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SUMMARY

As a part of the continuing assessment of the
effects on the developing embryonic and fetal
brain of exposure to ionizing radiation, the school
performances of prenatally exposed survivors of
the atomic bombing of Hiroshima and a suitable
comparison group have been studied. In this report,
the changes in performance in seven school subjects
according to dose are compared under the T65DR
dosimetry heretofore used by ABCC-RERF, and the
new dosimetry (DS86) installed in 1986.

Those survivors with school performance records
but without T65DR doses, or not exposed in utero,
or without school records are excluded. Thus,
the T65DR study group consists of 1,090 children,
including 14 clinically diagnosed cases of mental
retardation. DS86 tissue doses are not yet available
on 161 individuals, mostly those with T65DR doses
less than 0.10 Gy. The DS86 sample thus involves
929 children (85.2%) of the T65DR study group
and includes the same 14 severely mentally retarded
persors.
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The findings can be summarized as follows: Dam-
age to the 8-15 week fetal brain appears to be lin-
early related to the fetal absorbed dose, as judged by
the simple regression of average school performance
score on dose. This is so for both the T65DR study
group and the DS86 sample with or without the 14
cases of retardation. Damage to the fetus exposed
at 16-25 weeks after fertilization appears similar to
that seen in the 8-15 week group. Canonical and
muliiple correlations also show a highly significant
relationship of exposure 8-15 weeks and 16-25
weeks after fertilization to achievement in school.
This trend is stronger, however, in the earliest years
of schooling. In the groups exposed within 0-7
weeks following fertilization, or 26 or more weeks
after fertilization, there is no evidence of a radiation-
related effeci on scholastic performance. These
results parallel those previously found in prenatally
exposed survivors with respect o achievement in
standard intelligence tests in childhood.

INTRODUCTION

There is exlensive epidemiological and experimen-
tal evidence testifying to the deleterious effects
on the embryonic and fetal brain of exposure to
ionizing radiation; much of this evidence has been
summarized in a recent UNSCEAR Report.! In
large measure, the human evidence rests on the
many studies of the survivors exposed prenatally
to the A-bombing of Hiroshima and Nagasaki.?—¢
These earlier studies focused primarily upon the
occurrence of severe mental retardation and small
head size, and not on other, possibly more quantita-
tive evidence of brain damage. Recently, however,
Schull and Otake” (see also reference 8) have
shown that quantitative effects dependent on dose
and on gestational age at exposure are found in
intelligence test scores in childhood of prenatally
exposed survivors not deemed mentally retarded.
Mean test scores (but not the variances in scores)
are significantly heterogeneous among exposure
categories in individuals exposed 8-15 weeks after
fertilization and to a lesser extent in the group
exposed at 16-25 weeks. Second, the regression
of intelligence test score on estimated fetal tissue
dose is linear or linear-quadratic for exposure 8-
15 weeks after fertilization and possibly linear for
exposure at 16-25 weeks. These findings, in concert
with those of Meadows et al® and Ron et al'° on
the consequences of childhood exposure, suggest
more pervasive effects than severe retardation alone.
Ron et al, for example, have reported that children

FFRIZRODEIIBHTES. +4h b, Rt
B+ 2% ENMOMMEIR - TR T2 &,
ZHat 8 —15BE IS R OB~ DFF 212, 45 080 4
L TEHBMERCS L5 TH5, TEKHEER
Ml el < AT LI b6 3 TESDR B F DSE6
RHomAG, FUHHEEREEN 5. 24%16—25
WM AORET L, ZHES 18BN EED
PRAERTH - /2. Fo, FHEEM A U S o2
DBz T, #RS — 158 R 16—25 8
CEERMAOBCEELMFEL2D3. Lol,
COEFELERIZEEFEII LG CBRAL, BI5E
0— 78R U Matkea MLl L3 TIt, FEmEn:
LTHESEEEORERIEIED -k Zhs
DFEFRIE, BAEBRETECRAS SN REO
BEMET A PORBMAARLAMT2L0TH 3.

&
ERESHBHERE R R UK REOMCEE LSS
BEFTZLREREEENRUERNT— 7 2685
PThe ZORRNEI13MED UNSCEAR & !
IZEHENTWS, e bMIMIT SR, KL T,
L5 - B O BRIRIAAHRRICMT 22 { Of L6
CESCLNTHS. CnsDMMOFEIE, Tz
EEAHE R R U CIRE L A b0 TH Y,
WRENDEVFERG2TME VB I2M0OM R 2
W kEFshada7. LaL, #&E, Schull BU
KT (BELRS L M) &, SEI o g
R EE DR F T 3 ERNBEE I MGERLILED
havlgnERECRBEHOmEEREMEICED S
NA3ZEHEREL A ZREBEE—15EEH TIIHER
KoM OFEmEmEE (REERO S TS V)
CEELREE»RAY, FHEH%I6—5BHH T
FhIFEBOWREE 2ok kI, REEREHEE
Bt T AmERAE M~ OB FIE, 815k
BTIHRBEXEIHEF-2 kMETHY, 16—255E
BTRBETHLLEbBIhS. ZhsORRIE,
Meadows 59 B (f Ron 5" O#Rs L[R2, HIE
B OLDEELIVLELGREFTFET S

