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SUMMARY

Analyses of intelligence test scores (Koga) at 10-
11 years of age of individuals exposed prenatally
to the atomic bombing of Hiroshima and Nagasaki
using estimates of the uterine absorbed dose based
on the recently introduced system of dosimelry,
the Dosimetry System 1986 (DS86), reveal the
following: 1) there is no evidence of a radiation-
related effect on intelligence among those individ-
uals exposed within 0-7 weeks after fertilization or
in the 26th or subsequent weeks; 2) for individuals
exposed at 8-15 weeks after fertilization, and to
a lesser extent those exposed at 16-25 weeks, the
mean tests scores but not the variances are signif-
icantly heterogeneous among exposure categories;
3) the cumulative distribution of test scores sug-
gests a progressive shift downwards in individual
scores with increasing exposure; and 4) within the
group most sensitive to the occurrence of clinically
recognizable severe mental retardation, individuals
exposed 8 through 15 weeks after fertilization,
the regression of intelligence score on estimated
D886 uterine absorbed dose is more linear than with
T65DR fetal dose, the diminution in intelligence
score under the linear model is 21-29 points at 1 Gy.
The effect is somewhat greater when the controls
receiving less than 0.01 Gy are excluded, 24-33
points at 1 Gy.
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These findings are discussed in the light of the
earlier analysis of the frequency of occurrence of
mental retardation among the prenatally exposed
survivors of the A-bombing of Hiroshima and
Nagasaki. It is suggested that both are the conse-
quences of the same underlying biological process
or processes.

INTRODUCTION

A voluminous literature testifies to severely delete-
rious, largely histogenetic effects on the embryonic
and fetal brain of exposure to ionizing radiation®;
much of the human evidence stems from studies of
the prenatally exposed survivors of the A-bombing
of Hiroshima and Nagasaki.?~® It is also clear
that radiotherapy for brain tumors or acute leuke-
mia in childhood can produce measurable changes
in mental functioning.®=? "Significant reductions
were found in overall IQ) score for the majority
of [treated] children, younger patients being most
affected."” In the survivors of the A-bombings, the
highest brain doses were an order of magnimde
smaller than the tens of grays used in radiation
therapy, but prolonged hospitalization of young
children has effects on socializalion and intellectual
development that could be added to or confounded
with the effects of radiation. However, studies
of children with brain doses commensurate with
those received by some of the prenatally exposed
survivors in Hiroshima and Nagasaki (as in therapy
for tinea capitis), also suggest an effect on mental
function, 10— 14

In 1986, Schull and Otake'® analyzed intelli-
gence test scores at 10-11 years of age of indi-
viduals exposed prenatally to the A-bombing of
Hiroshima and Nagasaki using the fetal absorbed
dose estimates of Kerr based on the revised T65
dosimetry.1®17 The results revealed the following:
1) no evidence of a radiation-related effect on
intelligence among those individuals exposed within
0-7 weeks after fertilization or after the 25th week;
2) the group most sensitive to the occurrence of
clinically recognizable severe mental retardation,
individuals exposed 8 through 15 weeks after fertil-
ization, had mean tests scores but not variances sig-
nificantly heterogeneous among exposure calegories
and a diminution in intelligence score under the
linear-quadratic model of 21-27 points at 1 Gy. Toa
lesser extent those exposed at 16-25 weeks showed
similar changes; 3) the regression of intelligence
score on estimated fetal absorbed dose was linear or
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linear-quadratic for the group exposed 8-15 weeks
after fertilization and possibly lincar for the 16-25
week group; and 4) the cumulative distribution of
test scores suggesied a progressive shilt downwards
in individual scores with increasing exposure.

These findings were mnccessarily tentative, for a
comprehensive reevaluation of the exposure of the
survivors of the A-bombing of Hiroshima and
Nagasaki had begun in 1981, A new method for the
estimation of individual doses, termed the Dosime-
try System 1986 (DS86),'® became available late in
1987 and is used in the present report to evaluate
the quantitative effect on the developing fetal and
embryonic human brain of exposure to ionizing
radiation, as measured with intelligence test scores,
and for comparison with the findings using the
carlier dosimetry.

MATERIALS AND METHODS

Over the years, ABCC-RERF studies of the effects
of ionizing radiation on prenatal development have
been based on several overlapping samples of
individuals exposed in utero lo the A-bombing of
Hiroshima and Nagasaki,'® differing according to
the purpose for which they were chosen. The results
to be presented here are based on two samples,
namely, one known as the original PES6, on which
the greatest amount of data on intelligence testing
is available, and the other, the clinical sample used
in the analysis of mental retardation. The former
sample includes virtually all prenatally exposed
individuals who received lissue-absorbed doses of
0.50 Gy or more, and many more individuals in
the dose range 0-0.49 Gy than in the clinical
sample. The overlapping relationship between these
two samples and a third, the in utero mortality
cohort, has been described in detail in RERF
TR 7-86.1° Table 1 gives the composition of the
original PE86 sample (1Q) and the clinical sample
(mental retardation).

The Clinical Sample and Severe Mental Retar-
dation.  Of the 1,613 nonexposed and exposed
individuals in the prenatally exposed sample in
Hiroshima and Nagasaki reported by Wood et al,®
10 cases with unknown dose and 5 cases outside
the date of birth restriction were excluded; thus the
sample we use is based on 1,598 individuals.2? This
sample was defined in 1959, and differs from the
original PE86 in two respects.*? It does not include
children prenatally exposed at distances between
2,000-2,999 m in Hiroshima (2,000-2499 m in
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TABLE 1 SAMPLE COMPOSITION OF THE TWO MAIN SOURCES OF INFORMATION ON

INTELLIGENCE TESTING IN THE IN UTERO EXPOSED SAMPLE
F 1 JRPIERE LM OMAERETE M+ 5 = 0 O FA R O 4 [

Sources of data Both cities Hiroshima WNagasaki
1. Original PE8G sample 1759 1012 747
(Unknown dose) 9 9 0
a
2. Clinical sample 1598 1250 348
(Unknown dose) 10 10 0

2 Denotes that § cases in Hiroshima were excluded in 1957 from the clinical sample of 1,265
children because they were found not to have been born between 6 August 1945 and 3]
May 1946. One child tMl'-, exposed at 15 gestational weeks after lertilization,
was assigned to the unknown dose group because two different, widely discrepant shielding
interviews could not be recorrected. The children with unknown dose in Hiroshima thus

increase from & or 9 in RERF TR 7-86 to 9 or 10.

1958 8 A 6 Hdr 5 1M6ES AL AOBIHE L T oS

MRl s A 5L ERT.
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Nagasaki), and those children exposcd at greater
distances or not present in the city were selected
to match in sex and age (trimester) the group
exposed within 2,000 m. However, many of these
unexposed children were not enrolled in the study
group until after the cessation of intelligence testing,
and therefore test scores do not exist upon them.

All of the 30 cases of severe mental retardation
in this sample were diagnosed before the age of
17, based upon clinical impressions and not on
an IQ score, if such existed, and are unchanged
here. A child was judged to be severely mentally
retarded if he or she was "unable to perform simple
calculations, to make simple conversation, Lo care
for himself or herself, or if he or she was completely
unmanageable or had been institutionalized."?

The Original PES86 Sample and Intelligence Test
Scores.  Of the 1,759 exposed and nonexposed
individuals in the original PE86 sample, excluding
9 cases with unknown dose under the T65 system of
dosimetry, intelligence test results are not available
on 86 individuals either because of refusal to
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undergo the test, illness, migration or the like. Thus,
the prenatally exposed population considered here
involves 1,673 children. The routine intelligence
testing was conducted in 1955-56 in the clinical
faciliies at ABCC in Hiroshima and Nagasaki.
Although two intelligence tests, the Tanaka-B and
the Koga, were in vogue when these children were
lested, both 1IQ tests were routinely used only in
Nagasaki, and not in Hiroshima where the Koga
test alone was employed. Accordingly, our analysis
focuses on the Koga test, used on 1,673 survivorstS:
however, the Tanaka-B test results available on 739
subjects in Nagasaki will be examined (o delermine
whether the [indings depend upon the specific test
of intelligence that is used, and where dilferences
arise, atlempt to reconcile them.

The eight mentally retarded individuals on whom 1Q
scores exist had 1Qs that varied between 56 and 64,
The results 1o be presented will routinely include
and exclude these individuals.

Dosimetry. For comparative purposes, the results
of two analyses are presented, one based on the
eslimates of fctal absorbed dose using the T65D
dosimetry after rclocation of the hypocenter in
Nagasaki (commonly referred to as the T65DR),2!
and the other, the DS86 organ dose.!® The T6SDR
fetal zbsorbed doses are merely the estimates of
maternal shielded kerma (T63DR) multiplied by
transmission factors averaged over all stages of
fetal development and without regard o maternal
orientation or posture at the time of exposure.t” Dif-
ferences between transmission factors for estimating
fetal and intrauterine doses were (rivial.!” Phantom
studies*” have shown that the correspondence be-
tween the dose in the uterus and in fetal tissues is
high in the second half of pregnancy, and that uterus
dose may overestimate the energy absorbed by the
developing tissues in the first hall when more [Tuid
surrounds the embryo or fetus.

For survivors within 1,600 m in Hiroshima (2,000 m
in Nagasaki) where the requisite shielding infor-
mation exists, the DS86 estimates are computed
individually without the use of average transmission
factors taking into account orientation and posture,
where known; thus in principle they allow belter
for the circumstances of exposure and the scattering
of radiant energy that occurs within tissues.1® At
greater distances, where the individual doses are
much smaller and detailed shiclding information
does not generally exist, doses are estimated by re-
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gression methods that employ average transmission
factors. However fetal absorbed doses under the
new dosimetry are not yet available, and may not
be for some time. Therefore, the mother’s computed
uterus dose has been used, ignoring the relative
biological effectiveness (RBE) of neutrons.

The correspondence in estimated doses in the two
systems is illusirated in Table 2 and Figure 1.
The lowest dose group, the control or comparison
group, consists of survivors receiving doses of less
than 0.01 Gy plus individuals not-in-city (NIC)
at the time of the bombing (ATB). The principal
difference between the T65DR and DS86 samples is
1) the shift of 39 (24.4%) of the 160 prenatally
exposed survivors in the 0.01-0.09 Gy T65DR-
absorbed dose group to the 0.10-0.49 Gy DS86
group, and 2) an increase in the 1.00+ Gy group
from 9 in the T65DR to 16 in the DS86 (Table
2). These changes reflect the higher transmission
of gamma rays through tissue with the DS86
dosimetry. Neutrons have presumably not been a
significant contributor to most fetal exposures either
under the T65DR or DS86 system of dosimetry and
thus RBE has been ignored.
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TABLE 2 RELATIONSHIP OF FETAL ABSORBED DOSES AND UTERINE ABSORBED DOSES UNDER
THE T65DR AND DS86 DOSIMETRIES FOR THE SAMPLES ON WHICH
INTELLIGENCE TEST SCORES ARE AVAILABLE

2 HAERCEE ORI ThE & L[ TESDR & O DS86 544 i 77 2 1035 ¢
e U B A A B & T AR AR & O B AR

Fetal absorbed

Uterine absorbed dose based on DSB6(Gy)

dose Dbased on

Unknown

T65DR(Cy ) <0.01 0.01-0.09 0.10-0.49 0.50-0.99 1.00+ Subsample dose Total
<0.01 865 47 912 201 @ 1203
0.01-0.09 121 39 160 162 322
0.10-0.49 5 74 16 1 96 15 111
0.50-0.99 9 8 8 25 1 26
1.00+ 7 9 2 11
Total 865 173 122 26 16 1202 471 1673

2 It should be noted that the vast majority of these cases with unknown dose stem from a change in the
method of selection of the comparison group, either the not-in-city (NIC), or at distances beyand 3,000 m.
CALSOBRTMEO AL S, HATES (NIC) 2, BUMA63,00mllnEREOWTRA»TH- 28, RO

HEEOEFI L TRE- LI L2ERT 2.
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FIGURE 1 RELATIONSHIP BETWEEN T65 FETAL ABSORBED DOSE AND DSS6 UTERUS ORGAN
DOSE ESTIMATES FOR SUBSAMPLE OF INTELLIGENCE TEST SCORE
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The numbers of children with unknown DS86
doses bul known T65DR doses are given in Table
2. Each of these has been tentatively assigned
a uterus dose, based on the following procedure:
They were aggregated into 0.10 Gy dose intervals
based on their T65DR doses. This was also done
for the largest Life Span Study (LSS) cohort on
whom both T65DR and DS86 doses exist. The
mean uterus dose within each 0.10 Gy interval was
then calculated for the latter group, and this value
assigned o the individuals in the same T&5DR
interval on whom DS86 doses are not available.

The validity of this procedure rests on a number
of assumptions. Possibly the most important is the
presumption that the same structural lransmission
factors seen among members of the LSS sample
on whom DS86 doses can be computed obtain in
the unknown dose group as well, and in the same
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relative frequencies. This cannot be true strictly, for
al present, the DS86 dosimeltry system has not been
developed to the point where it can accommodate
individuals exposed within concrele structures, air
raid shelters, nonwooden factories, and the like.
Individuals within such structures are not included
in the 75,991 LSS sample members whose dose
distribution serves as the basis for our procedure.
However, the transmission factors for the structures
cited above will, on average, surcly be lower than
those associated with wooden houses or tenements,
and thus our procedure tends to err in assigning
a dose which is actually higher than that probably
received. Given the distances at which most of
the individuals in the unknown DS86 dose group
were exposed, this error should be small in absolute
terms, although conceivably large relatively for
these specific persons.

In the analyses to follow, three different groups will
be used. The first of these involves individuals on
whom a DS86 dose has been either directly com-
puted or assigned by the procedure just described;
this group has been designated the "DS86: PEg6
sample". The remaining two groups are lermed the
"T65DR: PE86 sample” and the "DS86: Clinical
subsample”, respectively.

Gestational Age.  The date of pregnancy ATB
is based upon the inferred first day of the last
menstrual period, and has been calculated with the
following function:

Days of pregnancy ATB = 280 —
JEHL R ARAR H #

where the mean duration of pregnancy is taken to
be 280 days, and the date of birth was obtained
by interview with the individual or his or her
mother. To obtain the age after fertilization, 14 days
have been subtracted from the "days of pregnancy
ATB". Age in days was changed to age in weeks
by dividing by seven and the latter quotient was
presumed to be zero if it was negalive.

