elements
is occurring and when all, or nearly all, of the
migration of the immature neurons to the
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cerebral cortex from the ventricular and sub-
veniricular proliferative layers takes place.??”25
Also, within this critical period, damage expressed
as the frequency of subsequent severe mental
retardation appeared to be linearly related to the
absorbed dose received by the fetus.

In this latter analysis, a severely mentally retarded
individual was defined as one “unable to perform
simple calculations, to make simple conversation,
to care for himself or herself, or if he or she was
completely unmanageable or had been insti-
tutionalized”.™®  This definition, although
clearly sociologically relevant, is arbitrary and
dichotomizes what can be presumed to be a
continuous distribution of levels of intelligence
based upon the capacity to perform a series
of socially significant tasks. It is important,
therefore, to determine whether less profound
impairments of forebrain development may
have occurred, whether these also exhibit
critical periods of sensitivity, and, if so, whether
such critical periods can be correlated with
intrauterine events that may explain their occur-
rence.  This report examines these lalter issues
through an analysis of routine intelligence testing
of children exposed in utero, conducted during
1955-56 at the ABCC clinical facilities in
Hiroshima and Nagasaki.

MATERIALS AND METHODS

Over the years, ABCC/RERF have established
at least three overlapping samples of individuals
exposed in utero to the A-bombs of Hiroshima
and Nagasaki.m These have heen commonly
termed the original PE86 sample, the revised or
clinical PE86 sample, and the in utero mortality
cohort. Differences between these samples
reflect the different purposes for which they
were chosen, e.g, as the bases for clinical exami-
nations, or mortality surveillance. The results
of the analysis of the original PES6 sample on
which the greatest amount of data on intelligence
testing is available are presented. The sample
includes virtually all individuals who received
tissue absorbed doses of 0.50 Gy or more,
and many more individuals in the dose range
0-99 ¢Gy than were in the clinical sample
previously analyzed for the frequency of severe
mental retardation.

The Sample. The original PE86 is the culmination
of a seres of actions that occurred between 1950
and 1960. Since these decisions bear on its
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completeness and therefore, possible represen-
tativeness, we describe its origin in some detail.
Originally, in Nagasaki, the prenatally exposed
survivors were ascertained through the city-wide
registration of pregnancies associated with the
genetic studies.” All women (n= 1,774) within
this file who were of childbearing age at the time
of the bombing (ATB), defined as 17 to 51,
and were recorded as exposed within 2,000m
of the hypocenter were contacted to determine
whether they were pregnant at the time of
exposure. Ninely-eight were. For comparative
purposes, a second group of 1,774 women was
randomly selected and contacted from among
those women exposed between 4,000 and
5,000 m. From this group 113 had been pregnant
ATB. This collection of cases and controls
was known as the PE57 sample. In 1953,
a systematic supplementation of these groups
was begun by checking radiation questionnaires
for all females exposed within 2,000m and a
portion of those exposed beyond. Around
1954, to make ascertainment more exhaustive,
all birth records in the Nagasaki Prefectural
Judicial Affairs Bureau were checked for those
infants whose date of birth indicated possible
exposure in utero, and the sample was redefined
to include all individuals exposed prenatally
within 5,000m of the hypocenter. To this
group, which was subdivided into a heavily
exposed (under 2,500m) and a lightly exposed
(2,500-5,000m), was added in 1955 a group of
infants born to mothers who entered Nagasaki
after 1 January 1946. These children were age-
and sex-matched to the heavily exposed group.
In all, at this time, the Nagasaki sample consisted
of 874 children; intelligence test data are
available on 747 of these.

In July 1959, this sample was revised; the
objectives were several-fold, but primarily to
achieve economies in the use of the limited
clinical facilities that were available and to match
better by age and sex the distally exposed
(2,500-5,000m) and nonexposed (10,000m or
beyond) to the proximally exposed (within
2,000 m). Thus, the overall size of the revised
sample (306) was defined by the proximally
exposed group; the latter numbered 102.%
It is important to note that this group has
changed little over time. In the 1954-55
examinations, it was 108 of whom 101 were
examined (3 had moved; 3 refused; and 1 was
unavailable); in 1955-56, it numbered 116
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(101 examined: 11 moved; 2 refused: 2 un-
available).

In Hiroshima, the sample developed somewhat
differently. In 1950, an investigation, termed
the PE52 Project, was initiated whose purpose
was to study children exposed in utero. However,
this investigation was limited to individuals who
were born between 1 January and 1 May 1946,
i.e., who were presumably exposed in the first
half of their gestational development.® There
were 205 children identified: of these, 60 were
exposed at distances within 2,000 m, 65 within
2,000-2,999 m, and 80 at 3,000m or beyond.
In 1953, an additional group of children born
between 6 August and 31 December 1945 was
added. Their exposures, however, had to be
within 1,600m (n=44), or between 3,000 and
4,000m (n=41), or they were not exposed
(n=50). This new project was known as the
PES2-1.  In 1955, a check of the Hiroshima
Master File Cards identified 677 children
exposed in utero, including those in the PES2
and PE52-1 samples, and in August of that year,
a nonexposed control group, numbering 476
individuals, was constructed from the results
of the Duaytime Census of Hiroshima City in
1953, It is from these two groups (n=1,153)
that the intelligence lest scores were obtained.
In 1956, after the intelligence testing had ceased,
the birth registrations at the Hiroshima City
Office were screened to identify further cases.
These various steps culminated in a sample of
2,016 individuals, exposed and nonexposed.
Finally, in 1959, as in Nagasaki, this sample
was revised, and it is this revision that constitutes
the clinical sample used in the analysis of the
data on severe mental retardation.