ol



who were treated for tinea capitis and received brain
doses within the range of the prenatally exposed A-
bomb survivors, had lower examination scores on
scholastic aptitude, intelligence quotient (IQ), and
psychological tests, completed fewer school grades,
and had an increased risk ol admission 1o a mental
hospital for certain disease categories, including

epilepsy.

In March 1986, as a result of a comprehensive
reevaluation of the exposures of the survivors of
the A-bombing of Hiroshima and Nagasaki, a new
method for the estimation of individual doses was
introduced, termed the Dosimetry System 1986
(DS86).1! The development of this system has
prompted a series of new analyses with respect
to brain damage among the prenatally exposed.
The first of these to be completed involved the
occurrence of severe mental retardation,® where it
was found that qualitatively the risk of mental retar-
dation altributable to exposure to ionizing radiation
changes little from one dosimetric system to the
other. The highest risk of radiation damage to
postnatal mental functioning occurs after exposure
at 8-15 weeks after fertilization under both the old
and the new systems. Damage to the developing
brain at this time, expressed as the frequency
of severe mental retardation, appears adequately
described by a simple linear dose-response model
without a threshold. However, under the DSB6
dosimetry more evidence for a threshold in the
dose-response curve, or at least a curvilinearity in
the latter emerges than was seen with the earlier
dosimetry. 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.

There are, however, other data pertinent to changes
in brain function following exposure prenatally to
ionizing radiation, specifically the performance in
school of those survivors exposed in utero who
were enrolled in primary schools in Hiroshima.
Data on school performance were collected in the
summer of 1956, primarily with a view toward
determining their correlation with intelligence tests
administered in the clinical facilities of ABCC, but
patently, they have other uses. They afford a basis
for an assessment of radiation-related degradation
in intellectual and other brain-related aspects of
performance separate from the intelligence tests per
se. And, since the data extend over four years
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of school performance, they afford a means for
determining whether the manifestations of brain
impairment include an altered rapidity of learning
as well as an absolute decrement in ultimate perfor-
mance, or whether some amelioration occurs with
the lapse of lime, i.e., with increasing age.

Japanese regard for and motivation toward an ed-
ucation are proverbial; both parents and children
look upon schooling as an avenue for betiering
oneself and one'’s family. This urge to improve-
ment results in a strong emphasis upon school
attendance and performance. As a consequence,
the Japanese child rarely misses school without
good cause, and while in school places high value
upon achievement. If a child’s attendance record
reflects illness, and performance at school reflects
innate ability, then attendance at school might be
correlated with intrauterine radiation exposure as a
result of (radiation-generated) illness, and perfor-
mance with the nature of the developmental events
occurring at the gestational age when a child was
exposed.

The purposes of this report are twofold, namely, to
evaluate the absolute risks to the developing human
embryonic and fetal brain of exposure to ionizing
radiation, as measured by school achievement, using
the newer DS86 doses, and to compare these
estimates with those derived from the earlier T65DR
dosimetry.!?

MATERIALS AND METHODS

With the approval and assistance of the Municipal
Board of Education in Hiroshima and the written
consent of the parents of the in utero exposed, the
school records of these children in the first through
fourth grades in 44 primary schools in Hiroshima
City, including a school for the deaf and an orphan-
age, were microfilmed in August and September
1956. At the time these children were 10 to 11 years
old, and most had recently completed the fourth
year of schooling. The records themselves include
information on school attendance, performance in
various subjects, behavior in school, and physical
status. '

School performance records. In the first four
years of elementary school, a Japanese student is
exposed to training in seven subjects:
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1. Language [Ei&