The most important single factor in delermining
the nature of the insult to the developing embryo
or fetus resulting from ionizing radiation is its
stage of development at the time of exposure.
Accordingly, since different functions in the human
brain are localized into different structures, and
the differentiation of these takes place at different

TWwad. BToez 3, psss gt E AR,
3z — FEEY, HEgE, kupitoTHL Y
ORI THRL ZHBE oL TORESEMT 2
EZABETHEBERTVEVOT, ZOETILHRSE
CRELVWERBAZY, 227, 2ok 2
mIc e RE N, BRSEAC 2 To FIHEOBR
LR TV ARGIEENOTE M AOF T E&EAT
LaLl, EdoBEHOZEBERIZTTEY
T3¢, AMFRXUEROZBEHLIY LE:
ZERHETHE. LT, TOFMEIL 25
FHEHARIV L ERSVEREB-THET S
fmAH 5. DS86 MM AP EED KB DA RE L
WL AEEME A E AN, COBRER, ChEOBRE
MEHICMLTIEHEBERIREVLEELILSNATYL S
A, HREICRAEVEOTES .

[

MoK TIR, Zo0RLZAREREGE. DO
BEFFTIL, DSB8 MM HEMmA L s AT v a4 i
ML AFHCz LT R h 8 E L 5.
1412 'DS86: PESS B,y &fhTuv s, BO -2
OFIE, Fh e, TT6SDR: PES6 %, 'DSss:
ERERHAEOH S HEHL &IFEhT 05,

;o

RaPaillies.  JGUHREE O BRAR A B, At HEOHEE
Mg H oI s, ROoARXeAVCHRELAL. T4
bbb,

(Date of birth — 6 or 9 August 1945)

FHEAR

T, TEEGEMM 22808 & L, EEABIEEA
Xt lomETHoNLbDHV A, 2%
OHER B #E, TEBEHTEON A S4B 29w T
LA, oA E 7 ¢l T lRAEEY
ko, REOWEIFAILEABELERE Yo LLE
L.

EEPORFLEERIZE Z 2 BRERS S HFO
BHEERET S L CHBHOREEEL, BLEE
ZHRTTHA. L OO A OBREITRS D HE

LRELTHEY, 42, FHEBAOILIIRE 25752



stages of development and over different periods of
lime, gestational ages have been grouped so as to
reflect these phases in normal development. Four
categories measured from the presumed moment of
fertilization have been used: 0-7, 8-15, 16-25, and
26 or more weeks. Briefly, these correspond to the
timing of the following biological events (a fuller
account will be found in the report of an ICRP Task
Group??): In the first period, the precursors of the
neurons and neuroglia, the two principal types of
cells that give rise to the cercbrum, have emerged
and are mitotically active.?® In the second, a rapid
increase in the number of neurons occurs; they mi-
grate to their final developmental sites and lose their
capacity to divide, becoming perennial cells, 2425
In the third, 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 architectural and cellular differentiation
and synaptogenesis.

Statistical Considerations and Methods

A variety of standard regression models have been
fitted to the data: a linear (L), a lincar-quadratic (L-
Q), a quadratic (Q), and a linear exponential (expL)
dependent on the DS86 uterine absorbed doses or
T6SDR fetal absorbed doses. Obviously other
models could have been fitted, but in the absence
of an understanding of the molecular, cellular or
tissue events involved in radiation-related damage to
the developing brain, the ones sclected are simple
and provide a pragmatic basis for risk estimation.
We include the linear exponential model since it is
the common expression connecting cell survival to
dose. In the discussion to follow, emphasis will be
placed upon the linear and linear-quadratic models;
however, it should be noted that neither the sensitive
periods nor the significance of the dose-response
relationships depends upon the specific model that
is fited. As a preliminary to the model fitting, the
homogeneity of 1Q means and variances among four
(or five) dose categorics by gestational ages after
fertilization has been examined.

Three questions have been addressed in this anal-
ysis. First, do the means (or variances) of the
distribution of intelligence test scores within a
gestational age-group differ significantly and sys-
tematically between exposure categories? Second,
do the test scores within a gestational age-group
appear (o conform to a single unimodal probability

RERF TR 3-88

EBELRURZAEMIEIAZOT, Ch60EE%
BIEBRBEEREMTS L) ZIRAEBE LA T8
bt, HEERKHA»SEELT, 0~ 738, 8~153,
16~ 2518 & 12638 1) o2 OnEMIc K5 L 7. il 4
KNS e, ChonFHiErROEHEMRED
BEMHIZHIEL T 2 (H#MZICRP # 25 - Zv— 7
DEMEBRBY 5L L0, E—MTik, e
T s EEMR TSI _a—0uryRtfza—n
FUTOMBMEAEE L, @ERERCERTH
TEBE I, D MA AL, —a
OB RESEAEEDL, Mas o
FiE s k- TS EMMPM L 2 5,305 = oI,
WENSEARESH, SMESAITEES Y+ 7R
OHEAML, B B 2 MlamsE e, 8
T, L THME MR+ 72
TR ARERET 5.

MErFENBERUAE

fill » DEEHEMBERMET VAT — Y ICBEE 4/, F
ths, WEETV(L), #F-2KkE70(L-Q),
2HETIN(Q) R UBIEIZHE 7TV (expl) & DS86
T WY 45 R 3L 1E TE5DR G R gt 2 s & ¢
. MEHiz, DEFILEBRGEESZLETE S
A, SO RIES AT M5 5 5T
Mla X TEMBER IV THERbroT VLY
DT, BENALETVTHEMTEY, YASHED
HEPEAMIAELEE L T WS, MlandkFsai:o
BRI om0 PR 4 0 CHIBIRREF L EED D,
BFOTEE, OBTI, BETTLRVEE-2X
ETFNICEGsES. LaL, BEEOMEIAL MR
EEMEOEEELES 243 EE 7V I2KF
LEVRIZEHETRETHE, ETFNLHE~O TG
HELT, ZIRBEEANERNONS (RizH2)0
MR TIQ OFHE SO SEEIE S Ha s,

AT, Zo0MBIouTHRELAE, B,
FFE O NGRS 12 5 1 B AREMEE O $ 4 (i
o), ERRRBMTERC» RN ICR L S
D e, B, BEOKMERIENICBITS
ENHERR A (LAY N A MBI I S A R T A I A,



RERF TR 3-88

distribution, or is there any 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
with the level of an individual’s radiation exposure,
and if so, what is the form of the dose-response
relationship?

RESULTS

Means and Variances. Tables 3a and b present
estimates of mean test scores (and standard devia-
tions) for the four previously identified catcgories
of embryonic or fetal age (0-7, 8-15, 16-25, and 26
weeks or more), and five categories of absorbed
dose (less than 0.01, 0.01-0.09, 0.10-0.49, 0.50-
0.99, and 1 Gy or more) in the PE86 sample based
on the T65DR doses, the clinical subsample based
on the DS86 doses and the PE86 sample based on
the DS86 doses.

Table 3a includes data on those eight mentally re-
tarded children (5 in Hiroshima; 3 in Nagasaki) who
were given intelligence tests; Table 3b does not.
These eight children, whose diagnosis of mental
retardation was made clinically without reference to
the intelligence Lests, 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 T65DR
exposures of 0.5 Gy or more. Furthermore all three
in the 16-25 week group in the clinical sample and
the PE86 sample had exposures of 1 Gy or more
based on the DS86 system. Clearly, their presence
has an important effect on the mean score among
the 45 individuals of all gestational ages with DS86
exposures of 0.5 Gy or more, and they have been
excluded from some of the analyses in an effort
to ascertain whether an effect on intelligence also
exists among the children not clinically recognized
as retarded.

As is apparent from Table 3a, the mean IQ scores
decrease significantly and systematically with uter-
ine or 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 significantly with dose only in the age-group
8-15 weeks; the means for females are significantly
different among dose categories in the age-groups
8-15 and 16-25 weeks for the PE86 sample based
on the T65DR doses. A similarly highly significant
decreasing trend, however, was observed for males
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and females in the 8-15 week group and also for
males and females in the clinical subsample based
on the DS86 doses, and for males and females in
both the 8-15 and 16-25 weeks in the PE86 sample,
again, based on the DS86 doses.

Within cities (sexes pooled), all IQ means excepl for
the 0-7 week group are significantly helerogeneous
among dosc categories in Hiroshima and Nagasaki,
as judged by the PEB6 sample and the T65DR
dosimetry.  However, significant helerogeneity
among dose calegories is restricted to the two
sensitive gestational age categories in Hiroshima [8-
15 (significant at the 1% level) and 16-25 (1%)]
for the clinical subsample based on the DS86
system, and also in both cities [8-15 (1%) and 16-
25 (1%)] for the PER6 sample based on the same
dosimetric system. These further subdivisions make
the individual sample sizes smaller, and the possible
distorting effect of the inclusion of the clinically
mentally retarded greater.

TABLE 3a
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MEAN INTELLIGENCE SCORE (KOGA) BY GESTATIONAL AGE AT EXPOSURE AND

[FETAL OR UTERINE ABSORBED DOSE BASED ON THE T65DR AND DS86 DOSIMETRIES. ALL
INDIVIDUALS ON WIIOM INTELLIGENCE TEST DATA ARE AVAILABLE ARE TABULATED,
INCLUDING THOSE DIAGNOSED CLINICALLY AS MENTALLY RETARDED

# 3

FEmpemAE (HER), FREGAEED, A 012 TESDR M O DS8G S E H X 1

g IER X e R, BIIRAY (SRR & h o RiRERE 2 & O
MR T - OB £ g E

Bestatibua Dose Categories (Gy) F* .
ages (Weeks) <0.01 0.01-0.09 0.10-0.49 n.50-0.99 .00+ ALl (df,, df,)
A. PEBf sample based on TAS5DR
0-7 Weeks
H 200 h9 L6 2 2 269 1.58
Hean 107.0 102.1 108.9 98.5 95.0 106.1 {6, 264) 0.18
5D 14.54 15.41 15.24 19.09 42,43 15.03
8-15 Heeks
N 229 7B 32 7 4 350 9.88
Mean 108.4 111.8 102.0 83.1 76.1 107.7 (4, 345) <0.01
5D 15.76 17.35 16.88 25.53 9.74 17.22
16-25 Weeks
N 341 96 28 13 2 480 6.29
Hean 110.7 106.5 107.6 7.0 71.5 109.2 (4, 475) <0.01
5D 15.54 16.57 10,66 25.78 16.26 16.21
26+ Weeks
N 433 99 5 & 3 574 2.09
Hean 108.2 103.7 104.9 114.5 108.0 107.3 (4, 569) 0.08
5D 15.46 16.40 15.98 10,50 B.89 15.67
All gestational ages
1203 32 111 26 11 1673 10,54
Mean 108.8 106.3 105.3 95.1 B7.5 107.7 (4, 1668) <0.01
5D 15.43 16.82 15.01 24,60 22,13 16.08

(Continue it <)
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TABLE 3a Continued #t &

i abatimad Dose Categories (Gy) e
ages (Wecks) <0.01 0.01-0.09 0.10-0,49 0.50-0.99 1.00+ AlL (dl,. di,) .
3 linica

S ks B. Clinical subsample based on D586
N 142 21 13 1 2 179 1.51
Hean 106.2 109.1 97.% 115.0 95.0 105.9 (3, 175°) g.19
E11) 14.76 16.62 12.68 - 42,43 15.25

8-15 Waeks
H 171 39 34 7 3 156 10,62
Hean 107.3 110.5 102.4 90.6 69,2 105.9 (4, 251) <0.01
sD 14.57 17.01 14.27 22.58 9.86 16,24

16-25 Weeks
N 253 48 34 13 4 352 6.40 <0.01
Hean 111,0 108.3 107.9 104.1 734 109.7 (&, 347)
50 15,21 18,49 15.02 15,83 24.60 16.28

26+ Weeks
N 299 65 41 ) 5 415 1.70
Hean 108.2 103.2 106.0 101.0 105.2 107.1 (4, 410) 0.15
50 15.24 16.52 14.10 12.10 21.31 15.43

All gestatienal ages
N BES 173 122 26 16 1202 11.96
Hean 108.5 107.0 104.7 100.3 Ba.7 107.4 (4, 11g7) =0.01
SD 15,10 17,33 14, 44 1257 25.64 15.89

0-7 Weeks c. PEB6 sample based on DSBE
H 196 52 18 il 2 269 0.1%
Hean 106.6 105.1 103,7 115.0 95.0 106.1 (3, 285) 0.76
5D 14.33 16.53 15.79 _ 42,63 15.03

=15 Weeks
H 218 79 40 7 6 350 10,89
Hean LOB.4 111.6 04,7 20.6 7l.5 107.7 (4, 345) <0.01
sD 15.81 17.82 15.39 12.58 10,46 17.22

16-25 Weeks
N 327 99 is 15 4 480 7.42
Hean 110.7 107.4 107.4 100.7 73.3 109.2 (4, 475) <0.01
sn 15.42 16.67 15.11 17.17 24.60 17.11

264+ Heeks
H 415 105 LT 5 5 574 1,52
Hean 108.2 104, 4 106.5 101.0 105.2 107.3 (4, 569) 0.19
50 15.47 16.85 13.92 12.10 21.131 15.67

All gestational ages
N 1156 338 132 28 17 1673 1285
Hean 108.7 107.1 105.8 98.8 84.6 107.7 (4, 1668)  <0.01
5D 15,38 17,14 14,81 17.84 24.83 16.08

4+ Indicates the significance of the difference among dose means within an age-group.
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The two high dosa categories were combined when the cases were few in number,
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the original PEBE baszed on T6SDR (A); 0, 0.04, 0.23, D.64,
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TABLE 3b MEAN INTELLIGENCE SCORE (KOGA) BY GESTATIONAL AGE AT EXPOSURE AND
FETAL OR UTERINE ABSORBED DOSE BASED ON THE T65DR AND D$86 DOSIMETRIES. ALL
INDIVIDUALS ON WIIOM IQ DATA ARE AVAILABLE ARE INCLUDED EXCEPT THOSE DIAGNOSED
CLINICALLY AS MENTALLY RETARDED