The relationship of the present sample to the
other two, namely, the clinical sample and the in
utero mortality cohort, is indicated in Figure 1.

Gestational age. The days of pregnancy ATB
have been determined from the inferred first
day of the last menstrual period with the
following function:
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or her mother., To obtain the age after fertili- BN E o, TEBEISEEH ] A 514R &5l0v T
zation, 14 days have been subtracted from the 3 N ,

“days Of prcgnancy ATB”. Age in days was 11”": L T Al ”'ﬁ Fki U 25{ a i 4 i‘i‘” 2T fin F“-J Mﬂlﬁ 5_’
changed to age in weeks by dividing by seven Sk, BEOMAG I A ZBAEEO L EL 7.
and the latter quotient was presumed to be

zero if it was negative.

FIGURE 1 SAMPLE COMPOSITION OF THREE MAIN SOURCES OF THE
IN UTERO EXPOSURE POPULATION
H1 JEAERER O =20 38 % RN

HIROSHIMA NAGASAKI

REVISED SAMPLE [PE86) ORIGINAL SAMPLE
1251 SUBJECTS 1013 SUBJECTS
(Unk. Dose=9) (Unk. Dose=8)

REVISED SAMPLE (PESG} ORIGINAL SAMPLE

348 SUBJECTS A 747 SUBJECTS
{Unk. Dose=0] _, {Unk. Dose=0)

(42.0%)

MORTALITY SAMPLE

SOURCES: BIRTH RECORDS
ABCC MASTER FILE
1960 CENSUS

CONSTRUCTED IN 1864

(70.3%)

MORTALITY SAMPLE

SELECTION STATUS 417 SUBJECTS
< 1500 ALL (H=338, N=73) (Unk, Dose= 14}
1500-1999 SAME
il FANIE MORTALITY SAMPLE
3000-9999 SAME 2347 SUBJECTS
NONEXPOSED  DOUBLE {Unk. Dose=35)

THE ORIGINAL PEBG SAMPLE WAS CONSTRUCTED FROM THE BIRTH RECORDS IN 1953 IN HIROSHIMA AND 1955
IN NAGASAKIL.

IN 1959 THE REVISED PEBG (CLINIC) SAMPLE WAS RECONSTRUCTED ON THE BASIS OF THE RESTRICTIONS:
1} TO HAVE THEIR RESIDENCE IN HIROSHIMA AND NAGASAKI AS OF 1 OCTOBER 1350,
2) TOINCLUDE ALL PROXIMAL EXPOSED CHILDREN (<2,000m}, AND,

3) TO CHOOSE RANDOMLY THE SAME NUMBER AS THE PROXIMAL SUBJECTS MATCHED BY SEX AND
TRIMESTER FROM TWO COMPARISON GROUPS, i.e., DISTAL GROUP (3,000-4,999m|) AND NONEXPOSED GROUP.
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Since different functions in the primate central
nervous system are localized into different struc-
tures, and since the differentiation of these takes MHEcRTELTEY, 4, S0 S22 NEE
place at different stages of gestation and over ) i ) . =
different periods of time, gestational ages have D s CBEAUBMIZEZ 30T, EWERRE
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in normal development. Four categories, mea-

sured from the presumed moment of fertilization, ML vabb, HEZKEE»SFELT,



have been used: 0-7, 8-15, 16-25, and 26 or
more weeks. [n the first period, the precursors of
the neurons and neuroglia, the two principal
types of cells that give rise to the central nervous
system, have emerged and are mitotically
active.?” In the second, a rapid increase in the
number of neurons occurs; they migrate to their
ultimate developmental sites and lose their
mitotic property, becoming perennial cells.?»?®
In the third period, differentiation in situ
accelerates, synaptogenesis that began about
the eighth week increases, and the definitive
cytoarchitecture of the brain unfolds. The
fourth period is largely one of continued archi-
tectural and cellular differentiation and synapto-
genesis. This classification has shortcomings, of
course; il may confound at least two sources
of error — that associated with the presumed
moment of fertilization, and that which stems
from differences between individuals in their
relative stages of development at a fixed interval
of time after fertilization. To these uncertainties
may be ascribed much of the variation that is
seen in response to a given dose.

Dosimetry. The estimated fetal absorbed doses
based on the revised T65 kerma doses for
exposures have been used.”®?®  Although these
are presently under rcview,3°‘31 they are the only
estimates now available applicable to all survivors
(shielded and unshielded) that provide estimates
of absorbed dose in fetal tissue. This is likely to
remain so for some time. Alternative estimates
of exposure should not impinge upon the search
for periods of maximum sensitivity, since timing
of sensitivity is independent of dose.