2. Social studies #%£

3. Mathematics (arithmetic) #% (E#)
4. Science HF#

Every student’s performance with respect to these
subjects is evaluated routinely, and at the end of
every semester (three occur in the academic year),
a score is assigned for each. The score for the
year is recorded as an average for three semesters.
Each subject has from threc to five evaluation
scores as record of learning. Japanese language
has five scores, that is, listening, speaking, reading,
wriling and composition, while others have three or
four scores, that is comprehension, attitude, skill,
habit, appreciation or expression. At the end of
the academic year, these scores are summarized
into a single value for each subject. The latter
varies, normally, in unit steps from +2 to —2.
The highest and lowest five percentiles of the class
are assigned scores of +2 (very good) and —2
(poor), respectively. The next highest and lowest 20
percentiles are given +1 (somewhat above average)
and — 1 (somewhat below average), and finally, the
middle 50% are given zero (average). We have
converted these assigned values to a five point scale
(5, 4, ..., 1), giving the highest and lowest scores
the values 5 and 1, respectively, and so on. Some
scores for some individuals were either missing or
illegible; in these instances in the tests to follow,
we have used all of the available information unless
specified otherwise. '

Six of the 1,126 members in the original PE86
sample in Hiroshima for whom school records
were potentially available, were found not to have
been exposed prenatally. Others excluded from
the PEB6 sample are enumerated in Table 1. The
current study sample of 1,090 children includes
14 individuals clinically diagnosed as mentally
retarded. The diagnosis of severe mental retardation
was based on clinical findings and not on an 1Q
score.? A child was deemed to be severely mentally
retarded if he or she was "unable to perform simple
calculations, to make simple conversation, to care
for himself or herself, or if he or she was completely
unmanageable or had been institutionalized."?

Dosimetry. For comparative purposes, the results
of two analyses will be presented, one based on
estimates of fetal absorbed dose using the so-
called T65DR dosimetry, that is, T65 doses after
relocation of the hypocenter in Nagasaki,'?'1® and
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5. Music #F#&
6. Drawing, handicrafts [ T
7. Gymnastics %
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TABLE 1 THE STUDY GROUP OF INDIVIDUALS PRENATALLY EXPOSED
#1 ENEREAEEH

| tem Hiroshima only kS
Total in the original PESG sample 1126 100.0
Unknown maternal kerma 8 0.7
Not exposed prenatally? 6 0.5
Ne school records found 22 2.0
Study group analysed here 1090 96.8
(mentally retarded cases) (14) =

t These six children were excluded from the study sample because they
were found not te have been born between 6 August 1945 and 31 May 1946.
145 EBHEEASIMEES AL TORERTE Lo 6 B AHEERA» 6RRIL 2.

the other, the absorbed dose in the uterus based on
DS86 dosimetry. The former are the estimates of
maternal kerma taking into account the relocation of
the epicenter in Nagasaki and corrected shielding
data. The fetal absorbed doses associated with
the T65DR system are the estimates of maternal
shielded kerma multiplied by body transmission
factors averaged over all stages of fetal development
and without regard to the mother’s orientation or
posture at the time of the bombing (ATB).!4 These
transmission factors differed trivially from those
used for assessing T65DR uterine dose.

Fetal absorbed doses based on the DS86 dosimetry
system are not yet available. As a surrogate, we
use the mother’s computed uterus dose, ignoring
the RBE of neutrons. Neutrons attributable to the
A-bomb contribute little to fetal dose under either
the T65DR or DS86 system of dosimetry.

Within 1,600 m in Hiroshima and when the requisite
detailed shielding information exists, the DS86 esti-
mates can be computed directly for each individual
without the use of explicit, average transmission
factors and take into account orientation and pos-
ture, where known. Beyond 1,600 m in Hiroshima,
where delailed shielding histories do not exist for
the majority of survivors, organ-absorbed doses
are obtained indirectly. Free-in-air (FIA) kerma is
estimated at the survivor's location by regression
methods, and the latter estimate is then adjusted
using average structural and body transmission
factors. Appendix 1 gives the numbers of prenatally
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exposed individuals within the school performance
sample by dose category when dose estimation was
direct and indirect. Most indirectly estimated doses
are less than 0.10 Gy, and are less important in
the determination of the dose-response curve than
the higher dose categories in which virtually all
absorbed doses were derived directly. In both
samples, the control or comparison group consists
of prenatally exposed survivors receiving doses of
less than 0.01 Gy and those individuals not-in-city
(NIC) ATB.

The correspondence between estimated doses under
the T65DR and DS86 systems is illustrated in Table
2 and Figure 1. Mean dose in each category is given
in Table 3. The DS86 sample used in the analysis
of school performance contains 85.2% of those
individuals in the T65DR study group (Appendix 1),
including the same 14 survivors diagnosed clinically
as menlally retarded (see reference 8 for a fuller
description of the interrelationships of the various
samples). The principal differences between the
T65DR study group and the DS86 sample are 1) the
shift of 49 (32.0%) of the 153 prenatally exposed
survivors in the 0.01-0.09 Gy T65DR group to the
0.10-0.49 Gy DS86 group, and 2) an increase in
the 0.50-0.99 Gy group [rom 15 in the T65DR to
27 in the DS86. These changes reflect the higher
transmission, on average, of gamma rays through
tissue with the DS86 dosimetry.
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TABLE 2 RELATIONSHIP OF THE T65D FETAL AND DS86 UTERINE-ABSORBED DOSES IN
THE T65DR STUDY GROUP AND DS86 SAMPLE