#3b THMAERTME (HEA), FBEEAEER, 3090 TESDR & U DSS6H i #E # X
12D (IR S T R BRI R s
fEwizlQ 7 F—sOR MBS it sE

SN T Dose Categories (Gy) - P s
sges (Meeks) "5 01 0.00-0.09 0.10-0.48 0.50-0.99  1.00+ Al (dEy, dEp)
A PEBE sample based on TEODR
0=-7 Heeks S
M 200 49 16 2 2 269 1.58 0.18
Hean 107.0 102.1 108.9 96.5 95.0 106.1 (4, 264)
sp 14.54 15.41 15.24 19.09 42,43 15,03
8-15 Weeks
n 228 78 32 5 3 346 5,54 <0, 01
Hean 108.6 111.8 102.0 92.4 81 .0 108.3 (4, 341) !
5D 15,40 17.35 16,88 24.39 2.65 16.51
16-25 Weeks
N 341 95 28 11 1 477 2,93 a6
Hean 110.7 106.5 107.6 103.5 83.0 109.5 (3, 473)
5D 15,54 16.57 10.66 22,32 - 15.80
26+ Heeks
H 432 99 35 4 3 573 2.22 e
Mean 108.3 103.7 104.9 114.5 108.0 107.4 (4, 568) :
sD 15.30 16,40 15,98 10,50 9,89 15.56
All gestacienal ages
H 1201 322 111 22 El 1665 5.30 «0.01
Hean 108.8 106.3 105.3 102.5 93.3 107.9 (4, 1660)
5p 15.30 16.82 15.01 20.91 19,96 15,78
B. Clinical subsample based on DSB6
0-7 Heeks
N 142 21 13 1 2 179 1.61 0.19
Mean 106.2 109. 1 97.9 115.0 95,0 105.9 (3, 175) ;
sn 14,76 16,62 12,68 = 42.43 15.25
8-15 Weeks
] 170 19 34 6 3 252 5.76 <0.01
Mean 107.6 110.5 102.4 95.0 76.0 106.7 (4, 247) ’
sD 14,07 17.01 14,27 2135 3.46 15.26
16-25 Weeks
N 253 4B 34 13 1 349 1.35 0.26
Hean 111.0 108.3 107.9 104.1 110.0 110.1 (3,345 )
sD 15.21 18.49 15.02 15.87 = 15.71
26+ Heeks
N 298 65 41 5 5 414 1,86 0.12
Hean 108.4 103.2 106,0 101.0 105.2 107.2 (4, 409) T
sp 15.00 16,52 14,10 12.10 1.1 15.28
All pestational ages
N 863 173 122 25 11 1194 4,71 ot
Mean 108.7 107.0 104.7 101.7 95.8 107.7 (4, 1189)
sp 14.92 17,133 14,44 16.27 23,37 15,46
C. PESE sample based op [SBE
0-7 Weeks
N 196 52 18 1 2 269 0.39 —
Mean 106.6 105.1 103.1 115.0 95.0 106.1 (3, 265) ?
sD 14.33 16,353 15.79 - 52,43 15.03
B-15 Weeks
] 217 79 40 3 4 46 6.04 ]
Mean 108.6 111.6 104.7 95.0 77.8 108.3 (4, 341)
5D 15.44 17.82 15.39 21.15 4.50 16.51
16-25 Weeaks
N 327 99 35 15 1 477 2.87 0.04
Mean 110.7 107.4 107.4 100.7 110-0 109.5 (3, 473) '
sp 15.42 16.67 15.11 17,17 - 15.80
26+  Weeks
N 414 105 44 5 5 573 1.64 0.15
Mean 108.13 104.4 106.5 101.0 105.2 107.4 (4, 568)
sD 15,30 16.85 13.92 12.10 21.31 15.56
All gestational agas
H 1154 iis 137 7 12 1665 5.49 <0.01
Hean 108.8 107.1 105.8 100.0 94. 8 107.9 (4,1 660)
5D 15,24 17.14 14,81 16.80 22.59 15.78

Ser footnote in Table la.
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Table 3b exhibits the 1Q means when the mentally
retarded are excluded; again, they vary significantly
with dose for the age-groups 8-15 and 16-25 weeks
for the PE86 sample based on the T65DR doses.
Significant heterogeneity is also noted in the 8-15
week interval in both the DS86 clinical subsample
and the DS86 PE86 sample, but not for the 16-25
week group in the D886 clinical subsample. Three
of the four children who were exposed to 1 Gy or
more 16-25 weeks after fertilization were severely
mentally retarded.

Rigorous interpretation 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 not, the results to be described have appli-
cability only to the former. Second, the validity
of the statistical procedures used rests upon certain
assumplions about the nature of the underlying
distribution 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, and may be actively misleading.
Third, if one is to conclude that the effects are due to
exposure o ionizing radiation, it must be shown that
the dose groupings are not related to other factors
affecting intelligence.

When examined by Bartlett's test (Figure 2), there
is no compelling evidence that the variances are
different either among dose groups for fixed ges-
tational ages, or among gestational ages for fixed
dose groups.

The Distributions of Intelligence Test Scores.
Most of the tests of significance we have or will
use have been derived under the assumption that
the variable of interest is normally distributed. Al-
though generally robust against modest departures
from normality, they presuppose a symmetric, bell-
shaped curve. To determine whether this is or
is not so in the present instance, the skewness of
the distributions of intelligence test scores within
age- and age-exposure-groups was examined using
Fisher’s estimate®® and the cumulative distributions
were plotied to search for inflections that might
suggest asymmelry. In the DS86 clinical subsample,
of the 20 measures of skewness in the age-exposure
cells in Table 3a, 9 are positive, 9 are negative,
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FIGURE 2 DISTRIBUTION OF INTELLIGENCE TEST SCORES BY GESTATIONAL AGE ATB
AND ESTIMATED UTERINE ABSORBED DOSE
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Chi-square value denotes a test of homogeneity of variances.
See Table 3a for number of individuals in each dose category.

and 2 are indeterminate (the sample sizes are two
or less). They range from —0.96 to 0.34 and no
one deviutes significantly from zero. These findings
are consislent with a single unimodal probability
distribution; alternatively, there is no evidence of a
commingiing of two or more distributions which
could be interpreted as supporting the notion of
groups of individuals with differing sensitivities to
ionizing radiation.
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Figure 2 presents graphically the age-by-dose
group-specific frequency distributions of the intel-
ligence test scores for the DS86 clinical sample.
The cumulative probability distributions associated
with the test scores, with and without inclusion of
the clinically diagnosed cases of mental retardation,
differ liwle, if at all, from that expected of a
homogeneous sample from a normal distribution
(data not shown). This suggests that the difference
in means (but not variances) previously described
results from a shift in the distribution of scores
downwards as exposure increases, and is not at-
tributable solely to the inclusion of a qualitatively
different group of individuals who respond more
exlremely to exposure lo ionizing radiation.

Regression Analyses. A better analytic approach
than analysis of variance, one that does not depend
upon grouping of data and provides explicit esti-
mates of risk, is to fit a regression 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 intervals).

Table 4a presents the regression coelficients ob-
tained when a linear dose-response model is fitted
to all of the data available for the three samples
and for the two systems of dosimetry. Significant
linear coefficients occur for the 8-15, and 16-25
week age-groups in all three samples. Significant
heterogeneity exists 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 become a little smaller
(about half to two-thirds of their former values).
The coefficients for the four age-groups are not
significantly heterogeneous for the PE86 sample
based on the T65DR doses, but are for the clinical
subsample and PE86 sample based on DS86. The
loss in 1Q appears substantial (21 to 29 points per
gray of absorbed energy, based on DS86, for the
8-15 week group and 10 to 21 for the 16-25).

To examine the internal consistency of the data
further, the control cases, those individuals who
received less than 0.01 Gy or were not in Hiroshima
or Nagasaki ATB, have been excluded and the
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FIGURE 3 MEAN TQ SCORE AND 95% CONFIDENCE LIMITS BY GESTATIONAL
AGE IN WEEKS AND TISSUE-ABSORBED DOSE
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The numbers in parantheses are severe mentally retaraed cases, where the highest |Q scora among them was 64,
AN OB EEMMRFLN, EEMMAREIC IQRSHEMT S 2.

See Table 3b on these results of A 8, and C, respectively, when the severe mentally retarded cases ware excluded.

MEMBEES*RELABEOA, B, CFAFNANERIZ2OTIREIL &0,
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TABLE 4a THE REGRESSION COEFFICIENTS OBTAINED WHEN A LINEAR MODEL OF
INTELLIGENCE TEST SCORE ON INDIVIDUAL FETAL OR UTERINE ABSORBED DOSE IS
FITTED TO ALL OF THE DATA AVAILABLE
FZda AL TFEmEER T 2miEREE~OBFEE 7 L2 BIRATHEY

EF—FIILETRODTHLAARRFE

Regression Ccefficients Mean Squares
Gestational about
Ages (Weeks) Regression
a Sa b Sp

All cases included

A. PEB6 sample based on T65DR

0-7 106.32 0.942 -0.0570 0.0613 226.0
8-15 109.0 0.920 =0.2119** 0.0394 274.4
16-25 110.2 0.752 ~0.2070%* 0.0424 250.7
26+ 107.4 0.676 -0.0334 0.0548 245.9
All 108.4 0.402 —0.1551+* 0.0234 252.1
Heterogeneity x?(df=3) 11.07 P=0.01
B. Clinical subsample based on D586
0-17 106.0 1.1%0 -0.0274 0.0527 233.4
8-15 108.2 0.9%0 —-0.2900** 0.0422 223.2
16-25 111.0 0.892 ~D.2036%* 0.0441 250.6
26+ 107.3 0.796 -0.0420 0.0503 238.3
All 108.4 0.472 —0.1579*%* 0.0237 243.5
Heterogeneity x° (df=3) 22.30 P<0.01
C. FEB6 sample based on DSB6

0-7 106.1 0.941 -0.0170 0.0510 226.6
B-15 109.5 0.916 -0.2530%"*% 0.0385 266.0
16-25 110.3 0.758 -0.2138** 0.0417 249.5
26+ 107.5 0.682 -0.04869 0.0503 245.7
All 108.5 0.404 =0.1572%* 0.0224 251.4
Heterogeneity X°(df=3) 20.08 P<0.01

After exclusion of clinically diagnosed casas of retardation

A. PEB6 sample based on TE&5DR

0-7 106.3 0.942 -0.0570 0.0613 226.0
8-15 109.2 0.899 —0,1675%% 0.0415 260.9
16-25 110.0 0.753 =0.1333% 0.0529 246.9
26+ 107.5 0.672 -0.0352 0.0544 242.4
All 108.4 0.398 -0.1113%% 0.0253 246.2
Heterogeneity x?(df=3) 4.75 P=0.19
B. Clinical subsample based on DS86
0-7 106.0 1.170 -0.0274 0.0527 233.4
8-15 108.3 0.977 -0.2501 %% 0.0508 2131
16-25 110.6 0.894 -0.09765ug 0.0566 245.3
26+ 107.4 0.789 -0.0444 0.0498 233.5
All 108.3 0.467 ~0.1021** 0.0264 236.1
Heterogeneity x?(df=3) 11.82 p<0.01
C. PEB6 sample based on DS86

0-7 106.1 0.941 -0.0170 0.0510 226.6
8-15 109.5 0.905 -0.2100** 0.0450 257.0
16-25 110.1 0.761 =0.,1329%k 0.0522 246.8
26+ 107.6 0.678 -0.0487 0.0500 242.2
All 108.4 0.401 -0.1095** 0.0247 246.1
Heterogeneity x° (df=3) 9.96 P=0.02

The coefficients are expressed as change in IQ points per 0.01 Gy of
exposure.

2 0.00Gy G0N0 1QEOBeR T,

** Significant at <0.01 level, * at <0.05 level, and Sug at <0.10 level.
<001 RETHE, * <0.05kETHE, Sug. <0.10K8 THME
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analysis just described repeated. The results are
found in Table 4b. There is again a significant effect
of exposure during the 8-15 week interval and the
regression coelficients are little changed. The loss
in 1Q is 24-33 points per gray based on the DS86
doses. However, the results are less clear-cut with
regard to the period 16-25 weeks; the regression co-
efficient is significant only if the mentally retarded
are included. The coefficients among the four age-
groups are significantly heterogeneous in all three
samples irrespective of the exclusion of the mentally
retarded.

Table 5a gives the resulis of fitting a linear-
quadratic model to the data with the controls in-
cluded. For the age-group 8-15 weeks, the linear
regression coefficients are significantly different
from zero in all three samples whether the mentally
retarded are or are nol included, but a significant
quadratic coeflficient obtains only in the T6SDR
PE8S6 sample when all cases are included and it
is posilive, not negative. For the age-group 16-
25 weeks, there is only one significant quadratic
coelficient; it occurs in the clinical subsample when
all cases are included. Regression coefficients
associated with the linear and quadratic terms in
dose are significantly different from zero for the
0-7 week group in the clinical subsample and
the PE86 sample based on the DS86 doses, but
they scem not o suggest a substantial decline in
IQ with the dose since the coefficients of the
quadratic term are not negative but positive. When
tested separalcely, the quadratic terms in the clinical
subsample are statistically heterogeneous among the
four age-groups but the other quadratic terms and
all linear terms are not so. Afler exclusion of
the clinically diagnosed cases of mental retardation,
no significant heterogeneity is observed among the
linear or quadratic terms. The results of fitting
a lincar-quadratic model, when the controls are
excluded, are shown in Table Sb. The resulls are
almost the same as those with the controls included
for the 8-15 and 16-25 weeks age-groups. For
the 0-7 weeks, significant regression coefficients
are obtained only in the clinical subsample with
or without the inclusion of the mentally retarded.
The linear coefficients are significantly different
among the four age-specilic groups in all three
samples with and without inclusion of the cases
of mental retardation, but the quadratic terms are
heterogeneous only if the cases of mental retardation
are included.
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TABLE 4b  THE REGRESSION COEFFICIENTS OBTAINED WHEN A LINEAR MODEL OF
INTELLIGENCE TEST SCORE ON INDIVIDUAL FETAL OR UTERINE ABSORBED DOSE 1S
FITTED TO ALL OF THE DATA EXCLUDING THE CONTROL CASES
#edb HAORRR T ERAUE AN 5 FEE A A O BT 70 & o EE £ B ¢
ET— IS THEBLTEShARBFEY

Regression Coefficients Mean Squares
Gestational about
kges (Weeks) Regression
a Sa b Sb

All cases except the controls included

A. PE86 sample based on T65DR
0-7 103.6 2.207 -0.0175 0.0727 265.6
B-15 110.6 1.845 “0.2297*%% 00,0465 324.2
16-25 108.4 1.633 -0.1788B** 0.0495 272.2
26+ 104.0 1.572 0.0369 0.0631 258.5
All 107.2 0.892 —0.1370%% 0.0275 287.5
Heterogeneity x° (df=3) 14.95 P<0,01

B. Clinical subsample based on D586
0-=17 105.0 3.248 -0.0172 0.0665 300.9
8-15 111.0 2.064 ~( . 3250%* 0.0507 241.2
16-25 110.9 2.216 —0.2014*=* 0.0581 303.1
26+ 103.8 1.781 0.0266 0.0595 245.8
All 107.7 1.114 ~0.1483%x 0.0296 284.0
Heterogeneity x?(df=3) 26.02 P<0.01

C. PE86 sample based on DS86
a=-7 104.6 2.185 0.0017 0.0617 285.8
8-15 112.0 1.705 —0.2857 %% 0.0452 288.0
16-25 109.3 1.599 =0.1960%* 0.0497 275.6
26+ 104.7 1.511 0.0104 0.0586 25T
All 108.0 0.860 -0.14985%%* 0.0265 285.2
Heterogeneity x?{df-Si 23.41 P<0.01