Intelligence testing. In 1955-56, two intelligence
tests were in vogue in Hiroshima and Nagasaki,
namely, the Tanaka-B and the Koga test. The
former is a Japanese standardized version of the
Stanford-Binet,* > and the latter is a test
developed by Professor Yukiyoshi Koga,33° 3
former member of the faculty of the School of
Education of Hiroshima University. Our analysis
is restricted to the Koga Test, the more commonly
used with these survivors (see Table 1 for the
sample sizes involved). Some of the in utero
exposed were evaluated on more than one
occasion, and so to enhance comparability
further, the data are restricted to those tests
performed in the months from July 1955 to May
1956, inclusive, when the tested individuals were
10-11 years old.
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TABLE I THE NUMBER OF REJECTED OBSERVATIONS AND THE CAUSE OF THE

REJECTION AMONG ALL OF THE IN UTERO EXPOSED
£1 ALY SR N ZBESERETEOHH

Total

Hiroshima Nagasaki
Total individuals in sample 1021 747 1768
Unknown exposure 8 0 8
Potentially available for analysis 1013 747 1760
No intelligence test data found 83 3 86
Used in the analysis 930 744 1674
RESULTS ® o=

Three questions have been addressed. First, do
the means (or variances) of the distribution of
intelligence test scores differ significantly and
systematically between exposure categories?
Second, do the test scores within a gestational
age-group appear to conform f{o a single
unimodal probability distribution or is there
evidence that the small group of survivors with
clinically recognized severe mental retardation
form a category sui generis? Finally, do test
scores within an age-group vary directly with
individual radiation exposure, and if so, what
is the form of the dose-response relationship?

Means and variances. Tables 2a and b present
estimates of mean test scores (and standard
deviations) for the four previously identified
categories of embryonic or fetal age (0-7, 8-135,
16-25, and 26 weeks or more), and five categories
of fetal ahsorbed dose (less than 0.01, 0.01-0.09,
0.10-0.49, 0.50-0.99 and 1Gy or more). Table 2a
includes data on those eight mentally retarded
children (5 in Hiroshima; 3 in Nagasaki) who
were given intelligence tests; Table 2b does not.
These eight children, whose diagnoses of mental
retardation were made clinically, without
reference to the intellipence tests, had scores
that ranged from 56 to 64; of the eight, six
(3 in the 8-15 week group, and 3 in the 16-25
week one) had estimated exposures of 0.5 Gy or
more. Clearly, their presence has an important
effect on the mean score among the 38 individuals
of all pestational ages with exposures of 0.5 Gy
or more, and have been excluded from some of
the analyses in an effort to ascertain whether
a more general effect on intelligence exists.
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TABLE 2a  MEAN INTELLIGENCE SCORE (KOGA) BY FETAL OR EMBRYONIC AGFE.

AT EXPOSURE AND TISSUE ABSORBED DOSE BASED UPON THE T65DR ESTIMATE

OF TISSUE KERMA AND KERR’S ORGAN DOSE ESTIMATES,?! ALL INDIVIDUALS
ON WHOM INTELLIGENCE TEST DATA ARE AVAILABLE ARE TABULATED.
INCLUDING THOSE DIAGNOSED CLINICALLY AS MENTALLY RETARDED

#2a CTEAER T (), KURENSARMS I O 12 TE5DR #lie s — <464 16 % o
Kerr o) B35 Tt HE o (120 12360 < L 0l bR, BRI 1S S8 & d7-
MAGEM E 2 B AT A L F— v ORI TR T T O E

Dose Age in weeks alter fertilization
category
in Gy 0-7 8-15 16-25 26-term Total
<0.01 N 200 229 341 433 1203
Mean 107.0 108.4 110.7 108.2 108.8
SD 14.54 15.76 15.54 15.46 15.43
0.01-0.09 N 49 78 96 99 322
Mean 102.1 111.8 106.5 103.7 106.3
SD 15.41 17.35 16.57 16.40 16.82
0.10-0.49 N 16 32 28 35 111
Mean 108.9 102.0 107.6 104.9 105.3
SD 15.24 16.88 10.66 15.98 15.01
0.50-0.99 N 2 7 13 4 26
Mean 98.5 83.1 97.0 114.5 96.1
SD 19.09 25.53 25.78 10.50 24.60
1.00+ N 2 ] 2 3 12
Mean 95.0 82.6 715 108.0 89.2
SD 42.43 16.52 16.26 8.89 21.92
All N 269 351 480 574 1674
Mean 106.1 107.7 109.2 107.3 107.7
SD 15.03 17.19 16.21 15.67 16.08

Significance of the difference among dose means within an age-group

Weeks after fertilization F (df;, df,) Sign

0-7 1.582 (4, 264) NS

8-15 9.075 (4, 346) 001

16-25 6.291 (4, 475) 001
26-term 2.094 (4, 569) .08

All 10.155 (4, 1669) 001
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TABLE 2b MEAN INTELLIGENCE SCORE (KOGA) BY FETAL OR EMBRYONIC AGE
AT EXPOSURE AND TISSUE ABSORBED DOSE BASED UPON THE T65DR ESTIMATE
OF TISSUE KERMA AND KERR’S ORGAN DOSE ESTIMATES. ALL INDIVIDUALS
ON WHOM IQ DATA ARE AVAILABLE ARE INCLUDED EXCEPT THOSE
DIAGNOSED CLINICALLY AS MENTALLY RETARDED

#2b  TEEfgA a7 (), FTEEEENE BB E O 02 TE5DR fH#E A — = it i & oF
Kerr @) R 25 e i 1228 -5 ¢ S R an It . BERRAY (2320 & /-
MR E LR AIQF— yO M aTie s v R TOMNEH