#9 TESDR EM & DSSEHEM I #1017 5 T6SDR Ba 2 ok T & it »
DS F =R R & O F

Fetal absorbed

Uterine-ahsorbed dose based on NSRG(Gy)

dose based on

TESORCGy) Tolal Number
<0.0! 0.01-0.09 0.10-0.49 0.50-0.93 1.00+ known Unknown — Total
<0.01 634 49 6ad a0 773
0.01-0.09 104 49 153 GR 221
0.10-0.48 52 2] 1 Th 2 06
0.50-0.99 f 1 15 | 16
1.00+ 1 1 0 i
Total fi3d 153 101 27 14 929 161 1090
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FIGURE 1 RELATIONSHIP BETWEEN T65DR

FETAL-ABSORBED DOSE AND DS8 UTERUS

ORGAN DOSE ESTIMATES FOR SCHOOL SAMPLE
IN HIROSHIMA
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TABLE 3 NUMBER OF CHILDREN WITH SCHOOL RECORDS BY GESTATIONAL AGE AT EXPOSURE
AND INTRAUTERINE-ABSORBED DOSE ACCORDING TO THE T65DR AND DS86 DOSIMETRIES

3 FHRSGEE T HAFEM, #AREiEAEE B I U1 TESDR & U
DSsoip it E AR o L 3 FE AR &R

Dose Category Gestational age of exposure (weeks after fertilization)

Mean dose
(Gy) (Gy) All

0-7 B-15 16-25 26+

Study group based on TE50R fetal dose

Control 0 773(2) 100 170 210(1) 203(1)
0.01-0.09 0.04 221(2) 35 60C1) 60(1) 66
0.10-0.49 0.24 76(3) 8 26(3) 21 21
0.50-0,99 0.73 16(5) 0 5(3) 9(2) 3
1.00-1.99 1.29 4(2) 1 2(2) | 0
2.00+ - 0 0 0 0 0
Total - 1090€14) 144 263(9) 301¢4) 382(1)
DS86 sample based on DSB6 uterine dose
Control 0 631(2) 77 142 182¢1) 233(1)
0.01-0.09 0.04 153(1) 17 36 44¢1) 56
0.10-0.49 0.22 101(2) 12 33(2) 26 30
0.50-0.99 0.64 27(3) 2 10(3) 12 3
1.00-1.99 1.16 13(6) 0 5(4) 5(2) 3
2.00+ 2.41 1 1 0 0 0
Total - 929(14) 109 226(9) 269(4) 326(1)

Number of severely mentally retarded cases are shown in parentheses.

EHAEERSE R RS T T,



As is evident from Table 2, the children with
unknown DS86 doses number 90 (11.6%) of the
773 who were exposed to less than 0.01 Gy under
the revised T65 dosimetry, and 68 (30.8%) of the
221 with T65DR doses in the range, 0.01-0.10 Gy.
These two dose categories account for 158 of the
161 individuals with known T65DR doses for whom
a DSB6 dose does not exist. It scems unlikely,
therefore, that their exclusion could significantly
alter a comparison of dose responses according to
the two dosimeltries.

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
J I O AT 4R H 3

where the mean duration of pregnancy is taken to
be 280 days, and the date of birth being obtained
by interview with the individual or his or her
mother. To obtain the age alter 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 latler quotient was
presumed to be zero if it was negalive.

The most important single factor in determining
the nature and extent of the insult to the devel-
oping embryo or fetus resulting from exposure to
ionizing radiation is the developmental age (here
presumed to be synonymous with gestational age).
Accordingly, since different functions in the human
brain are localized into different structures, and
the differentiation of these takes place at different
stages of development, i.e., over different periods
of time, gestational ages have been grouped so as
to reflect these known phases in normal embryo-
and fetogenesis. Four categories measured from
the presumed moment of fertilization have been
used: 0-7, 8-15, 16-25, and 26 weeks or more.
In the first period, the precursors of the neurons
and neuroglia, the two principal types of cells that
give rise to the cerebrum, have emerged and are
mitotically active.!® In the second, a rapid increase
in the number of neurons occurs; they migrate
to their final developmental sites and lose their
capacity to divide, becoming perennial cells.}®~1°
In the third, differentiation in situ accelerates,
synaptogenesis that began about the eighth week
increases, and the definitive cyloarchitecture of the
brain unfolds. The fourth period is largely one of

RERF TR 2-88

F2HS5hr D LI, DISCHR AT L H 1T,
BE TESARIRHAEE /12 & 2 HEMRAR L 4°0.01Gy Kifh
THETPBED T W04 (11.6%) THN, Eigi
A0.01—0.10Gy TH5 221%D ) LOE8E (30.8%)
Thotz. IS5 O0HRESIE, TE5DR & & 14
FIERL T4 A DSEoflt G h T LWIBlE D
IBLIBEEED. LAANST, 50T HERD
FRobA" " oD SR HEE J7 (2 & SR B RS O Mg
BRIAECE g LEEI R V.