After exclusion of clinically diagnosed cases of retardation
and the controls

A. PEB6 sample based on T6E5DR
0-7 103.6 2.207 -0.0175 0.0727 265.6
8-15 110.5 1.800 =D.1836%* 0.0485 307.3
16-25 197 .5 1.645 -0.0812 0.0618 256.5
26+ 104.0 Y.972 0.0369 0.0631 25B.5
All 106.8 0.881 -0.0863%* 0.0296 275.8
Heterogeneity X° (df=3) B.73 P=0.03

B. Clinical subsample based on DSB86
0-7 105.0 3.248 -0.0172 0.0665 300.9
8-15 110.5 2.136 —0.289] ** 0.0634 243.2
16-25 108.7 2.293 0.0542 0.0762 282.7
26+ 103.8 1.781 0.0266 0.0595 245.8
All 106.9 1.108 -0.0775% 0.0330 278,77
Heterogeneity x° (df=3) 15.08 P<0.01

C. PEB6 sample based cn DS86
0-7 104.6 2.185 0.0017 0.0617 285.8
8-15 111.6 1.718 ~0.2415** 0.0522 286.0
16-25 108.1 1.636 -0.0882 0.0629 265.0
26+ 104.7 xSl i 0.0104 0.0586 2507
All 107.5 0.858 -0.0926%* 0.0293 276.9
Heterogeneity X*(df=3) 13.57 P<0.01

See the footnote in Table 4a.
Fda OMIEEMR.
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TABLE 5a THE REGRESSION COEFFICIENTS OBTAINED WHEN A LINEAR-QUADRATIC MODEL OF
INTELLIGENCE TEST SCORE ON INDIVIDUAL FETAL OR UTERINE ABSORBED DOSE IS FITTED TO
ALL OF THE DATA AVAILABLE

#5a fEl ADHRE T FERRAR ST 2MEREEAORE-2 KE7 L & FH TS
EF-FIIYTROTHL A LERGE

Regression Coefficients Mean Soguares
Gestational about
Ages (Weeks) Regression
a Sa b 9% = 3¢

All cases fincluded

A. PEB6 sample based on TESDR

-7 106.3 0.972 -0.1007 0.1657 0.000380 0.001339 226.8
B-15 109.¢6 0.950 =0.3970%* 0.0926 0.001119%* 0.000507 271.4
16-25 110.0 0.770 -0.1372 ¢.0868 -0.000611 0.000663 250.8
264 107.8 0.694 -0.1501 0.1271 0.001328 0.001304 245.9
all 108.4 0.411 ~B.1682Y 0.0487 0.000110 0.000320 252.3
Heterogenelty x* (df=3) 5.38 Pp=0.15 4.70 P=0.20

B. Clinical subsample based on DSB6

- 106.7 1.186 -0.3399% 0.1347 0.001641% 0.000653 226.8
8-15 108.1 1,034 -0.2584+* 0.1106 -0.000285 0.000921 224.0
16-25 110.8 0.911 -0.0361 0.0928 ~0.001675* 0.000818 248.3
26+ 107.4 0.824 -0.10049 0.1280 0.000708 0.001415 238.8
A1l 108.5 0.484 ~0.2069+%* 0.0481 0.000419 0.000358 243.4
Heterogeneity x° {df=3) 4.57 P=0.20 10.52 B=0.01

C. PERG sample based on DSBE

0-7 106.6 0.970 -0.24135ug 0.1245 0.001208* 0.000612 224.2
f-15 108.7 0.356 =0.3355%* 0.0%2686 0.000613 0.000655 266.1
16-25 110.0 0.774 -0.0689 0.0884 ~-0.00149%1s5ug 0.000C802 248.2
26+ 107.6 0.7a7 -0.1192 0.1250 0.000883 0.001396 245.0
All 108.6 0.415 =0.2024* 0.0458 0.000369 0.000326 251.3
Heterogeneity 7 (df=3) 4.63 P=0.20 7.53 P=0.06

After exclusion of elinically diagnosed cases of retardation

A. PEBG6 sample based on TES5DR

0D-7 106.3 0.972 -0.1007 0.1657 D.000380 0.001339 226.8
8-15 i049.8 0.927 -0.2866%* 0.l004 D.0006B3 0.000524 260.4
16-25 109.9 0.774 -0.0654 0.1242 -0.000873 0.001447 247.2
26+ 107.7 0,630 =0.1555 0.1262 0.D01368 0.001295 242 .4
A1l 108.4 0.407 -0.1187+* 0.0502 0.0000D60 0.000349 246.3
Heterogeneity x° (df=3) 2.24 P=0.52 1.44 P=0.70
B. Clinlcal subsample based on DSB86
0-7 106.7 1.186 =0.3395¢+ 0.1347 0.001641% 0.000653 226.6
B~-15 108.3 1.019 -0.2611% 0.1217 0.000117 0.001170 213.9
16-25 110.86 0.921 -0.0593 0.1560 -0.000615 0.002330 246.0
26+ 107.6 0.817 =-0.1083 0.1267 0.000768 0.001400 233.9
all 108.5 0.477 =0.189g%* 0.0483 0.000813* 0.000375 235.4
Heterogeneity x? (df=3) 2.67 P=0.45 1.99 P=0.58
C. PEBR6 sample based on DSB6

0-7 106.6 0.970 -0.24135ug 0.1245 0.001208* 0.000612 224.2
8-15 109.8 0.944 =-0.2930¥ 0.0%80 0.000630 0.000669 257.1
16-25 110.0 0.788 -0.0514 0.1497 -0.001278 0.002202 247.1
26+ 107.7 0.702 -0.1252 0.1241 0.000933 0.00138¢ 242.4
All 108.6 0.411 I i L 0.0462 0.0005875ug 0.000336 245.8
Heterogenelty ,x° (df=3) 2234 P=0.51 e 38 P=0.71

See the footnote in Table 4da.
Fda MWiEBM.
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TABLE 5b THE REGRESSION COEFFICIENTS OBTAINED WHEN A LINEAR-QUADRATIC MODEL OF
INTELLIGENCE TEST SCORE ON INDIVIDUAL FETAL OR UTERINE ABSORBED DOSE IS FITTED TO

ALL OF THE DATA EXCLUDING THE CONTROL CASES

£5b AOIR L FEBRIAR I8+ 2 MERFEAOBK- 2 kT 70 & % B¢
ETF-F LU TIEHTHELNLERFY

Regression Coefficients

Mean Sguares

model to the data with the controls included, and
Appendix 2b the results when the controls are
excluded. In Appendix 2a, significant quadratic
coefficients are seen for the 8-15 and 16-25 weeks
age-groups for all three samples, and the four age-

Gestatlional about
Ages (Weeks) Regression
a 5a b 5h c Sga
All cases except the controls included

k. PEBE sample based cn T65DR
a-7 103.1 2.594 0.0682 0.2185 -0.000&8BA 0.001653 268.9
8-15 113.4 2.087 -0.5296%% 0.1165 0.001670#%* 0.000598 306.7
16-25 107X 1.812 -0.0342 0.1072 ~-0.001138 0.000750 269.17
26+ 103.8 1.839 0.0649 0.1624 -0.000285 0.001524 260.3
All 107.0 1.001 -0.1175* 0.0616 -0.000136 0.000386 288.0
Heterogeneity x?(df=3) 14.41  p<0D.01 9.35 P=0.03

B. Clinical subsample based on DS86
0-7 10.4 3.689 -0.4634* 0.1860 0.00D2112+ 0.000821 260.3
B-15 111.8 2.514 -0.4073%* 0.1481 0.000829 0.001116€ 243.2
16-25 108.1 2.520 0.0514 0.1298 -0.002171+* 0.001001 291.9
264 102.8 2.169 0.1547 0.1701 -0.001359 0.0016849 246.6
Aall 108.3 1.276 =0 1987w 0.0650 0.000384 0.000432 284.2
Heterogeneity x* (df=3) 11.486 P<0.01 11.89 F<0.01

C. FES86 sample based on DSBE
a-7 0€.8 2.578 -0.2467 0.1703 0.001229 0.000787 280.1
B-15 113.9 1.966 -0.4941%* 0.1192 0.001421sug 0.000753 282.5
16-25 107.5 1.758 0.0263 0.1095 -0.002058* 0.000906 268.2
26+ 104.2 1.B27 0.0875 0.1645 -0.000838 0.001669 258.9
All 108.4 0.970 -0.1945%% 0.0583 0.000330 0.000381 285.3
Heterogeneity x° (df=3) 13.26 P<0.01 10.84  P=0.01

After exclusion of clinically diagnosed cases of retardation and the controls

A. PEB6E sample based on TH5DR
0-7 103.1 2.584 0.06B2 0.2185 -0.000688 0.001€53 268.9
8-15 112.6 2.092 =0.4033%* 0.1292 0.001162Sug 0.000€35 301.2
16-25 106.1 1.878 0.1364 0.1548 ~-D0.002509 0.001638 253.9
264 103.8 1.839 0.0649 0.1624 -D.000285 0.001524 260.3
All 106.5 0.987 -0.0471 0.0631 -0.000204 0.000404 276.1
Heterogeneity x? (df=3) 9.45 P=0.02 3.23 P=0.16

B. Clinical subsample based on DSBE
0-7 110.4 3.689 -0.4634* 0.1860 0.002112+ 0.000831 260.3
8-15% 111.8 2.606 ~0.42086* 0.1702 0.001216 0.001462 244.2
16-25 107.3 25907 D.1304 0.2550 -0.002565 0.002940 283.5
26+ 102.8 2.169 0.1547 0.1701 -0.001359 0.001689 246.6
All 107.8 1.250 -D.1644* 0.0649 0.000691 0.000444 269.5
Heterogeneity x° (df=3) 10.08 p=0.02 5.14  P=0.16

C. PEB6 sample based on DSBE
0-7 106.8 Z2.578 ~-0.2467 0.1703 0.001229 D.000787 280.1
B-15 113.4 1.986 -0.43B6*> 0.1249 0.0013555ug 0.000782 281.5
16-25 106.7 1.921 0.1674 0.1929 ~-0.003627 D.002589 263.2
26+ 104.2 1.827 0.0875 D.1645 -0.000838 0.001669 258.9
All 108.0 0.961 -0.1552** D.D58B7 0.000479 0.000390 276.€
Heterogenelty x? (df=3) 10.33  Pp=0D.02 4.66 P=0.20

See the footnote Iin Table da.
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group-specific regression coefficients are signifi-
cantly heterogeneous in the clinical subsample and
PEB6 sample based on the DS86 doses. When
the cight cases of mental retardation are excluded,
the regression coefficients associated with the 8-15
and 16-25 week age-groups are again significant
but less strikingly so; however, the actual values
of the coefficients change little. In Appendix 2b,
there is again a significant effect of exposure in the
8-15 week interval and the regression coefflicients
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 cases are included. As mentioned
above, the results of [itting a quadratic model are
very similar to those derived from a linear model.
When the mean squares about the regression are
compared (Table 4a vs Appendix 2a, and Table 4b
vs Appendix 2b), there is no evidence supgesting
the superiority of a quadratic model over a linear
one.

Appendixes 3a and b show the regression coeffi-
cients estimated when a linear exponential is fitted.
The results are very similar to those obtained by
fitting a linear model.

Findings with Respect to the Tanaka-B Test of
Intelligence. As earlier noted, two tests of intel-
ligence were routinely used in Nagasaki, namely,
the Koga test, which has been the basis of Lhe
results thus far described, and the Tanaka-B. There
naturally arises the question whether the two tests
in Nagasaki reveal the same effect, and if not, why
not. As a preliminary to a discussion of this issue,
the bivariate distribution of the two intelligence test
scores, the Tanaka-B and Koga, on the 739 children
tested in Nagasaki is shown in Figure 4 with
the 95% and 99% probability ellipses. Note that
the three cases of mental retardation are identified
separately in this figure, and that both tests reveal
them to be below normal limits in performance.
The correlation coefficient between the two tests
is 0.30, and their individual means and standard
deviations are 100.5 + 12.6 (mean #+ standard
deviation) for the Tanaka-B and 107.3 + 15.7 for
the Koga test. The correlation in results between
these tests is not particularly high, suggesting that
they do not measure the same thing. Our purposes
are essentially to determine the possible dependence
of the results we have previously described on the
measure of intelligence that is used. Unfortunately,
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FIGURE 4 RELATIOSHIP OF TANAKA-B TEST SCORE TO KOGA TEST SCORE, NAGASAKI
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as will be seen, the extremely small number of
individuals exposed prenatally to doses of 0.5 Gy
or more make rigorous comparisons impossible.

The results of fitting the four different dose-
response models to the data from Nagasaki are
shown in Tables 6-8 and Appendixes 4 and 5.
Tables 6a and b present the means and standard
deviations for the two tests and for the same dose
and gestational age categories. The dose and
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prenatal age dependencies seen in the Nagasaki
scores for the Koga test are the same as those
seen in the combined cilies data with the Koga
test, i.c., a significant heterogeneity among dose
groups in the 8-15 and 16-25 week categories (Table
6a). However, as Table 6b illustrates, the radiation
dose dependency, for the Tanaka-B test, but not
the Koga test, appears restricted largely, il not
exclusively, 1o the 16-25 week period. It is not
possible lo ascertain from these tables the extent to
which these differences merely reflect the extremely
small sample sizes involved, only five individuals
at most within the scemingly sensitive periods with
doses of 0.5 Gy or more. When linear, linear-
quadratic, quadratic and lincar exponential dose-
response models are fitted to the Koga test scores,
the results for Nagasaki alone (Tables 7a and b
and Appendixes 4a and b) are generally similar
o those when the cities are combined, namely,
a significant diminution in intelligence test score
occurs in the 8-15 week interval (and the 16-25)
with both dosimetries and under all of the models
fitled. The regression coefficicnts are somewhat
larger with the DS86 doses than the T65DR. The
resulls with the Tanaka-B test are less straightfor-
ward (Tables 8a and b, and Appendixes 5a and b).
An effect of exposure is more consistently seen in
the interval 16-25 weeks alter fertilization, although
significance does obtain in the 8-15 week group in
the clinical subsample alone but only with the new
doses. As in the examination of the means, the very
small number of survivors at the higher doses makes
interpretation of these apparent differences between
the tests impossible. They could, of course, merely
be fortuilous, but allernatively might be because
the two tests are substantially different in their
construction and emphases, and measure different
aspects of intelligence.