Dose Age in weeks after fertilization
category =5
in Gy 0-7 8-15 16-25 26-term Total
<0.01 N 200 228 341 432 1201
Mean 107.0 108.6 110.7 108.3 108.8
SD 14.54 15.40 15.54 15.30 15.30
0.01-0.09 N 49 78 96 99 322
Mean 102.1 111.8 106.5 103.7 106.3
SD 15.41 17.35 16.57 16.40 16.82
0.10-0.49 N 16 32 28 35 111
Mean 108.9 102.0 107.6 104.9 105.3
SD 15.24 16.88 10.66 15.98 15.01
0.50-0.99 N 2 5 11 4 22
Mean 98.5 92.4 103.5 114.5 102.5
SD 19.09 24.39 22.32 10.50 20.91
1.00+ N 2 4 1 3 10
Mean 95.0 87.8 83.0 108.0 94.8
SD 42.43 13.67 - 8.89 19.38
All N 269 347 477 573 1666
Mean 106.1 108.3 109.5 107.4 107.9
sD 15.03 16.48 15.80 15.56 15.77

Significance of the difference among dose means within an age-group

Weeks after fertilization F (dfy, df2) Sign
07 1.582 (4, 264) NS
8-15 4.999 (4, 342) .001
16-25 2.930(3,473) .03
26-term 2.221 (4, 568) .06
All 5.099 (4, 1661) .001

10



As is apparent from Table 2a, the mean 1Q score
varies systematically with fetal tissue dose
within the age-groups 8-15 and 16-25 weeks.
If these differences are pursued further at the sex
and city levels (data not shown), the means for
males (cities combined) are found to vary with
dose only in the age-group 8-15 weeks (1% level);
the means for females are different in the age-
group 8-15 weeks (1%) and 16-25 weeks (1%).
Within cities (sexes pooled), all 1Q means except
0-7 weeks are significantly heterogeneous among
dose categories in Hiroshima [8-15 (1%); 16-25
(1%); 26-term (5%)]; in Nagasaki, 0-7 weeks
(5%), 8-15 (1%), and 16-25 (1%) are significant.
These further subdivisions make the individual
sample sizes smaller, and thus the possible
distorting effect of the inclusion of the clinically
mentally retarded pgreater. Table 2b exhibits
the 1Q means when the mentally retarded
children are excluded, and again they vary
significantly with dose for the age-groups 8-15
(0.1%) and 16-25 weeks (3%).

Rigorous interprelation of these results hinges
on an examination of the issue of inhomogeneities
in the data for three reasons. First, if there is a
mixture of individuals within the different
embryonic and fetal age-groups, some of whom
were affected and some nol, the results to be
described have applicability only to the former.
Second, the validity of the statistical procedures
used hinges upon certain assumptions about the
nature of the underlying distributions of the
variables under scrutiny. These include normality
and equality of variances. If a commingling of
populations has occurred, neither of these
assumptions is fulfilled and the tests are at best
approximations; they may be actively misleading.
Third, if one is to conclude that the effects are
due to exposure to ionizing radiation, it must be
shown that the dose groupings are not related
to other factors affecting intelligence.

Examination of the homogeneily of the variances
among age-groups for fixed exposure categories
fails to reveal significant differences in any
of the four dose categories with or without
inclusion of the eight severely retarded indi-
viduals. When the wvariances were examined
among exposure categories for fixed gestational
age-groups, chi-squares (Bartlett’s Test; 4 df)
of 4,70, 4.33, 14.02, and 2.10 were obtained for
the age-groups 0-7, 8-15, 16-25, and 26-term
weeks, respectively (Figure 2). Of these, only
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one age-group 16-25 weeks is significant at the
1% level. When we combined both 1049
and 50-99 rad dose groups for small cases, the
Bartlett’s test for age-group 16-25 weeks is not
significant, X*= 1.19 (3 df). When the mentally
retarded are excluded, this chi-square shows no
difference. There is no compelling evidence that
the variances are different either among doses for
fixed gestational age, or among gestational ages
for fixed doses.

Normality of the distributions of intelligence
test scores. To address this issue, the skewness
of the distributions of intelligence test scores
within age- and age-exposure-groups was ex-
amined using Fisher’s estimate®® and the
cumulative distributions were plotted to search
for inflections that might suggest nonnormality.
As to skewness, of the 20 measures of skew in
the ape-exposure cells in Table 2a, 10 are positive,
7 are negative and 3 are zero. They range from
~0.68 to 0.45 and none deviate significantly
from zero. These findings supgest that the data
are drawn from a single unimodal probability
distribution; alternatively, there is no evidence
of a commingling of two or more distributions
which could be interpreted as supporting the
notion of groups of individuals with differing
sensitivities to ionizing radiation.

Figure 2 presents graphically the age-by-dose
group-specific frequency distributions of the
intelligence test scores. The cumulative proba-
bility distributions associated with the test
scores, with and without inclusion of the
clinically diagnosed cases of mental retardation,
differ little, if at all, from that expected of a
homogeneous sample from a normal distribution
(data not shown). The data suggest that any
difference in means (or variances) is a general
phenomenon, a shift in the distribution of scores
with exposure, rather than the inclusion of a
qualitatively different group of individuals,
e.g., clinically unrecognized cases of mental
retardation.