BEABE. BEiREoMEDRE, SHEE0HE
M E R TE, ROAFREBOTEHL -,

— (Date of birth — 6 August 1945)

EHEHH

ZCoT, FHMERAMIE 280 &L, EFRAIRFA
B EOMBETHNLLOTHE. THED
MR EEE, “ESBEEREDE A5 4B EFVT
HH LA ZoORPABERZT CH- THRABHES
b, HEODEIFrBIILIBEIE0 LHEL A,

SEIETh ORGSR R T 0 B S B O A R B
OUMERBEURBEARET AL TRAEE 2 BRI
BeF Lofk (FRABREEFfKE 2L T) Th 3.
LT, B LORRICET s DB RERS 2
HECRELTED, 4, SHBOMEEED
RSB, Thobb REI3BWIIRZISZOT,
FEABIFRUBBREEC ST MO LB %
FEWedakiIcimEi e oMLz, Thbs, #HE
ZREAASEHELT, 0—7#H, 8—1538, 16—25:,
Ror2eEL FoloOrERIC oML, E1HICE,
A e TAFEMaTchs—a -0y RUF =2~
Oy T ORERESEEL, MEIGECARTR
FTAE S EIWIzE, —a-0rOERAERECTL
ha, k#n=—2—0rIRFEOMMBRTH» 5 KN
FE/ABHL, WESBEOEE L5 CIEFRMK
En B EIMTIE, BEMHSAFRES L
E8BBZAIIGBER VT AN ML, BEO
mAEm aMEMENEDL B4 TR, ELLT
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continued architectural and cellular differentiation
and synaptogenesis.

Statistical considerations

As a preliminary to determining what measure of
school performance should be fitted to the dose data,
given the interdependence of the various school
performance scores, we have examined the principal
components of the matrix of correlation coefficients
among the seven subjects we propose to use in
the assessment of radiation-related damage. These
correlation coefficients are given in Table 4; the
values shown are for performance records in the first
grade in the DS86 sample and include all children.
These correlations are high, ranging from 0.62 to
0.82, and suggest a strong interdependence of the
scores. Accordingly, to determine whether some
linear function of the scores would provide a more
suilable metric of radiation-related damage than the
scores individually, we give in Table 5 the elements
of the eigenvectors, the eigenvalues and the percent
of the generalized variance associated with the
successive roots of the correlation matrix. It will be
noted that the first eigenvector, which weights all
of the subjects equally, or nearly so, accounts for
75% of the generalized variance. Alternatively put,
the vast majority of the variability is explained by
the first eigenvector, which since it weights subjects
equally, is tantamount to the mean of the individual
subject scores. No one of the subsequent vectors
explains more than 6% of the variability, and all
are associated primarily with a single subject, the
second with music, the third with gymnastics and
S0 on.

Given the number of different developmental pro-
cesses which are proceeding simultaneously and
whose relative susceptibilities to radiation-related
damage are unknown, a variety of dose-response
models could be fitted to the individual school
data. However, since the first principal component
is of predominant importance and is independent
of the other eigenvectors, simple linear and linear-
quadratic regression models have been fitted to
average (unweighted) scores for all of the seven
school subjects previously described for which data
are available in order to characterize the relationship
of school performance to dose, and the null hy-
pothesis of homogeneity in the estimated regression
coefficients among the four gestational age-groups
has been tested. When significant heterogeneity
obtains, we consider each individual age-category
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TABLE 4 CORRELATIONS AMONG THE SEVEN SCHOOL PERFORMANCE VARIABLES
BASED ON ALL CASES ENROLLED IN THE FIRST GRADE IN THE DS86 DOSE SAMPLE

#d DSBOEMICHTA1IRELFED THE O F MM EK
First grade
Subjects
lLang. Social Math. Science Music [raw. Gym.
Language =
Social studies 0.786 =
Mathematics 0.823 0.742 a3
Science 0.770 0.747 0.750 o=
Music 0.710 0.676 0.659 0.659 -
Drawing 0.757 0.732 0.709 0.700 0.660
Gymnastics 0.706 0.697 0.675 0.676 0.622 0.657 =

Simple correlation coefficients, Irl 20.062 or Irl 20.100 are Lhe

p<0.05 or p<0.001

significance levels under the null hypolhesis H.:p =0.