Uncertainties

These data have their share of uncertainties. These
include the limited number of "heavily" exposed
individuals, particularly when the mentally retarded
are excluded, errors in the estimation of the tissue-
absorbed doses and the prenatal ages at exposure,
the biological bases of the endpoint measured, and
other confounding factors in the postbomb period,
including nutrition and disease. A number of these
have been discussed clsewhere,?? and we shall not
repeat our remarks in detail here. However, some
brief reiteration seems important.
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TABLE 6a MEAN INTELLIGENCE SCORE (KOGA) BY GESTATIONAL AGE AT EXPOSURE AND
FETAL OR UTERINE ABSORBED DOSE BASED ON THE T65DR AND DS86 DOSIMETRIES IN
NAGASAKI. ALL INDIVIDUALS ON WHOM INTELLIGENCE TEST DATA ARE AVAILABLE ARE
TABULATED, INCLUDING THOSE DIAGNOSED AS MENTALLY RETARDED

# 6o FEEMALE (HA) . B PUE MG R A 00 Ba o TSDR & UF DSB6 5 ik HE 7 )7 2 12
BT BRI FERATAR R, BAEN B E L R EE 2
SRR E T — Y ORI AR S 2R E

Cestaticnal Dose Categories (Gy)

F4
ages (Weeks) 0,01 D.01-0.99 0.10-0.43 0,50-0.83 1.00% A1 (aty, df3)  F
A PE86 sample based en TH5DR
0-7 Wealks
H 121 23 10 2 1 157 2.78
Hean 106.0 101.5 113.1 98.5 65.0 105.4 (3.153}) 0.04
cn 15.37 14.06 15.30 19.09 - 15.58
B-15 Weeks
N 92 30 12 Z 4 140 4,77
Hean 110.1 112.8 114.1 119.0 76.3 140.2 (4,135)  <0.01
5D 16.69 17.46 13,25 1.41 Q.74 17.29
16-25 Waeks
N 150 45 g (i 2 212 3.64
Hean 108.0 105.3 106.1 113.3 7L.5 107.2 (4,207) <0, 01
sh 14.04 12,97 9.68 18.29 16.26 14,83
26+  Weeks
3} 178 36 16 2 3 235 0.81
Mean 107.3 107.6 100.3 108.0 108.0 106.9 (4,230) D.52
sD 14.66 17.92 12.45 12.73 8,.8% 15.22
All gestaticnal ages
N 541 134 a7 12 10 a4 6.12
Hean 107.7 106.% 107.7 110.9 83.7 107.3 (4,739) <0,01
a0 15.37 15.91 13.82 15.65 19.29 15.64
B. Clinical Subsample based on DSBA
0-7 Weeks
N 76 9 6 0 1 92 0.76
Mean 105.1 108.6 104.2 - 65.0 105.0 (2,89) .47
sD 16.24 14.88 13.88 - - 16,32
8=15 Wecks
N 52 8 F4 2 z 71 3.72
Mean 108.9 110.9 111.7 101.0 70.0 108.1 (4,66) <0.01
5B 14,58 16.81 8.92 26.87 11.31 15.74
16-25 Weeks
N 89 g 11 2 1 111 1.82
Hean 107.5 103.1 109.8 104.5 60.0 107.0 (3,107) 0.15
sn 14.37 VLT 14.97 17.68 = 14.58
26+ Week
;e : BE 13 14 1 2 118 1.06
Mean 106.1 103.2 99.4 111.0 106.5 105.0 (3,114) 0.37
5D 13.80 17.62 11.89 = 12.02 13,99
A1l gestational ages
N 305 38 38 5 6 392 5.01
Hean 106.8 106.1 105.4 104. 4 79.7 106.1 (4,387) <0.01
50 14.72 14.78 13.29 16.59 22.37 15.04

(Continue #it <)
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TABLE 6a Continued #f &

Gestational Dose Categories (Gy) Fi
ages (Heeks) «0,01 0.01-0.99 0.10-0.49 0.50-0.99 1.00+ A1 (dty, dfp) ¥
C. PEBE sample based on D586

0-7 Weeks
N 121 25 10 0 1 157 0.48
Hean 106.0 102.6 109.8 - 65.0 105. 4 (2,154) Q.62
50 1537 14.80 15.45 = = 15.58

B-15 Weeks
H 92 10 13 2 F 140 4,05
Mean 110.1 112.8 114.4 101.0 74.3 110.2 (4, 135) <f.01
S0 16.69 17.46 12.73 26,87 10.97 17.29

16-25 Weeks
H 150 47 11 3 1 212 Z.79
Hean 108.0 105.5 109.8 27:3 60.0 107.2 (3, 208) 0.04
50 14.94 12.72 14,97 17.562 = 14,83

26+ Waeks
H 178 a7 17 1 2 235 0.71
Hean 107.3 107.2 101.6 111.0 106.5 106.9 (Aol @, 54
3D 14.06 17.84 1T,:5%5 - 12.02 15.22

All gestational ages
H 54l 139 51 6 7 7hi 5.82
Hean 107.7 107.0 108.3 100.8 BO.1 107.3 (&, 739) <0.01
5D £5.37 15.83 14,28 17.2% 10,406 15.64

+ Shows the significance of the difference among dose means within an age-group.

laf G R REg 045 R8O F IR N 0 0 A B AR T

The two high dose categaries , 0.50-0.99 and 1.00+ Gv, have been combined because of the small numbers of
individuals on whom data are available.

FdOHIHBHFYEOOT, TN EGRE 0,50 —0.99 B U100+ Gy & S8 L L

TABLE 6b MEAN INTELLIGENCE SCORE (TANAKA-B) BY GESTATIONAL AGE AT EXPOSURE AND
FETAL OR UTERINE ABSORBED DOSE BASED ON THE T65DR AND DS86 DOSIMETRIES IN
NAGASAKIL ALL INDIVIDUALS ON WIIOM INTELLIGENCE TEST DATA ARE AVAILABLE ARE
TABULATED, INCLUDING THOSE DIAGNOSED AS METNALLY RETARDED

#e6b TEAHIEER (e B2, ARG B M0 00 012 Rds o) TESDR B U DSB6#R bt it iE /7
(2o IR Y S PRl R BRERMY (2RI = GBS 2 5 0
HIREHRE 7 — 7 ORI A & 2R A

Gestational Dose Catepories (Gv) F+ Il
ages (Weaks) <0,01 0.01-0.09 0.10-0.49 0.50-0,99 1,00+ ALl (dfy, dfz)

A PEBE =ample based on TE5DR

0-7 HWeoks
N 121 21 10 2 1 157 0.02
Hean 05,1 94,9 95. 4 25.0 93,0 95,2 (3,153) 0,99
5D 12.12 7.05 4,93 0.00 - 11.03

B-15 Weeks
N 91 30 12 2 4 139 1.40
Hean 100.1 98.7 104.5 94.0 87.8 99.7 (4,134) 0,24
50 13.36 12.25 9.55 2.83 22.81 13.17

16-25 Weeks
N 150 45 9 6 2 212 2,78
Hean 104.3 100.6 97.6 96.8 83.5 102.8 (4,207) 0.03
5D 12.45 13.03 9.15 16.92 12.02 12.80

26+ Weeks
N 175 15 16 2 k| 231 1.03
Mean 102.9 102.2 101.8 81.5 92.3 102.4 (4,226) 0.39
S0 11.76 13.47 9.93 o.M 15.04 11.93

All gestational ages
N 537 133 47 12 10 739 3.20
Hean 101.1 99.6 100.3 95.2 £8.8 100.5 (4,734) n.01
5D 12,75 12.28 9,24 11.62 15.890 12.57

(Continue ¥t )
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TABLE 6b Continued #i &

Gestational Dose Categories (Gv) F+
ages (Heeks) <0.01 0.01-0.09 0.10-0.49 0.50-0,99 1,00+ RiL {dfy, dfy)
B. Clinical Subsample based on D586
Q-7 Weeks
N 76 g ] 92 0.44
Hean 95.3 91.2 94.5 Q4.8 (2., 89) 0.64
50 13,13 6.53 5.24 1220
B-15  Weeks
N 52 8 7 7l 2.57
Hean 101.3 104.1 29.1 100.4 (4, 66) 0.05
sD 13.89 7.47 5.79 13.48
16-25 Wesaks
89 8 11 111 4.30
Hean 105.4 94.3 g98.9 103.3 (3,107) <0.01
5D 12.42 15.15 13,48 13.24
26+ Weeks
N a7 12 14 116 2.74
Hean 103.9 107.8 98.0 103.3 (3,112) 0.05
5D 11.52 10,18 8.91 11.45
All gestational ages
N 304 aj B 390 3.7
Hean 101.7 100.1 7.9 100.8 (4,385) <D.01
5n 13.17 12.15 9.4l 12.97
i PEEE sample hased on DSBA
-7 Heeks
H 121 25 10 157 0.01
Hean 95.3 94.9 95.3 95.2 (2, 154) 0.99
21} 12,132 6.76 4,88 11.02
8-15 Heaks
H ol 30 13 139 129
Hean 100.1 98.7 103.5 99.7 (4, 134) 0.28
5D 13.36 12.25 9.78 13:17
16-25 Heeks
N 150 a7 11 212 .54
Hean 104.3 100.3 98.9 102.8 (3,208) D.02
50 12.45 12,97 13.48 12,80
26+ Heeks
175 6 17 231 0.92
Hean 102.9 102.1 100.6 102. 4 (3,227) 0.43
50 11.76 13.28 10.20 11.93
All gestational ages
N 537 138 51 739 2.89
Hean 101.1 99.4 100.0 100.5 (4,734) 0.02
5D 12.75 12.14 10.25 12.57

S5ee footnotes of Table 6a.
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TABLE 7a THE REGRESSION COEFFICIENTS OBTAINED WHEN A LINEAR MODEL OF IQ
(KOGA) SCORE ON INDIVIDUAL FETAL OR UTERINE ABSORBED DOSE IS FITTED TO ALL
OF TIHE DATA AVAILABLE IN NAGASAKI

#7a EAOIKRXGFERHEE IZHT 5 IQE (HHA] ~0f
MATELE 77— 2 28 TEoTES LAAERER

7

BIBE 7L & B

Regression Coefficients

Mean Sguares

Gestational about
Ages (Weeks) Regression
a Sa b Sp
All cases included

A. PEB6 sample based on TE5DR
0-7 106.0 1.272 -0.15958ug 0.0848 238.8
8-15 3 3 il 1.465 -0.1496%%* 0.0446 278.5
16-25 107.9 1.040 =0, 1271 %* 0.0488 214.1
26+ 107.1 1.026 -0.0422 0.0646 £32.3
All 107.9 0.585 -0.1181** 0.0273 239.0
Heterogeneity x?(df=3) 2.11  Pp=0.55

B. Clinical subsample based on DS86
4 pi 105.9 1714 -0.2587% 0.1116 254.0
8-15 110.0 1.841 =0,2321%* 0.0703 217.0
16-25 108.0 1.411 -0.1651* 0.0662 202.9
26+ 105.2 1.356 -0.0320 0.0806 187.2
All 107.0 0.776 —0.1651** 0.0391 216.9
Hetercgeneity X? (df=2) 4.34 P=0.23

C. PEB6 sample based on DSBE6
0-17 1D06.0 1.263 ~-0.2287%* 0.1053 237.0
8-15 111.4 1.4865 -0.1811+*%* 0.0564 280.2
16-25 107.9 1.031 —0.1830*% 0.0628 212.4
26+ 107.0 1.025 -0.0514 0.0850 232.4
All 107.9 0.582 -0.1563%* 0.0348 238.5
Heterogeneity x* (df=3) 2.32 P=0.51

After exclusion of the controls

A. PEB6 sample based on T6&5DR
0-7 106.2 3.100 -0.1622 0.0989 255.2
8-15 114.9 2.677 —0.17T77** 0.0477 270.6
16-25 107.4 2.012 -0.1210* 0.0510 194.5
26+ 106.0 2.486 -0.0259 0.0771 263.3
All 108.6 1.250 -0.1265*%%* 0.0305 247.4
Hetercgeneity x?*(df=3) 2.95 P=0.40

B. Clinical subsample hased on D586
0-7 11l.8 4.271 —0.3522+%% 0.1160 191.2
8-15 134 .7 4.317 -0.2883*% 0.0852 223.7
16-25 110.9 3.831 ~0.2049%* 0.0800 190.0
26+ 101.0 3.316 0.0429 0.0994 210.9
all l108.6 1.984 = 1BTTEN 0.0471 218.1
Heterogeneity x° (df=3) 8.77 P=0.03

C. FEBE sample based on D586
0-7 106.4 2.989 -0.23558%ug 0.1193 2471
g-15 114.5 2.683 -0.2117*+ 0.0605 278.1
15=25 107.5 1.947 -0.1770%* 0.0641 188.8
26+ 106.0 2.476 -0.0292 0.1011 263.4
All 108.6 1.230 -0.1658*%* 0.0384 245.8

Heterogeneity x? (df=3)

b el P=0.44

See the footnote in Table 4a.
#da ORI,
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TABLE 7b  THE REGRESSION COEFFICIENTS OBTAINED WHEN A LINEAR-QUADRATIC MODEL OF
IQ (KOGA) SCORE ON INDIVIDUAL FETAL OR UTERINE ABSORBED DOSE IS FITTED TO ALL OF
THE DATA AVAILABLE IN NAGASAKI

#7b BAOBRAGFERIGRCHTIIQMNE (HER) ~AO8FE-2%T 7L &
RIGDOFIHATREZ 27— 2 I0Y T2 TEB o h ~EIRF
Regression Coefficlents Mean Squares
Gestational about
Ages (Weeks) Regressicn
a Sa b Sh e Se
All cases included

A. PEA6 sample based on T6S50R
0-7 105.3 1.288 D.3441 0.2307 ~0.005170% 0.002208 232.1
B-15 111.3 1.528 -0.0954 0.1386 -0.000285 0.0DD6BY 280.1
16-25 107.3 1.0586 D.1299 0.1175 -0.001831* 0.000764 209.4
26+ 107.3 1,057 -D.2047 0.1822 0.001573 0.001649 232.4
All 107.6 0.598 D.0001 0.0856 -0.000781* D.0DD394 238.0
Heterogeneity x?t (df=3) 5.05 P=0.17 8.26 P=0.04

B. Clinical subsample based on DS8§
0-7 105.5 1.750 0.0884 0.2962 -0.003499 0.002787 252.4
B-15 109.5 1.896 -0.0259 0.2146 -0.001785 D.001765 216.9
16-25 107.1 1.432 0.1338 0.1482 -0.002215* 0.000987 195.6
26+ 105.6 1.4086 =0.g573 0.2181 0.002578 0.002319 196.8
Rmll 106.6 0.793 D.0318 0.0929 -0.001738* 0.000745 214.5
Heterogeneity 2% (df=3) 2.30 P=0.52 4.10 P=0.25

C. PEB6 sample based on DSBE
0-7 105.5 1.290 0.1923 0.2596 -0.0043B1s5ug 0.002473 233.8
8-15 111.4 1.51€ -0.1665 D.1el4 -0.0000492 0,000953 282.2
16-25 107.5 1.050 0.0434 0.13393 -0.0017765ug 0.000977 210.1
264 107.3 1.056 -=0.2475 0.2203 0.002306 0.002390 232.4
all 107.7 0.596 -0.0476 0.0807 -0.000829 0.0005586 238.1
Heterogeneity %' (df=3}) 2.65 P=0.45 5.30 p=0.15

Afrer exclusion of the controls

B. PEB6 sample based on TESDR
0-7 101. 3.361 D.5695* 0.2775 -0.006B816%* 0.002444 212.8
8-15 115.4 3.144 -0.2216 0.1623 g.o00217 0.000765 276.2
16-25 104.4 2.123 0.22985ug 0.1247 -0.002307*> 0.000757 170.9
26+ 107.3 2.979 -0.2019 0.2440 0.001553 0.002042 265.3
All 107.4 1.402 D.0067 0.0784 -0.0008105ug 0.000440 244.5
Heterogenelty x?{(df=3) 9.34 F=0.02 12.66 P<0.01

B. Clinical subsample based on DS86
0-7 109.4 5.564 -0.1033 0.3717 -0.002163 0.003062 198.3
B-15 113.4 5.316 -0.1695 0.2884 -0.000926 0.0D2143 235.0
16-25 101.8 4.757 03251 0.2083 -0.003140* 0.001168 144.9
26+ 101.8 4.348 -0.0506 0.3220 0.000928 0.003034 218.0
Bll 105.5 2.288 0.0749 0.1253 -0.0019B3* 0.D0D0BBD 208.1
Heterogeneity x?(df=3) 253 P=0.47 2.06 P=0.56

C. PE86 sample based on DSBE
o=7 102.7 3.407 0.3634 0.3207 -0.0056335ug 0.002818 227.1
B-15 115.1 31.032 -0.2934 0.1843 0.000487 0.001037 282.8
16-25 105.5 2.090 0.1237 0.1474 -0.002184% 0.000971 176.8
26+ 107.2 2.954 -0.2390 0.2947 0.0022386 0.002947 265.5
All 107.8 1.373 -0.0498 0.0954 -0.000818 0.000616 244.9
Heterogenelity x" (df=13) 5.13 pP=D.15 7.45  P=0.06

See the footnote In Table da.