Regression analysis. A better analytic approach
than analyses of variance, one that does not
depend upon grouping of data, is to fit a regres-
sion of intelligence test scores on the individual
estimates of exposure within an age-group.
This has been done both with and without the
inclusion of the mentally retarded (see Figure 3
for the mean scores and their 95% confidence
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FIGURE 2 DISTRIBUTION OF INTELLIGENCE TEST SCORES BY GESTATIONAL AGE ATB
AND ESTIMATED FETAL ABSORBED DOSF
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coefficients oblained when a linear dose-response
model is fitted. Significant linear coefficients
occur for the 8-15, and 16-25 week age-groups.
Significant heterogeneity does exist among the
four age-group-specific regression coefficients.
When the eight clinically diagnosed cases of
mental retardation are removed, the regression
coefficients associated with the 8-15 and the
16-25 week age-groups are again significant but
less strikingly so.  Those associated with the
8-15 week age-group change little, but those
for the 16-25 weeks are a little smaller (about
two-thirds to three-quarters their former values).
The coefficients for the four age-groups are not
significantly heterogeneous, bui the loss in IQ
appears substantial — at face T to 10
points per gray of absorbed energy for the
8-15 week group and 13 to 21 for the 16-25.
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FIGURE 3 MEAN IQ SCORES AND 95% CONFIDENCE LIMITS BY GESTATIONAL AGE
IN WEEKS AND TISSUE ABSORBED DOSE
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THE NUMBERS IN PARENTHESES ARE SEVERELY MENTALLY RETARDED CASES, WHERE
THE HIGHEST 1Q SCORE AMONG THEM WAS 64.
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WHEN THE SEVERELY MENTALLY RETARDED CASES WERE EXCLUDED, SIGNIFICANT
DIFFERENCE WAS ALSD NOTED FOR 8-15 WEEKS (P<.001) AND 16-25 WEEKS (P<.03).
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TABLE 3a THE REGRESSION COEFFICIENTS OBTAINED WHEN A LINEAR MODEL
OF INTELLIGENCE TEST SCORE ON INDIVIDUAL TISSUE ABRSORBED DOSE IS
FITTED TO ALL OF THE DATA AVAILABLE. THE COEFFICIENTS ARE
EXPRESSED AS CHANGE IN IQ POINTS PER 0.01 Gy OF EXPOSURE
# 3 B AR B 2T A R A TOMIBETLERIATES Tt oF— %
MRS TS R AR, BEEIE0.01Gy AN IQHEL ¥ hOTEET

A rou Regression Byt
.ge—g oup n Er _10 standard error Signiticance
in weeks coefficient 4
of the coefficient 2
X P
a. All cases included
0-7 269 —0.0570 0.0613 0.86 NS
8-15 351 —0.1030 0.0281 13.44 001
16-25 480 -0.2070 0.0424 23.83 001
26-term 574 —0.0334 0.0548 0.37 NS
All 1674 —0.1100 0.0198 30.86 001
Heterogeneity x> = 13.19 df=3 P<0.004
b. After exclusion of clinically diagnosed cases of retardation
0-7 269 —0.0570 0.0613 0.86 NS
§-15 347 —0.0755 0.0281 7.22 .01
16-25 4717 —0.1333 0.0529 6.35 .01
26-term 573 —0.0352 0.0544 0.42 NS
All 1666 —0.0746 0.0208 12.86 001

Heterogeneity x> = 3.63 df=3 NS




To examine the internal consistency of the data,
the control cases, those individuals who received
less than 0.01 Gy or were neither in Hiroshima
nor Nagasaki ATB, have been excluded and the
analysis just described repeated. The results are
found in Table 3b. There is again a significant
effect of exposure during the 8-15 week interval,
and the regression coefficients are little changed.
However, the results are less clear cut with
regard to the period 16-25 weeks; the regression
coefficient is significant only if the mentally
retarded are included.
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TABLE 3b THE REGRESSION COEFFICIENTS OBTAINED WHEN A LINEAR MODEL
OF INTELLIGENCE TEST SCORE ON INDIVIDUAL TISSUE ABSORBED DOSE IS
FITTED TO ALL OF THE DATA EXCLUDING THE CONTROL CASES,

THE COEFFICIENTS ARE EXPRESSED AS CHANGE IN IQ POINTS
PER 0.01 Gy OF EXPOSURE

2 3b  fli AR (xS S R0HET 2 b A T T OB E L & A & B <
FTRTOF =Y IZH T TN h 2 BRHEE. &S
0.01Gy WD IQFA » o %k # &+
Al R : Estimated
T n Fpes standard error Significance
in weeks coetficient .
of the coefficient xz p
a. All cases except the controls included
0-7 69 —0.0173 0.0727 0.06 NS
8-15 122 —0.1042 0.0332 9.85 .01
16-25 139 —0.1788 0.0495 13.05 001
26-term 141 0.0369 0.0631 0.34 NS
All 471 =0.0910 0.0229 1579 001
Heterogeneity x° = 15.27 df=3  P<(.002
b. After exclusion of clinically diagnosed cases of retardation and the controls
0-7 69 —0.0175 0.0727 0.06 NS
8-15 119 -0.0776 0.0326 567 .05
16-25 136 —0.0812 0.0618 1.73 NS
26-term 141 0.0369 0.0631 0.34 NS
All 465 -0.0529 0.0237 4.98 .05
Heterogeneity x* = 5.38 df=3 NS
Table 4a shows the results of fitting a linear- B G AWET— 8 L — REFLAEYTILH

quadratic model to the data with the controls
included, and Table 4b the results when the
controls are excluded. The only regression
coefficients significantly  different from zero
are for the age-group 8-15 weeks; this holds
true whether the mentally retarded are or are not
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TABLE 4a THE REGRESSION COEFFICIENTS OBTAINED WHEN A LINEAR-QUADRATIC
MODEL OF INTELLIGENCE TEST SCORE ON INDIVIDUAL TISSUE ABSORBED DOSE IS
FITTED TO ALL OF THE DATA AVAILABLE. THE COEFFICIENTS ARE EXPRESSED AS