IREERIE Ho tp=0128 v T, MHHEMES | 20.0622 1 vl 20,100 p<0.05

R p<0.00lOHBAREIZH S,

TABLE 5 ELEMENTS OF THE NORMALIZED EIGENVECTORS FOR THE SEVEN PRINCIPAL
COMPONENTS AND PERCENT OF THE GENERALIZED VAIRANCE, BASED ON ALL CASES
ENROLLED IN THE FIRST GRADE IN THE DS8 DOSE SAMPLE

#5

DSSEHMEAD 1 FREOEFEFHIZKT{, L2OFERBP TS

EREFE~Y P LBV BRI OFSE

Principal components

Subjects

1 2 3 q 5 6 7
Language 0.400 —=0.047 —0.211 0.103 —0.288 —0.115 —0.828
Social studies 0.387 —=0.008 -—0.070 -—-0.107 -—0.419 —0.790 0.160
Mathematics 0.385 —0.171 —0.334 0.330 -0.573 —0.003 0.522
Science 0,381 —0.165 —0.207 0.357 0.630 0.511 0.000
Music 0.357 0.880 0.257 0.160  —0.015 0.028 0.078
Drawing 0.375 0.039 —0.194 —0.886 —0.048 0.305 0.097
Gymnastics 0.360  —0.393 0.832  —0.008 —0.118 0.092 0.011
Fercent of
general jzed 5.2 5.5 5 1.1 3.8 3.5 2.4
variance

estimate as the best measure of the dose-response B s, THBONM MMEEGETT) &, &,

relationship in that group. Since we are interested
in assessing two sets of data involving grades in
seven subjects (which are correlated) and dose,
dose squared, and school attendance within four
gestational age categories, canonical and multiple
correlations have also been estimated on these
children from the first to the fourth grade. The
estimation procedures and the program used are
fully described in the BMDP Computer Program.?®
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To examine the heterogeneity among the canonical k {8 @ Re P93 6 B 21T S EEEAHBI OO 4 1 — 4 %
corr.el?uons in the k gestational groups two new test WABRBI, ZOOHL RE SRR
statistics have been used. These are described in o ) N

Appendix 2. The two statistics, defined by equa- SNHEEDVTUHME2 THMT 2. [T (1) R U
tions (1) and (2) in the Appendix, are distributed )R CERShA— ORI, KkOBERS

2 .

as x“ with k—1 degrees of freedom under the null L B . I
o RE-sTk—10EHMEZE X2 L LTS T 5.

Hp : pgl) =..= pgk) and Hg :pf,{:‘ == pgf]

where pgﬂ denot(e.g) the i-th population canonical cokE, PV i REOBEMTFEMBE L TL,
J

correlation, and p;," when the m canonical correla- m 1 @ IF H& 58 1 1% 5 A7 pmffi > 'Gm[-{Jl 20T, j=
tions have pfd) > p(2) | > 0, and j=12,... K (ges- 1, 2, .., i (revy @EBE Ch LT, ol &% B,

tational age-groups). When significant heterogene- . i )

5 13 CHES RGNS
ity was observed among the canonical correlations 2 OREP BB HF O L A0 (25 8 4 R A5
associated with the four gestational age-categories, WoRLME, BREPGEmE OB RSO R
inferences about the dose-response relationships AFRFNKEE L A FHEMIIES T .
within an age-category have been drawn from the
individually estimated canonical correlations. . ) )

b o ld, BSOS OEREX L EER

The tests described above assume normality or  [FMMARE T 5. ZORE L, FH¥ ERHs
multivariate normality of the distribution of subject BBICERECIBAEEL LB ALY, WAL

scores; this selems likely to be wvalid when the S0 0 % BT\ 3 F MR TR ORI O o 1 3
average score is regressed on dose, but can only

be approximately correct for the canonical and ~ WIEIEAHIITEL0. BmEIEELEA, IO
multiple correlations where the individual scores FGANEIFNTH S, THBETHS. 1455 B
! “}510“ d_“}:"‘_‘gh the Jalior ary S“mdﬁf‘ﬁzed DB R D & 9 (0 ARM & K5 0T 5 5k T,
and tnheir disiribution 1s symmetric, they are not S, % b Bty B
continuous. Grouping individual performances, as HEe ”Bm{f"ﬁ%ﬁﬁ ‘hTé__ﬁ‘ el
the grading system 1-5 does, obviously sacrifices O ERERIIRET S LBHETH 3.