Fda OMESRM
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TABLE 8a THE REGRESSION COEFFICIENTS OBTAINED WHEN A LINEAR MODEL OF 1Q
(TANAKA-B) SCORE ON INDIVIDUAL FETAL OR UTERINE ABSORBED DOSE IS FITTED TO

ALL OF TIHE DATA AVAILABLE IN NAGASAKI

#8a fHAOHRELIEFEMIGRIE I T30 (HhBR) ~OEETFLE

EWOFHTRES 27— 7 I TIES THE A 2 RRERE

Regression Coefficients

Mean Squares

Gestational about
Ages (Weeks) Regression
a Sa b Sh
All cases inecluded

A. PE86 sample based on TESDR
o-7 95.3 0.910 -0.0175 0.0607 122.2
8-15 100.0 1.160 -0.0369 0.0352 173.3
16-25 103.5 0.892 =0.1259%* 0.04189 157.7
26+ 102.8 0.806 -0.09545ug 0.0503 140.8
All 2100.9 0.474 -0.0682%* 0.0221 156.3
Heterogeneity X" (df=3) 3.67 P=0.30

B. Clinical subsample based on DSB6
D=7 94.9 1.319 -0.0229 0.08B58 150.4
8-15 101.8 1.610 —-0.1706%* 0.0614 165.9
16-25 104.5 l.262 —0.1853%* 0.0592 162.4
26+ 103.9 1.102 -0.12765ug 0.0650 127.8
All 101.6 0.672 -0,1371%* 0.0338 161.8
Heterogeneity x? (df=3) 2.72 P=0.44

C. PEB6 sample based on DSB6
0-17 95.3 0.907 -0.0211 0.0756 122.2
8-15 100.0 1.157 -0.0445 0.D444 172.4
16-25 103.5 0.887 =0.1701#%%* 0.0540 157.1
26+ 102.7 0.808 -0.0854 0.0664 141.7
All 100.8 0.473 -0.0B30%* 0.0282 156.5
Heterogeneity x? (df=3) 4.06 P=0.25

After exclusion of the controls

A. PE86 sample based on TE5DR
a-7 95.3 1.204 -0.0172 0.0384 38.5
8-15 100.0 2.104 -0.0363 0.0375 167.2
16-25 101.0 1.830 -0.0862* 0.0464 161.0
26+ 102.7 1.908 -0.0832 0.0586 151.5
All 100.1 0.942 -0.0597**% 0.0229 139.5
Heterogeneity x° (df=3) 2.40 P=0.50

B. Clinical subsample based on DSB6
0-7 92.1 1.867 0.0215 0.0507 36.5
8-15 104.2 2.728 =3.1902%% 0.0539 B9.4
16-25 98.9 3.758 -0.1101 0.0785 182.8
26+ 104.2 2.534 -0.1327sug 0.0747 117.0
aAll 100.8 1.493 =0.1259%* 0.0352 121.4
Heterogeneity X* (df=3) 9.31 P=0.03

C. .PEBE sample based on D586
-7 95.2 1.180 -0.0202 0.0471 38.5
8-15 99.9 2.082 -0.0430 0.04869 167.5
16-25 101.1 1.785 -0.1345% 0.0588 158.6
264+ 102.2 1.922 -0.0845 0.0778 ¥55.2
A1l 100.0 0.932 -0.0712+* 0.02%0 140.4
Heterogeneity X' (df=3) 2.55 P=0.47

See the footnote in Table 4a.

4o OBES M.
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TABLE 8b  THE REGRESSION COEFFICIENTS OBTAINED WHEN A LINEAR-QUADRATIC MODEL OR
IQ (TANAKA-B) SCORE ON INDIVIDUAL FETAL OR UTERINE ABSORBED DOSE IS FITTED TO ALL
OF THE DATA AVAILABLE IN NAGASAKI

#Bb fHADHKERE L FERIER T 5 1Q# (HPBX) ~D@F-25kE71 (23 )
FIHTRL2E T — 2128 TS TE 5 N ABUREK

Regression Coefficients Mean Sguares
Gestatiocnal about
Ages (Weeks) Regression
a Sa b S5h o Se

All cases included

B. PEAE sample based on TESDR

0=7 95.3 0.938 -0.0413 0.1680 0.000244 0.001607 123.0
8-15 100.2 1.210 -0.0993 0.1093 0.000328 0.000543 174.1
16-25 103.5 0.918 -0.1295 0.1023 0.000026 0.000665 158.5
26+ 103.0 0.832 -0.1840 0.1421 D.000B57 0.001286 141.2
All 101.0 0.487 =0.1143* 0.0532 0.000304 0.000320 156.3
Heterogeneity x° (df=3) 0.47 p=0.92 0.35  P=0.95

B, Clinical subsample based on DS86
D-7 94,9 1,358 -0.0698 0.2299 0.000473 0.002147 152.0
8-15 101.19 1.670 -0.1503 0.1890 -0.0001797 0.001555 168.3
16-25 104.7 1.308 -0.25958ug 0.1354 0.000550 0.0008902 1533
26+ 104.6 1.128 -0.4646** C.1734 0.003854+ 0.001843 124.2
All 101.7 0.691 -0.1723* 0.0808 0.000310 0.000647 162:1
Heterogeneity x%(df=3) 2.41  p=0.49 3.23  p=0.36

C. PEBG sample based on DSBE
0-7 953 0.936 -0.035¢6 0.18B3 0.000151 0.001794 123.0
8-15 100.3 1l.192 =8..1770 0.1264 0.000836 0.000747 1732.1
16-25 103.6 0.810 -0.21545ug 0.1207 0.000356 0.000B47 157.07
26+ 103.0 0.831 -0.30045ug 0.1719 0.002411 D.0D1B64 141.3
A1l 101.0 0.484 ~0.1677* 0.0654 0.00064¢ 0.00D450 156.3
Heterogeneity x° (df=3) 1.14 P=0.177 L3 P=0.77

After exclusion of the controls

A. PEBE sample based on TE5DR
Q-7 955 1.450 -0.0509 D.1196 0.000314 0.001054 39.5
8-15 100.8 2.482 -0.1166 D.1271 0.000397 0.0005949 169.2
16-25 100.4 2.071 -0.0229 D.1216 -0.o00482 0.000738 162.5
26+ 103.6 2.297 -0.2164 D.1883 0.001085 0.001556 152.9
All 100.5 1.066 -0.0975 0D.0555 0.000230 0.000333 140.2
Heterogeneity xe(df=3} 0.%90 P=0.83 1.29 P=0.74

B. Clinical subsample based on DS86
0-7 91.2 2.443 0.1164 0.1632 -0.000824 0.001344 38.2
8-15 105.0 3.363 -0.2672 0.1825 0.000530 0.001356 94.0
16-25 96.2 5.410 0.0489 0.2380 -0.000941 0.001329 187.5
26+ T2 2.843 -0.7765%+* 0.2065 0.006341** 0.001934 86.0
All 101.1 1.858 -0.1511 0.0068 0.000130 0.000679 122.7
Heterogeneity %2 (df=3) 12.78  P<0.01 11.27 p=0.01

C. PE8S86 sample based on DSB6
0-7 95.3 1.424 -0.0385 0.1341 0.000173 0.001178 39.7
8-15 101.1 2.322 -0.2039 0.1412 0.0009259 0.000794 165.9
16-25 100.9 1.996 -0.1088 0.1407 -0.000186 0.000927 161.2
26+ 103.7 2.280 -0.3498 02253 0.002821 0.002248 153.6
All 100.5 1.042 ~0 - 1505% 0.0722 0.00D559 0.000468 140.1
Heterogeneity x!(df-3! 1.69 P=0.64 2.02 P=0.57

See the footnote in Table 4a.
#4a DMERR
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The Nature of the Study Group. It must be
borne in mind that these observations arc based on
a sample, and not a full birth cohort in the usual
sense. The number of individuals at risk is known
to be incomplete for at least two reasons. First, the
primary source of ascertainment of the sample was
through births registered in Hiroshima or Nagasaki.
Prenatally exposed survivors whose births were
registered elsewhere are not included. Second,
presence in the study sample entailed residence
within contact areas (essentially the limits of the

two cities), and thus migrants from the contact areas

after birth are not included.

Errors in the Estimation of Fetal Absorbed dose.
The doses to the survivors of the A-bombing that
are used are subject to at least three sources of
error, i.e., those that stem from a) the estimated
free-in-air kerma, b) the attenuation factors for
tissues, materials, positions, and the like, and ¢)
the assertions of the survivors as to their locations.
The probable magnitude of these errors is poorly
known; however, it is clear that they can affect
inferences on the overall shape of the dose-response
relationship as well as parameter values defining
that shape. If such errors are random, the effect
is to underestimate the slope of the dose-response
relationship, and to suggest a curvilinearity in
response that does not, in fact, obtain.27—29

Errors in the Estimation of Prenatal Age at
Exposure. The apparent timing of vulnerable
events in development can be affected by errors
in the delermination of prenatal age, and possibly
seriously so in specific cases. Postovulatory age
is usually estimated from the onset of the last
menstrual period, and adjustment is then made for
the difference between that date and the proba-
ble date of fertilization (usually taken to be two
weeks later).  Women with irregular menstrual
cycles or who miss a menstrual period for any
of several reasons, notably lactational amenorrhea,
illness or malnutrition, or postovulatory bleeding,
could erroncously identify the onset of their last
cycle. All of these possible sources of error were
present immediately prior to and following the
cessation of hostilities in Japan. Their impact on
the estimaled ages is impossible 1o assess. An
equally important contributor to uncertainty is the
normal variability in developmental age, the critical
measure of vulnerability, for fixed intervals of time
after fertilization. Embryos or fetuses of the same
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chronological age can differ by days, possibly a
week or more in their developmental stage.

Intelligence Test Scores as a Measure of Brain
Damage. Intuitively, achievement on intelligence
tests must be related to the quality of brain function,
but the biological basis of this relationship is far
from clear. Obviously, motivation, socialization at
home and in school, physical impairment (vision or
hearing, for example), and other factors can affect
performance on intelligence tests. OFf necessity,
these extraneous sources of variability are assumed
to be part of the random error in the analyses
discussed above, but the possibility that they are
systematic cannot be excluded.

DISCUSSION

Recenily, Otake et 412 have reexamined the data
on the [requency of occurrence of severe mental
retardation among the prenatally exposed, compar-
ing the dose-response estimales based on the DS86
doses with those derived from the earlier T65DR
dosimetry. They observed: The highest risk of
radiation damage to the embryonic and fetal brain
occurs 8-15 weeks after fertilization under both
dosimetric systems. Although other dose-response
models will fit the data, damage 1o the 8-15 week
old fetus expressed as the frequency of severe
mental retardation appears adequately described by
a simple linear model without a threshold. How-
ever, somewhat more evidence exists under the
D586 system of a threshold to the dose-response
relationship in the 8-15 week interval than existed
with the T65DR doses. But the location and reality
of the threshold are difficult to assess. The threshold
estimate varies substantially with the model fitted
and whether five cases of mental retardation with
probable nonradiation-related ectiologics are or are
not included. Damage to the fetus 16-25 weeks after
fertilization seems linear-quadratically or quadrati-
cally related to dose, especially in the DS86 sample,
and suggests a threshold.

In this context, it is interesting to note that insofar as
the Koga test is concerned, evidence of a radiation-
related effect is confined to the same two age-
groups where severe mental relardalion is increased,
that is, 8-15 and 16-25 wecks after fertilization.
This suggests that the findings with respect to one
measure may be intimately related to the other.
Alternatively put, both are products of a common
kind of brain damage.
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As has been seen, the periods of vulnerability come
either during or immediately following a rapid in-
crease in the number of neurons and their migration
to their final developmental sites. Concurrent with
these events the neurons lose their capacity to
divide, becoming perennial cells. Thus the cells at
risk are not replaceable, and any that are lost (either
through death or incapacitation) are irretrievably
so. A priori two different conjectures about the
radiosensitivity of these cells, or a combination of
the two, can be made. There could exist a relatively
small number of individuals whose neurons are
disproportionately sensitive to radiation damage,
and the effects that are seen are confined largely,
if not exclusively to these individuals. It is also
conceivable, indeed more likely in our view, that
the neurons of all embryos and fetuses are similarly,
il not identically, sensitive to ionizing radiation.
We have sought, but failed to find evidence of
different radiosensitivities, but the data pertinent to
this notion are admiuedly limited. Accordingly,
we are inclined lo view both the decrement in
intelligence test score and the increase in [requency
of mental retardation as products of a common
process or processes, one ultimately referable to the
number of neurons lost, incapacilated, or faultily
situated with exposure to ionizing radiation. The
severity of the effect depends upon the number of
cells involved, and where in the continuum of brain
function the exposed individual would have been in
the absence of exposure, for it is important to bear
in mind that there is no single state of normality in
brain function.