CHANGE IN IQ POINTS PER 0.01 Gy OF EXPOSURE

#eda B LB L (2o + 2 HIfE 7 A b A2 T ORI — 2 K€ 70 e fIH T hE &
FTATOF =& 2N TRDTHS A NREN. &HEEE
0.01Gy [ A0 OIQ:EA v POELE &Y
Regression estimates
Age- "
= Linear Standard P p
ing:)egjks coefficient error Quadratic Standard
coefficient error
a. All cases included

0-7 =0.1007 0.1657 NS 0.00038 0.00134 NS
8-15 —0.3528 0.0628 001 0.00081 0.00018 .001
16-25 —-0.1372 0.0868 NS —~0.00061 0.00066 NS
26-term —0.1501 0.1271 NS 0.00133 0.00130 NS

All —0.2066 0.0344 .001 0.00044 0.00013 001
Heterogeneity x> : 740 df=3  P<0.060 3651  df=3 P<0.001

b. After exclusion of clinically diagnosed cases of retardation

0-7 -0.1007 0.1657 NS 0.00038 0.00134 NS

8-15 -0.2788 0.0681 .00 0.00063 0.00019 001
16-25 —-0.0654 0.1242 NS —0.00087 0.00145 NS
26-term —.1555 0.1262 NS 0.00140 0.00140 NS

All —0.1457 0.0361 .001 0.00031 0.00013 .05

Heterogeneity xz 4.52 df=3 NS 49.08 df=3 P<0.001

inCl}lfﬁiEd, but the quadratic coefficients are FaH, ZHREHGIETHY, AATHL. WG
positive, not negative. When tested separately, 5 . i
LHRAREE AR & G S b, W f AR A AR BT

both the linear and the quadratic terms are
statistically heterogeneous but the quadratic
terms are the more so. After exclusion of the
clinically diagnosed cases of mental retardation,
no significant heterogeneity was observed for the
linear term. When the controls are excluded,
there is relatively little effect on the regression
coefficients in the 8-15 week interval which
remain slatistically significant. Since the effect
of irradiation in the 16-25 week period is not
significant, there is no evidence within this
group of a significant departure from linearity
(Table 4b).

It is interesting to note that evidence of a
radiation-related effect on severe mental retar-
dation is confined to the same two age-groups,
that is, 8-15 and 16-25 wceks of gestation;
however, the effects are somewhatl different.
They are linear within the ages 8-15, rather
than curvilinear, and nonlinear, rather than
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TABLE 4b THE REGRESSION COEFFICIENTS OBTAINED WHEN A LINEAR-QUADRATIC
MODEL OF INTELLIGENCE TEST SCORE ON INDIVIDUAL TISSUE ABSORBED DOSE IS
IITTED TO ALL OF THE DATA EXCLUDING THE CONTROL CASES. THE COEFFICIENTS
ARE EXPRESSED AS CHANGE IN 1Q POINTS PER 0.01 Gy OF EXPOSURE

22 4b A ML RS AMAET A R A2 7T O — 2K T B E P
TNTODT—F YU TROTEs NN &SEH
0.01Gy 42V DIQHF 1 » FOEAL & H+
Regression estimates
Age- .
group ; Lll‘lﬂé.ll" Sfandard Quadratic Standard ¥
in weeks coefficient S coefficient error
a. All cases included
0-7 0.0682 0.2185 NS —=0.00069 0.00165 NS
8-15 —-0.4161 0.0756 001 0.00095 0.00021 001
16-25 —0.0342 0.1072 NS —0.00114 0.00075 NS
26-term 0.0649 0.1624 NS -0.00028 0.00152 NS
All —(L1827 0.0420 001 0.00038 0.00015 .05
Heterogeneity x*: 27.32 df=3  P<0.001 4729 df=3  P<0.001
b. After exclusion of clinically diagnosed cases of retardation and the controls
0-7 0.0682 0.2185 NS —(.00069 0.00165 NS
§-15 -0.3362 0.0826 001 0.00076 0.00022 .001
16-25 0.1364 0.1548 NS —0.00251 0.00164 NS
26-term 0.0649 0.1624 NS —0.00028 0.00152 NS
All —(L1077 0.0439 .05 0.00022 0.00015 NS
Heterogeneity xz : 11.23  df=3 P<0.011 109.03  df=3 P<0.001
linear, in the weeks 16-25.'® Whether these HY, 16— 25 MR TIIMIEL N 0 L A BIEIE T
seeming dlf.lerences are important, particularly B0 I RIS TR R B R S AL S B O 1
that which involves the 8-15 week group where s . e - iy _
the effect of ionizing radiation on the occurrence At F L8 —1SERHETO 0 5 DR Lo
of severe mental retardation is most striking; EREBCEEChHhAa A E 9, Fh, #da BRU
and whether the curvilinear dose-response b imiw 6 h SR R SRS ABIRE O

relationship seen in Tables 4a and b, could be
artifactual and ascribable to extraneous sources
of variability such as errors in the estimated
doses themselves are considered.