some information, but it is difficult to determine

precisely how much. B, MERUCHEMELEECEROKE &4

. y %= ZEIE SETHA. Lk
Finally, it should be noted that the sample sizes {t‘ﬂ“ & &e BRI PR TER, @ ‘;_< 24 %H
vary with the test and time. If at least one subject ~ P F RBMAAF &htLid, TOMEHEHRE M
score was available, the individual contributes to the TAPEEBEOEIR CF ST 45, $ERBFTE,
regression of the average score on dose; however, EEEIIODVTTREOFERBOTNTEAET S
the multivariate analyses require that all seven : . "

; ; LEAFES. @AABF A 797 by
scores be known for each child. This was not 'Lfg __5_ _ﬁa s ﬁ&aﬁﬁfq’ ) j . 2
always true, largely because the individual scores ~ & BET S ILBTELNI L2 EYh, TEE
could not be completely reconstructed from the FREMT -7 eHiiBos LR H . EE
microfilms; with singular exceptions, a score had MARAPEAERATOAELOD, HETEL ot b
been entered, but it was not legible. I RABINE B,

RESULTS
Table 3 gives the distribution of the 1,090 in utero % R
exposed children, with school records, including BEERRT (MR r B s R 14 % (EINICTEL &)

{I.le .14 Jud.ged clinically to be men_tally retarded AL, MR EETAIAEMR 1 090% 05
(indicated in parentheses), by gestational age and

fetal absorbed dose categories based on the T65DR %, BH MBS B AR 112 TESDR & ©F DSE6 # iit #E
and DS86 dosimetries. Note that 9 (64.3%) of the HRICETHERBIRREE SR IZEIILRL &

12



14 mentally retarded cases are to be found in the
group exposed 8-15 wecks after fertilization, and
4 (28.6%) in the 16-25 week group. Since in the
highest dose category, i.e., 1 Gy or more (DS86),
four of the five children in the 8-15 week group and
two of the five in the 16-25 week group are mentally
retarded, their inclusion or exclusion can have an
appreciable effect on the analyses. Furthermore,
nine severely mentally retarded cases exposed 8-15
weeks after fertilization have not advanced to higher
grades in primary school, that is, they decreased to
seven in the second grade, six [including three cases
in 1 Gy or more group (DS86)] in the third grade,
and zero in the fourth grade. Their average scores
of the first three grades in the 8-15 week group were
in the lowest range from 1.0 to 1.4. On the other
hand, the average scores of two mentally retarded
cases exposed 16-25 weeks after fertilization to
1 Gy or more were between 1.0 and 2.0 from the
first to fourth grades. One case advanced to the
fourth grade. Accordingly, results will be presented
which both include and exclude all 14 mentally
retarded cases. In particular, such a drastic decrease
in school attendance with age in severe mentally
retarded cases gives a substantial effect on the
analysis, because the number of cases in the 8-15
weeks and high dose group has become so small.

The correlations between the scores for individual
subjects and gestational age range from (.05 to 0.09;
the correlations with radiation dose vary from -0.10
to -0.17, and with school attendance from 0.10 to
0.12 (data not shown). Most of these are significant
at the 5% level since p<0.05 when the absolute
value of the coefficient equals or exceeds 0.06. The
correlations for school attendance, sign ignored, are
only slightly smaller than those for radiation dose,
and clearly suggest that the students who do betler
in their subjects are also those with the most regular
attendance records.

Regression analysis. Linear and linear-quadratic
dose-response models have been fitted to the data on
average performance score within each of the four
gestational age-groups with and without inclusion
of the mentally retarded. The change in mean
score (with ils standard error) within the four
gestational age-groups is shown in Figure 2 and the
regression coefficients based on the linear model are
summarized in Tables 6a and 6b by gestational age
and by grade in school for all individuals included
in the T65DR study group and DS86 sample, and in

13
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HHEHRME DI L9 % (64.3%) #2588 —15
WEEEFIZE L, 4% (28.6%) A2 RaH16—25 8¢
CBLTWAZLAFEHENS., 16y B E (DSSE)
DEBRESIIEOTIR, SHREs—15EBB20
SEDIB4EN, FH, RHEE—BEHBEO
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FIGURE 2 AVERAGE SCHOOL SUBJECT SCORE IN THE FIRST GRADE