Patently these notions would be more compelling if
specific biological processes could be incriminated.
However, the biological bases of the effects we
describe remain elusive. Elsewhere we have sug-
gested that mismanaged neurcnal migration could
be a significant contributor, but there are numer-
ous other candidates including impaired neuronal
proliferation, aggregation and cytodifferentiation,
the growth of specific cell connections, neuronal
death and neurite consolidation. Brain development
and function depend upon all of these, and their
occurrence in a temporally and spatially coordinated
manner. Any disturbance of this sequence, however
transitory, could lead to abnormality, for proper
neuronal function depends upon the proper number
and situating of the neuronal cells. There is now,
for example, a substantial and growing literature,
largely based on magnelic resonance imaging of
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the living brain, that demonstrates that mismanaged
migration is associaled with mental retardation.
These studies unfortunately do not illuminate the
basis for the present findings for at least two
reasons. First, they have focused on individuals
who have been previously diagnosed clinically as
mentally retarded; to our knowledge, there are no
epidemiologically based studies that have examined
the brains of individuals of normal, but lower
intelligence exposed Lo radiation or other possible
teratogens. Seccond, there are limilations to the
present magnetic resonance imaging techniques.
They cannot, for instance, reveal modest, but poten-
tially functionally important errors in migration that
involve a few critically disposed cells, nor can they
disclose errors in connectedness within the brain.
The latter may be especially important in view of the
differences in findings in Nagasaki with regard to
the Koga and Tanaka tests. One of these, the Koga,
places greater emphasis upon the perception of
spatial relationships; whereas the other, the Tanaka,
emphasizes word-sense, arithmetic abilities, and
the like which are probably associated with the
more subtle processing of visual clues than their
simple recognition, and could, therefore, depend
more upon connectedness. Be this as it may, what
is now needed is more new evidence and a lesser
dependence upon reanalysis of the old.
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APPENDIX TABLE 1 THE DISTRIBUTION OF DS86 UTERINE DOSE ESTIMATES BY DOSE
GROUPS AND THE METHOD OF DOSE ESTIMATION

ft# 1  DSB6F i M HES ff 2/, SBTest of 1o dm e
DsS86 Dose Category (Gy)

Method of i
estimation

<0.01 0.01-0.09 0.10-0.49 0.50-0.99 1.004
Direct 1 124 119 26 15
Indirect 269 49 3 1
Total 270 173 122 26 16
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APPENDIX 2a THE REGRESSION COEFFICIENTS OBTAINED WHEN A QUADRATIC MODEL
OF INTELLIGENCE TEST SCORE ON INDIVIDUAL FETAL OR UTERINE ABSORBED DOSE I5§
FITTED TO ALL OF THE DATA AVAILABLE

7 2a BHAOKRXE T E0RGEE 283 2miEmEif 02 K E7 0L 4 F B fig 4

’

EF-FIIHTIESTHES A ERE KR

Regression Coefficients

Mean Squares

Gestational about
Ages (Weeks) Regression
a Sa (=3 Se
All cases included

A. PEB6 sample based on TE5DR
0-17 106.1 0.925 -0.000376 0.000495 226.3
8-15 108.2 0.910 -0.000851** 0.000220 285.0
16-25 109.6 0.731 -0.001526%* 0.000324 251.6
26+ 107.3 0.660 -0.000062 0.000563 246.1
All 108.0 0.392 —0.000897** 0.000159 254.0
Heterogeneity ¥°(df=3) 7.12 P=0.07

B. Clinical subsample based on DS86
0-17 105.8 1.149 0.000121 0.000255 233.4
8-15 1072 0.964 —0.002272** 0.000355 227.9
16-25 31045 0.854 -0.001955%* 0.000386 247.7
26+ 107.2 0.771 -0.000318 0.000556 238.6
All 107.8 0.459 -0.000922** 0.000177 247.0
Heterogeneity x? (df=3) 39.53 P<0.01

C. PEB6 sample based on D386
0-17 106.0 0.922 0.000125 0.000251 226.5
8-15 108.5 0.898 -0.001463%* 0.000273 274.5
16-25 109.8 0.730 ~0.002043%%* 0.000377 248.0
26+ 107.4 0.663 -0.000336 0.000562 245.9
All 108.0 0.393 ~0.000880*%* 0.000161 254.1
Heterogeneity x°(df=3) 30.98  P<0.01

After exclusion of clinically diagnosed

PE86 sample based on T6&5DR

o-7 106.1 0.925 -0.
8-15 108.6 0.882 =
16-25 109.8 0.730 =0
26+ 107.4 0.656 =0.
All 108.1 0.388 =¥,
Heterogeneity x? (df=3)

. Clinical subsample based on DSB6

o-7 105.8 1.149 0.
B-15 107.5 0.946 =0,
16-25 110.4 0.865 -0.
26+ 107.3 0.764 =0,
all 107.9 0.451 ~0.
Heterogeneity x? (df=3)

PE8B6 sample based on D586

0-=7 106.0 0.922 0.
8-15 108.7 0.880 =0,
16-25 109.9 0.737 -0.
26+ 107.4 0.659 -0.
aAll 108.1 0.389 -0.
Heterogeneity x?(df=3)

000376
000680**
001563%*
000071
000652%*
3.59 P

000121
002164%%
001440Sug
000333
000422+%
18.48 P

000125
001133**
001987 %%
000347
000506+
14.20 P

0.000495
0.000218
0.000617
0.000559
0.000176
=0.31

0.000255
0.000493
0.000846
0.000550
0.000206
<0.01

.000251
.000308
.D00768
.000558
.000181
0.01

Aocboooo

cases of retardation

226.
265,
246.
242,
247.

233.
217.
245.
233.
238.

226.
262.
246.
242.
247.

e R B SM oW

LT=T e T 6 )

See the footnote in Table 4a.
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APPENDIX 2b  THE REGRESSION COEFFICIENTS OBTAINED WIHEN A QUADRATIC MODEL
OF INTELLIGENCE TEST SCORE ON INDIVIDUAL FETAL OR UTERINE ABSORBED DOSE IS
FITTED TO ALL OF THE DATA EXCLUDING THE CONTROL CASES

7% 2b BA DR FEmUE R 8 M AR EIAD 2 KT 70 %5 IR 51 ¢
FIMWEEEET — 2128 TIEH TH S h 2 HRRE

Regression Cocefficients Mean Squares
Gestational about
Ages (Weeks) Regression
a Sa =] Se

All cases except the controls included

A. PEBE sample based on TE5DR

0-7 103.6 2.025 -0.000201 0.000550 265.3
8-15 107.7 1.763 —-0.000836%% 0.000250 357.4
16-25 10€6.8 1.438 =0.001350*%* 0.000343 267.9
26+ 104.2 1.404 0.000276 0.000593 258.7
All 105.9 0.8086 —-0.000795%* 0.000173 289.7
Heterogeneity x?* (df=3) 7.07 P=0.07
B. Clinical subsample based on DSB6
0-7 104.2 2.8929 0.000161 0.000298 295.0
8-15 107.0 1. 877 =-0.002254** 0.000398 262.4
16-25 108.8 1.825 =0.001815%* 0.000438 2893.4
26+ 104.1 1.550 0.000081 0.000591 246.2
All 105.7 0.972 —-0.000797%%* 0.000199 291.4
Heterogeneity X! (df=3) 31.44 P<0.01
C. PEB6 sample based on DS86

0-7 104.4 2.0086 0.000166 0.000284 284.4
8-15 108.7 1.609 -0.001473%* 0.000300 317T.7
16-25 107.8 1.385 -0.001B63%* 0.000404 266.5
26+ 104.9 1.333 -0.000009 0.000595 257.7
All 106.4 0.773 -0.000B03** 0.000175 290.9
Heterogeneity x! (df=3) 25.29 P<0.01

After exclusion of clinically diagnosed cases of retardation
and the controls :

A. PE86 sample based on TESDR

0-7 103.6 2.025 -0.000201 0.000550 265.3
8-15 108.5 1.691 =0.000677*x* 0.000244 323.9
16-25 1071 1.441 -0.0011845ugg 0.000650 253.5
26+ 104.2 1.404 0.000276 0.000593 258.7
All 106.1 0.789 —0.000550*%* 0.000190 275.8
Heterogeneity x* (df=3) 3.56 P=0.31
B. Clinical subsample based on DSB86
0-7 104.2 2.929 0.000161 0.000296 299.0
8-15 107.2 1.891 -0.002134*%* 0.000562 259.7
16-25 108.4 1.934 -0.000962 0.0009593 281 .5
26+ 104.1 1.550 0.000081 0.000591 246.2
All 105.7 0.945 -0.000279 0.000227 274.0
Heterogeneity x? (df=3) 13.93  P<0.01
C. PEB6 sample based on DSB6

0-7 104.4 2.0086 0.000166 0.000284 284.4
8-15 108.9 1.585 -0.001142** 0.000338 306.6
16-25 107.8 1.441 -0.0015038ug 0.000841 262.8
26+ 104.9 1.333 -0.000009 0.000595 257.7
All 106.4 0.759 -0.000413* 0D.000195 279.9
Heterogeneity x° (df=3) 10.94  pP=0.01

See the footnote in Table 4a.
Fda D MESEL
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APPENDIX 3a  THE REGRESSION COEFFICIENTS OBTAINED WIEN A LINEAR
EXPONENTIAL MODEL OF INTELLIGENCE TEST SCORE ON INDIVIDUAL FETAL OR
UTERINE ABSORBED DOSE IS FITTED TO ALL OF TIE DATA AVAILABLE

ff#da MAOER T IZFEMILS 253+ 3 M OMEIRN T 7L &
HATMELZEF— 7 1LY TEHOHTERL AL NRES
Regression Coefficients
Gestational Deviance
Ages (Weeks)
a 5a b (Gy) SniGy)
All cases included

A. PEB6 sample based on T65DR
0-7 4.656 0.00919 -0.07395 0.05976 5.74
8-15 4.680 0.00887 -0.22970%** 0.03481 9.08
16-25 4.692 0.00716 -0.23090** 0.04032 10.86
26+ 4.666 0.00642 -0.02793 0.05201 12.67
All 4.675 0.00386 -0.17100%** 0.02245 38.87
Hetercgeneity x? (df=3) 15.24 P<0.01

B. Clinical subsample based on D386
0-7 4.653 0.01150 -0.03928 0.05178 3.99
8-15 4.676 0.00968 —0.32540%* 0.04124 5.42
16-25 4.701 0.00858 -0.22770%* 0.04241 8,12
26+ 4.665 0.00765 -0.04159 0.04835 9.10
All 4.676 0D.00458 =0.17780%=* 0.02297 2752
Heterogeneity x? (df=3) 29.28 P<D.01

C. PEB86 sample based on DSB6
o=7 4.655 0.00919 -0.02984 0.048981 5717
8-15 4.685 0.00888 -0.27770%* 0.03834 8.70
16-25 4.694 0.00721 =0.23730%*%* 0.03965 10.79
26+ 4.666 0.00647 -0.04596 0.04775 12.66
All 4.677 0.00388 -0.17500%%* 0.02151 38.68
Heterogeneity x? (df=3) 25.43 P<0.01

After exclusion of clinically diagnosed cases of retardation

A. PEB6 sample based on TESDR

0-7
8-15
16-25
26+
All

4.656 0.00919
4.682 0.00858
4.690 0.00711
4.667 0.00635
4.675 0.00378

Heterogeneity x? (df=3)

B. Clinical subsample based on DS86

D=7
815
16-25
26+
All

4.653 0.01150

4.676 0.00932
4.696 0.00851
4.667 0.00763
4.675 0.00448

Heterogeneity x*! (df=3)

C. PEB86 sample based on D386

0-7
8-15
16-25
26+
All

4.€655 0.00919

4.686 0.00863

4.691 0.00719%

4.668 0.00640
0

4.676 .00382

Heterogeneity x*! (df=3)

-0.07395
=0.17290%%*
—0.13470%%
-0.03010
—0.11570*%
5.50

-0.03928
-0.26270%#
-0.093635ug
-0.04159
=0.10730**
13.75

-0.02984
-0.21670%#%
-0.13180%**
=0.04823
-0.11440%*
10.66

0.05976
0.03958
0.04997
0.05138
0.02410
P=0.14

0.05176
0.04852
0.05391
0.04753
0.02534
<

P<0.01

0.04981
0.04291
0.04932
0.04717
0.02352
P=0.01

5.74
8.18
10.45
12.34
37.05

3.99
4.86
st
8.78
25.87

5.77
8.04
10.46
12.33
37.03

The coefficients are expressed as change in the logarithm of IQ points
per 1.0 Gy of exposure.

ZEHEL0Gy 5200 QMo EEIL &R,

** Significant at <0.01 level,

<0000 e E T,

* C0.05KBETHIE, Sug < 01048 T GRMER
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APPENDIX 3b THE REGRESSION COEFFICIENTS OBTAINED WIHEN A LINEAR
EXPONENTIAL MODEL OF INTELLIGENCE TEST SCORE ON INDIVIDUAL FETAL OR
UTERINE ABSORBED DOSE IS FITTED TO ALL OF THE DATA EXCLUDING THE CONTROL
CASES

fF#3b EADR X FERINER 2+ 2 WM E~ OB E 7 0 & X086 & % ¢
EF—-SICUHTIEDTHLA-RREH
Regression Coefficients
Gestational Deviance
Ages (Weeks)
a Sa b(Gy) SK(Gy)
All cases except the controls included

A. PE86 sample based on T65DR
0-7 4.631 0.02184 -0.03626 0.07190 1.74
8-15 4.693 0.01819 —0.24510%** 0.04579 3.5
16-25 4.678 0.01637 -0.20830%* 0.04961 3.75
26+ 4.631 0.01522 0.04214 0.06113 337
All 4.664 0.00882 -0.15410#** 0.02721 13.14
Heterogeneity X’ (df=3) 18.06 P<0.01

B. Clinical subsample based on DS86
0-17 4.643 0.03196 -0.02932 0.06540 1.02
8-15 4.705 0.02008 ~0.36750** 0.04929% 1.89
16-25 4.703 0.02245%6 -0.23080** 0.05885 3.02
26+ 4.631 0.01734 0.02438 0.05793 2.66
All 4.672 0.01109 -D0.17140** 0.02947 9.44
Heterogeneity x?(df=3) 32.96 P<0.01

C. PEBE sample based on DSBE
0-17 4.639 0.02140 -0.01046 0.06043 1.95
8-15 4.710 0.01650 -0.309B0** 0.04375 .51
16-25 4.687 0.01587 -0.22490** 0.04929 4.10
26+ 4.640 0.01459 0.00997 0.05662 3.77
All 4.673 0.00843 ~0.16890** 0.02601 14.10
Heterogeneity x? (df=3) 28.51 P<0.01

clinically diagnosed cases of retardation
and the controls

After exclusion of

A. PE86 sample based on T65DR

o-7 4.631 0.02184 -0.03626 0.07180 1.74
8-15 4.693 0.0172¢ -0.18590%** 0.04649 3.28
16-25 4.667 0.01614 -0.0BE65 0.06061 3.31
26+ 4.631 0.01522 0.04214 0.06113 3.37
Bll 4.660 0.00857 ~0.09074** 0.02881 12.04
Heterogeneity x? (df=3) 9.49 P=0.02
B. Clinical subsample based on DSB6
0-7 4.643 0.03196 -0.02932 0.06540 1.02
8-15 4.698 0.02045 =0.29980*%* 0.06067 1.78
16-25 4.675 0.02263 -0.04752 0.07515 2.59
26+ 4.631 0.01734 0.02438 0.05793 2.66
All 4.661 0.01083 =-0.0BZ99* 0.03227 B.50
Heterogeneity x? (df=3) 17.04 P<0.01
C. PEB6 sample based on DSEE