At least three kinds of errors in individual dose
estimates can be envisaged, namely those that
stem from a) the air dose curves themselves,
b) the attenuation factors for materials, positions,
and the like, and ¢) the assertions of the survivors
as to where they were ATB. Jablon,? after a
careful examination of these various sources of
inaccuracy, concluded that ““the estimated dose
is not a linear function of the true dose, low
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doses being slightly underestimated and large
doses overestimated.”” Gilbert,*® and Gilbert and
Ohara®® have recently examined Lhis issue anew.
They too conclude that errors in the estimation
of individual doses can lead to spurious curvilinear
effects. Both studies suggest that the distribution
of the errors in the individual dose estimates
probably contributes a curvilinear component to
the observed dose-response rclationship. [If the
higher doses are overestimated, the quadratic
term should be opposite in sign to the linear one,
and this is invariably so. Moreover, if IQ declines
with increasing dose as seems probable, the
quadratic term should be positive. This is true
tor the one significant dose-response relationship
that emerges, that is, the one at 8-15 weeks.
If the curvilinearity is due to errors in the
estimation of the individual doses, and this
possibility cannot clearly be excluded, then the
best estimate of the risk at low doses will be the
linear one.

DISCUSSION

At least four sources of extraneous variation,
possibly confounded here, could impinge on
these findings. They include a) genetic variation,
b) nutritional deprivation, c) bacterial and viral
infections in the course of pregnancy, and
d}, since there is substantial evidence to suggest
that the cerebrum and its adnexa are especially
sensitive to oxygen deprivation, an embryonic
or fetal hypoxemia secondary to radiation
damage to the hematopoietic system of the
mother and (or) her developing child. Assessment
of the contribution each of these potential
confounders could or did make in the present
instance is formidable, There is little direct
evidence, and individual speculations are
undoubtedly colored by the speculator’s
preconceptions and interests.

Numerous genetic forms of mental retardation
are known.* Most of these are recessively
inherited. They are individually infrequent, but
collectively they have a significant impact on
the occurrence of this disorder. It is known too
that the prevalence (and incidence) of rare,
recessively inherited disorders is functionally
related to the frequency of consanguineous
marriages; at the time these survivors were
conceived, such marriages were common in both
Hiroshima and Nagasaki, butl especially so in the
latter.**?  This could account for the observed
difference in the frequency of severe mental

st ar i E oS iE R R ER TS
EEE WP T v AL Gilbert® df 0712 Gilbert & U
Ohara™ (350 = O MIB & 87 22 (24 L A2 [P
Fhx s, MABRMEEOSS M E - 7 iy
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retardation in the less than 0.01 Gy group in
the two cities. But whether it could account for
the apparent decline in average intelligence test
score with exposure is not clear. It would seem
to depend upon a number of circumstances,
but two in particular. First, whether individuals
heterozygous for the genes that in double dose
give rise to mental retardation are more vulnerable
to environmental insults including ionizing
radiation.  Second, whether such persons are
nonrandomly distributed with regard to distance
from the hypocenter. The answer to the first
of these questions is unknown. As to the second,
it is known that the frequency of consanguineous
marriages in Nagasaki is approximately inversely
related to distance from the hypocenter, within
those distances where exposures of 0.1 Gy or
more occurred.*' Thus, the frequency of hetero-
zygotes may be roughly proportional to distance,
and dose could be confounded with genetic
variation. What form this confounding might
take is debatable, for the effects on the intel-
ligence quotient of inbreeding are small, relative
to the effects seen here.*? Schull and Neel found
the child of first cousins to have an intelligence
quotient which is some 5.0 points less, on the
average, than the child of unrelated parents,
when adjusted to the mean of the Koga intel-
ligence test. To recapitulate briefly, genetic
differences could account for some, possibly
even most of the intercity difference, not only
in the frequency of severe mental retardation
but in the average intelligence test scores, but
it seems unlikely that genetic differences
contribute importantly to the shape of the dose-
response curve in either city or in any of the
ape-proups.

The role of maternal malnutrition on the
subsequent mental performance of the fetus is
confroversial, and epidemiologic or experimental
evidence on the possible interaction of such
malnutrition with radiation damage is virtually
nonexistent. There are data showing that
maternal malnutrition may affect a child’s
mental growth by decreasing DNA content or
cell number. Marasmic infants, underweight at
birth, who die of malnutrition during the first
year of life, are known to have brains that
are smaller in wet and dry weight than normal;
their total RNA, total cholesterol, total phospho-
lipids, and total DNA content are proportionally
reduced; DNA synthesis is slowed, cell division
is curtailed; and a reduced number of brain
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43~ i I
cells are seen.™ ™  Marasmic infants of normal

birthweight tend not to show these effects.

If the mental impairment seen here stems largely
from effects on neuronal number or migration,
it seems unlikely that maternal malnutrition
would restrict fetal growth as markedly in the
second trimester as in the third, supposedly
less protected trimester of gestation. Moreover,
if malnutrition interferes primarily with the
growth and establishment of synaptic con-
nections, as Dobbing and Sands® observe, the
effects of malnutrition will be largely postnatal,
since this phase of brain growth is predominantly
postnatal. Special ration provisions were made
for pregnant and recently parturient women in
Japan during the war and in the postwar years.
The fact of pregnancy could be registered at or
subsequent to the 20th week of gestation, and
supplementary rations were made available
upon registration. Every pregnant woman
may not have availed herself of this opportunity,
but evidence based upon the registration of
pregnancies in these cities in the years 1948-54,
when rationing still prevailed, suggests that
almost all did.* Whether these supplementary
rations were adequate to forestall fetal damage
is debatable as supplementation was based
upon prevailing concepts of health needs and
Japan’s economic condition. There is certainly
no report of underweight, marasmic infants
among the survivors.®’

Given that supplementary rations were not
available until the 20th week or later, it might
seem that the difference in occurrence of mental
performance before and after this date bore
some relationship to malnutrition.  Mole,*®
who examined this issue at some length in
connection with mental retardation, concludes,
“The severe food deficiencies in Japan in 1945,
before the bomb explosions and in the following
months, suggest a cause for the apparently high
frequency of severe mental retardation in the
unexposed control population and may also
have contributed to the radiation dose-dependent
increase in those irradiated in utero.” These
were exceptional times and exceptional circum-
stances, but whether a nutritional dependence,
if one existed, affects the dose dependence
nonadditively is moot. A no less plausible
explanation of the high background rates in
both cities was the high (relatively) frequency of
consanguineous marriages.
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As earlier noted, there are other possible con-
founding factors, including bacterial and viral
infections, and an embryonic or fetal hypoxemia
secondary to radiation damage to the hemato-
poietic system of the mother and (or) her
developing child. It seems reasonable to assume
that mothers whose embryos or fetuses received
absorbed doses of (.5 Gy or more received 1 Gy
or more themselves and probably experienced
some degree of acute radiation illness. One of
the consequences of such exposure is an
hematopoietic depression that sets in within six
weeks or so after exposure and that may persist
for some time before a recovery occurs, providing
the individual survives. Red blood cell counts
may fall to 50% or 60% of the normal value, and
hemoglobin values to 6-8 g Whether this would
give rise to an embryonic or fetal hypoxemia is

uncertain. Two lines of evidence suggest that it
may not. First, since the fall in red cells and
hemoglobin is a gradual one, some form of

cardiac or ventilatory compensation may have
occurred. Moreover, women with sickle cell
anemia who commonly have hemoglobin values
in the range described above do not have an
increased  frequency of mentally retarded
children, although their reproductive performance
is impaired in other rcspects.” Second, studies
of the families of women with high-atfinity
hemoglobins have failed to show a disturbed
segregation ratio that might be inferpreted as
evidence that “‘being a carrier has survival value
for the fetus of an affected mother.”®  This
suggests that the reversal of the usual gradient in
oxygen affinity hetween mother and conceptus is
not lethal in late pregnancy when beta-chain
synthesis hegins (the affinity mutants mostly
involve the beta-chain). Admittedly the data are
too sparse to speak directly to the issue of a
guantitative impairment of intelligence. It can
also be argued that even if hypoxemia occurred,
it would have been only at the higher maternal
exposures, and should contribute to a nonlinear
dose-response relationship.  Studies of primates
exposed in utero reveal that the Macaca mulatta
fetus undergoes a hematopoietic depression at
exposures of aboul ZGy‘“‘52 (doses lower than
2 Gy were not systematically studied). It seems
probable, therefore, that among the in utero
exposed in Hiroshima and Napasaki who received
0.5 Gy or more, some experienced a hemato-
poietic depression because of damage to their
own bone marrow. Any hypoxemia that might
result from direct damage to the fetus would
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appear inextricably confounded with a possible
maternal effect. But this again should enhance
the likelihood of a nonlinear effect.

Finally, there are the issues of sample bias and
fortuity., Insofar as the former is concerned,
it is reasonable to assume that those children
who were not tested were, on average, more
retarded than those who were; however, it is
important to realize that the decision to send
a child to the clinic to be examined involves
sociological judgments also and the fear of
stigmatization could impinge on the examination
of a child who might be able to perform, albeit at
a subnormal level. Overall, this would seem to
suggest that social values could result in an
underestimation of the biologic effects. Fortuity
is another matter. Conventional statistical
inference specifies the frequency of the so-
called type [ error, that is, the erroneous
rejection of the hypothesis of no effect when,
in fact, no effect occurred. This inferential
basis fails, however, to incorporate prior
knowledge, such as the embryological evidence
(often unguantifiable but nonetheless real),
that may suggest an effect. Only further evidence
will resolve this issue.

Are the findings here described biologically
reasonable? D’Amato and Hicks® studies™ of
fetally irradiated rats have revealed effects on
the cerebral cortex at doses as low as 10R; there
was a paucity of neurons, which they attributed
to “an injury to the source of the neurons, the
primitive proliferative-migratory cell system.”
Similarly, Wanner and Edwards® have shown
that doses as low as 004 Gy produce an
irreversible reduction in brain weight among
prenatally exposed guinea pigs and that over
doses of 0.04 to 1Gy this effect is dose-
dependent, Thus, small doses of ionizing radiation
can affect brain development and presumably
mentation. Extrapolations from experimental
animals must be guarded, however, because
there are species differences in brain develop-
ment, attributable partly to the differing
complexity of the ultimate adult organ, but
especially to the different rates of brain growth
and the different timing of birth in relation to
brain developmental events. The answer to the
question posed above must hinge finally upon
an understanding of the molecular and cellular
events that give rise to impaired intellectual
performance, and the identification of causes
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other than exposure lo ionizing radiation
that could be inadvertently confounded here.
Although our knowledge of the cellular events
has increased iImpressively of late and it is
possible to identify stages in development
which, on prior grounds, are likely to be most
vulnerable, still too little is known to provide a
compelling molecular and cellular model for
radiation-related damage to the central nervous
system.  Individual conviction turns on the
ability to rule out other possible causal mecha-
nisms, but the correspondence in the findings for
severe mental retardation and intellipence
generally strengthens the belief that the results
are real, and not ascribable to fortuity. Even
this correspondence does not remove doubt as
to the causal mechanism. Proof, if attainable,
must come either from research on nonhuman
primates, or through the accumulation of further
evidence on sensitive periods and their relation-
ship to exposure to ionizing radiation within
this subset of survivors.
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