0-7 4.639 0.02140 -0.01046 0.06043 1.85
B-15 4.704 0.01637 -0.24500** 0.04973 3.30
16-25 4.672 0.01594 -0.08500 0.06134 4012
26+ 4.640 0.01459 0.00997 0.05662 3.7917
A1l 4.666 0.008B30 =0.08710%** 0.02834 13.18
Heterogeneity x* (df=3) 14.49 F<0.01

See the fcotnote in Appendix 3a.
fF#% 3a 0 ME S,
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APPENDIX 4a TIHE REGRESSION COEFFICIENTS OBTAINED WHEN A QUADRATIC MODEL
OF 1Q (KOGA) SCORE ON INDIVIDUAL FETAL OR UTERINE ABSORBED DOSE IS FITTED TO
ALL OF THE DATA AVAILABLE IN NAGASAKI

MZda EADREXGFERIHRI ST IIQME (HEX) AO2RKEF L4 LD
FIRMRE 2 &7 — 2 125 TS TE S A A EREE

Regression Coefficients Mean Squares
Gestational about
Ages (Weeks) Regression
a Sa c Se

All cases included

A. PE86 sample based on T65DR

0-7 105.9 1.234 ~0.0D2101** 0.000803 233.9
= B=15 111.0 1.432 -0.000734%** 0.000222 279.1
16-25 LOTT 1.004 —-0.001061%* 0.000314 209.6
26+ . 106.9 1.006 -0.000159 0.000585 232.6
All 107 .6 0.570 ~0.000780%* 0.000163 237.7
Heterogeneity x? (df=3) 4.54 P=0.21
B. Clinical subsample based on DS86
0-7 105.6 1.666 -0.002734%+ 0.001034 249.8
B-15 109.5 1.779 -0.001996%* 0.000574 213.8
16-25 107.6 1.341 ~0.001414%* 0.000432 195.3
26+ 105.0 1.318 0.000035 0.000858 197.5
All 106.7 0.749 =0.001507%* 0.000311 214.0
Heterogeneity x? (df=3) 5.41 P=0.14
C. PE86 sample based on DS86

a=7 105.8 1.227 =-0.002704%** 0.000594 233.1
B-15 110.9 1.438 -0.001013%* 0.000334 282.4
16-25 107 .6 1.000 ~0.001504** 0.000437 209.2
26+ 106.9 1.004 -0.000171 0.000823 232.7
All 107.6 0.570 -0.001125%*%* 0.000239 237.9
Heterogeneity x? (df=3) 4.33 P=0,23

After exclus=ion of the controls

A. PE86 sample based on TE5DR

0-7 105.6 2.672 -0.002073%* 0.000833 232.9
8-15 112.8 2.526 —0.000781** 0.000229 281.3
16-25 106.7 1.755 —-0.001018%* 0.000296 177.8
26+ 105.6 2.254 -0.000049 0.000€646 263.8
All 107.5 1.131 =0.000775%* 0.000169 243.3
Heterogeneity x* (df=3) 4.10 P=0.25
B. Clinical subsample based on DSB6
0-7 108.2 3.634 -0.002970%%* 0.000941 185.3
B-15 111.3 3.815 -0.002127+* 0.000636 225.9
16-25 107.9 2.813 =0.001429%* 0.000404 155.2
26+ 101.3 2.846 0.000475 0.000935 210.4
All 106.5 1.643 =-0.001494*% 0.000322 206.6
Heterogeneity x? (df=3) 7.88 P=0.05
C. PEB6 sample based on DSB6

0-7 105.2 2.600 -0.002650* 0.001009 229.0
8-15 112.4 2.561 -0.001070%* 0.000349 292.3
16-25 106.4 1.726 -0.001445** 0.000408 175.9
26+ 105.6 2.235 -0.000009 0.001012 263.8
All 107.3 1.125 =0.001112*%* 0.000247 244.0
Heterogeneity x? (df=3) 3.92 P=0.27

See the footnote in Table 4a.
Foda OEEEM,
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APPENDIX 4b THE REGRESSION COEFFICIENTS OBTAINED WIHEN A LINEAR
EXPONENTIAL MODEL OF 1Q (KOGA) SCORE ON INDIVIDUAL FETAL OR
UTERINE ABSORBED DOSE IS FITTED TO ALL OF TIHE DATA AVAILABLE IN NAGASAKI

fF&db MADKEXEFERIER KT 3 1Q M (HER) ~OMBiEHE L 4
BEEOFATES ST - 52 TROHTH ARG

Regression Coefficients
Gestational Deviance
Ages (Weekas)

a Sa b (Gy) Sb (Gy)

All cases inecluded

A. PEBF sample based on TGESDR

D=7 4:653 0.01235 -0.18460* 0.08232 3.49
8-15 4.702 0.01439 -0.15710%* 0.04384 3.71
16-25 4.637 0.00989 -0.15040%* 0.04642 4.07
26+ 4.663 0.00947 -0.03377 0.05962 4.61
All 4.671 0.00558 ~0.13000** 0.02601 16.14
Heterogeneity x*(df=3) 3.61 P=0.31

B. Clinical subsample based on DS86
0-17 4.652 0.01¢668 ~0.29510%*%* 0.10860 2.17
8-15 4.692 0.01877 -0.25640*%* 0.07163 1.586
16-25 4.675 0.01366 ~0.20360%%* 0.06409 2.07
26+ 4.647 0.01286 -0.12530 0.07643 2.06
All 4.665 0.00757 -0.18930*%* 0.03816 8.06
Heterogeneity x? (df=3) €.47 P=0.09

C. PEB6 sample based on DSB6
0-17 4.654 0.01224 —0.26680** 0.10200 3.45
B-15 4.701 0.01439 =~0.19140%*+* D.05537 3.73
16-25 4.673 0.09792 -0.21610%#* 0.05963 4.02
26+ 4.663 0.00948 -0.04181 0.07845 4.61
All 4.671 0.00555 -0.17380%* 0.03316 16.09
Heterogeneity x? (df=3) 4.24 P=0.24

After exclusion of the controls

A. PEB6 sample based on T6E5DR
0-17 4.658 0.03082 -0.19240 0.09834 0.86
8-15 4.736 0.02519 -0.18490** 0.04494 i B
16-25 4.673 0.01953 -0.15100%* 0.04956 1510
26+ 4.651 0.02290 -0.01463 0.07100 143
All 4.680 0.01192 -0.14010** 0.02906 4.53
Hetercgeneity x?(df=3) 4.41 Pm=0.22

B. Clinical subsample based on DSB6
0-7 4.719 0.04099 =0.40120%* 0.11300 0.25
8-15 4.742 0.04306 -0.31660%* 0.08499 0.38
16-25 4.720 0.03671 -0.26350%* 0.07666 0.35
26+ 4.605 0.03106 0.05016 0.09308 0.52
All 4.687 0.01941 -0.22080%% 0.04608 178
Heterogeneity x? (df=3) 12.65 P<0.01

C. PE86 sample based on DSB6
o-7 4.661 0.02948 ~0.28050+*+ 0.11770 0.82
8-15 4.732 0.02527 -0.22170+** 0.05690 1.14
16-25 4.675 0.01876 -0.21810** 0D.06178 1.05
26+ 4.651 0.02281 -0.01631 0.09313 1.23
all 4.680 0.01170 ~0.18550%* 0.03652 4.48
Heterogeneity x?®(df=3) 4.57 P=0.21

See the footnote in Appendix 3a.
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APPENDIX 5a THE REGRESSION COEFFICIENTS OBTAINED WHEN A QUADRATIC MODEL
OF 1Q (TANAKA-B) SCORE ON INDIVIDUAL FETAL OR UTERINE ABSORBED DOSE IS FITTED
TO ALL OF THE DATA AVATLABLE IN NAGASAKI

H#Sa EADKEX U FEllsit i dT 2 1QH (HPBR) ~O2 % E57 1L %

EW oA EeT6e s £

T= I TIED TR LN B E

Regression Cocefficients

Gestational

Mean Sguares

about
hges (Weeks)
5 Sa - Se Regrassion
All cases included

A. PEB6 sample based on TESDR
0=~ 95.2 0.892 -0.000124 0.000581 122.3
8-15 99.9 1.135 -0.000139 0.000175 173.9
16-25 103.2 0.875 =0.000742%* 0.000273 158.9
26+ 102.6 0.792 -0.000699 0.000457 141.6
All 100.6 0.465 ~0.000321% 0.000133 157.1
Heterogeneity x? (df=3) 4.24 p=0.24

B. Clinical subsample based on DSBé
a7 94.8 1.293 -0.000131 0.000803 150.5
8-15 161.4 1.574 ~0.001345#%* 0.000508 167.4
16-25 103.9 1.241 -0.001003* 0.000400 167.3
26+ 103.5 1.081 —-0.000735 0.000698 130.9
A1l 101.2 0.657 -0.000944** 0.000272 163.6
Heterogeneity x? (df=3) 176 P=0.63

C. PEBS sample based on DS86
0-7 95.2 0.889 -0.00015% 0.000720 122.3
8-15 99.8 1.134 -0.000143 0.000263 174.3
16-25 183,11 0.873 =0.000995** 0.000381 159.4
26+ 102.5 D.793 -0.0005935 0.000723 142.6
All 100.6 0.465 —-0.000396* 0.000195 157.4
Heterogeneity x? (df=3) 3.58 P=0.31

After exclusion of the controls

A. PEBE sample based on T65DR
0-7 95.1 1.088 -0.000110 0.000339 38.6
8-15 99.4 1.956 -0.000128 0.000178 168.7
16-25 100.2 1.664 -0.000610* 0.000281 159.9
26+ 101.8 1.738 -0.000630 0.000494 153.9
All 99.4 D.865 -0.000275* 0.000129 141.4
Heterogeneity x?(df=3) 2.85 P=0.42

B. Clinical subsample based on DS86
0-7 92.5 1.622 0.000085 0.000420 36.9
a-15 101.6 2.543 -0.001362*%* 0.000424 100.4
16-25 97.1 3.016 -0.000684 0.000434 178.5
26+ 102.1 2.262 -0.000572 0.000731 127.8
All 99.0 1.2886 —0.000795%% 0.000250 124.8
Heterogeneity x?(df=3) 5.90 pP=0.11

C. PE86 sample based on DS86
0-7 85 1.068 -0.000144 0.000414 38.6
8-15 95.3 1.952 -0.000124 0.000266 169.8
16-25 100.0 1.647 -0.000B37* 0.000389 160.1
26+ 101.4 1.744 —-0.000460 0.000783 157.6
All 99.3 0.8862 -0.0003318Sug 0.000189 142.4
Hetercgeneity x?(df=3) ) P=0.47

See the footnote in Table 4da.
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APPENDIX 5b  THE REGRESSION COEFFICIENTS OBTAINED WHEN A LI NEAR
EXPONENTIAL MODEL OF 1Q (TANAKA-B) SCORE ON INDIVIDUAL FETAL OR
UTERINE ABSORBED DOSE IS FITTED TO ALL OF THE DATA AVAILABLE IN NAGASAKI

fi#5b HADOKRIITFEMIGRI-G+ 5 IQME (HdBR) ~O&FigHTE»L £
BWOF TS ST — ¥ L8 TR TE LN~ REY

Regression Coefficients
Gestational Deviance
Ages (Weeks)

a g5 b (Gy) Sy (Gy)

All cases included

A. PEB6 sample based on TE5DR

0-7 4.549 0.00981 -0.00832 0.06536 2.20
8-15 4.596 0.01299 -0.04487 0.039%42 2.98
16-25 4.632 0.00899 -0.13290%*x 0.04170 3.29
26+ 4.626 0.00829 -0.095355ug 0.05174 3.41
All 4.606 0.00496 =-0.07306** 0.02307 12.60
Heterogeneity x? (df=3) 3.69 P=0.30
B. Clinical subsample based on DS86
0-7 4.544 0.01424 -0.01142 0.09276 1.58
B=18, 4.616 0.01759 ~0.19710% 0.06710 s I
16-25 4.642 0.01258 -0.19640%* 0.05900 1.76
26+ 4,638 0.01091 -0.125505ug 0.08427 1.43
all 4.613 0.00695 =0.14700%* 0.03485 6.72
Hetercgeneity x? (df=3) 3.49 P=0.32
C. PEB6 sample based on DSBE

0-7 4.549 0.00978 -0.01037 0.08149 2.20
8-15 4.596 0.01295 -0.05652 0.04964 2.98
16-25 4.632 0.0088B3 ~0.17360%*% 0.05377 3.27
26+ 4.625 0.00831 -0.09245 0.06830 3.43
All 4.8605 0.00485 ~D.089B0** 0.02946 12.61
Heterogeneity x? (df=3) 4.16 P=0.24

After exclusion of the controls

A. PEBF sample based on TE5DR

0-7 4,554 0.01283 -0.01586 0.04035 o 3% K.
8-15 4.597 0.02407 -0.04576 0.04233 kiDL
16-25 4.608 0.01881 -0.10400* 0.04772 1.02
26+ 4.624 0.01957 -0.09234 0.06015 0.86
All 4.600 0.00998 —0.06629+*% 0.02425 3.14
Heterogeneity x*(df=3) 2.39 P=0.50
B. Clinical subsample based on DS86
0=7 4.520 0.02044 0.02579 0.05550 0.06
(- a2 4.650 0.03363 =0.23780** 0.06637 1.23
16-25 4.587 0.04029 -0.12220 0.08412 0.42
26+ 4.641 0.02535 -0.131505ug 0.07470 0.32
All 4.609 0.01609 -0.14190%* 0.03798 1.18.
Hetercgeneity x? (df=3) 9.70 P=0.02
C. PEB6 sample based on DS86

D=7 4.554 0.01257 =0.01872 0.05019 0.15
B-15 4.597 0.02380 -0.05715 0.05362 1.01
16-25 4.608 0.01833 -0.14500* 0.06037 1.00
26+ 4.619 0.01973 -0.07985 0.07384 g.ges8
A1l 4.598 0.008587 -0.08020#%* 0.03070 F.15
Heterogeneity x?(df=3) 2.65 P=0.45

See the footnote in Appendix 3a.
3 3a BB,
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