WITH 95% CONFIDENCE LIMITS BY GESTATIONAL AGE IN WEEKS AND

Average of School Records

Average of School Records

TISSUE-ABSORBED DOSE

2z 1FEFEOFEFENRESLIEEER, KRS &Y
HH sk um, U3 45 Bt B
Study Group Based on TG5DR Fetal Dose
5 =
F (4, 1075) F(2,139) F (4, 285) F (3, 295) F iz, 377
| =078 =1.24 NS = 6.08"* =080t =4.38°
2} +
il - &
"
N 1) 1
r21 (1) ) T
5L TR EI T : i
I I 1 s } (21
= [}
{5 }:m
2}
{1 1,00+ Gy
-+ f2) —— 0.99.0.50
B ‘[ —a—t 0.49.0,10
A —a—i 0.09.0.01
1L l —0—4 Control {<0.01 Gy)
All Ages 0-7 B-15 16 - 25 26 +
Sample Based on DS86 Uterine Dose
F (4, 916) F (3, 102) F (4, 220) F {4, 262) F (a,318)
51 =8.B7*" = 2.57 Sug =559 T =1.14 NS
¥
4
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BPEI.. " T ]2 i 1 i
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= } I I
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Gestational Age (weeks after conception)

All Agas 26 +

The numbers in parentheses are severe mentally retarded cases,
§5 0P 00 £ 0 O R O AR &L
1 Indicates that dose groups 0.50-0.99 and 1 Gy or more were pooled to 0.10-0.49 Gy
or to 0.50-0.99 Gy .
0.50—0.99Gy A UF1Gy MLEFHFZ0.10—0.49Gy BRI 0.50—0.99Gy BFIZ &
HbIERERT S, 5
Significant levels of F-value with f; and f, degrees of freedom are:
BEEl RO, 2L OFOFEAEL
NS (p>0.10), Sug (p<0.10), *[p<0.05), and **{p<0.01).
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TABLE 6a THE LINEAR RELATIONSHIP OF AVERAGE SCHOOL PERFORMANCE SCORE TO
FETAL ABSORBED DOSE (T65DR DOSIMETRY) WITHOUT EXCLUSION OF THE CASES OF
MENTAL RETARDATION

# 6a MR 2 G0 EOFYEENA LI RIE R (TESDR G BHEE HR)

@ BRI {7
Gestational Number Regression coefficients
ages(weeks)  of Mean snquares
al exposure cases a S, h Sh ahoul. regression
First grade
0-7 141 kg 0.072 0.0022 0.0050 0.6Y
815 260 2.86 0.053 —0.0148"" 0.0030 0.67
16-25 299 3.01 0.047 —0.01189"" 0.0030 " 0.60
26+ 380 3.10 0.044 0.0040 0.0058 0.58
Al 1080 3.03 0.026 —0.0101"" 0.0019 0.68
Heterogeneity x2 = 14.65 p < 0.0l
Second grade
0-7 142 3.15 0.077 0.0039 0.0054 0.80
8-15 259 2.87 0.052 —=0.0167"" 0.0030 0.64
16-25 300 3.02 0.048 —-0.0117"" 0.0030 0.61
26+ 380 3.13 0.045 0.0036 0.0059 0.71
Al 1081 3.05 0.027 —0.0110°" 0.0019 0.70
flelerogeneity x2 = 14.93 p < 0.01
Third grade
0-7 14] 3.20 0.082 —0.0007 0.0057 0.91
8-15 256 2.86 0.057 —0.0166"" 0.0038 0.74
16-25 297 2.99 0.050 —-0.0125"" 0.0031 0.67
26+ 374 3.09 0.046 —0.0014 0.0060 0.73
All 1068 3.02 0.028 —0.0113"" 0.0021 0.76
lleterogeneity x? = B.21 p=0.04
Fourth grade
0-7 70" 2.92 0.099 —0.0319" 0.0131 0.58
8-15 236 2.86 0.059 —0.0128"" 0.0059 0.71
16-25 293 3.0] 0.019 —0.0134"" 0.0032 0.64
26+ 377 3.11 0.044 —0.0049 0.0052 0.68
Al 975 3.01 0.028 —0.0123"" 0.0024 0.68

leterogeneity x? = 4.38 p=0.22

The x? value associated with the heterogeneitly tests has three degrees of freedom.
REEHBEIZLIABES O X2 M.

# indicates that the children who were born hetween | April and 31 May 1946 are not
included in the 0-T7 week group, because they were in the Lhird grade at ihai time.
#it, 1I46FE4 A1H 65 A31 A COMERB-COLBIEETEREO—TEARBIEEATHEL
ZELEEMTS.

Significance levels: N5(p>0.10), Sug(p<0.10), “(p<0.05), and ~"(p<0.01)

HE A

The regression coefficient, b, is the increase(or decrease) in average school
performance score wilh dose expressed in cGy (1 rad) and S5y is its standard error.

B/# b 13 oGy (Lrad) TETRBIFEIFHEEXNO LR (REETF) &RL, S 3 tOREREE
.
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TABLE 6b THE LINEAR RELATIONSHIP OF THE AVERAGE OF THE SCHOOL PERFORMANCE
SOCRE TO UTERINE-ABSORBED DOSE (DS86 DOSIMETRY) WITHOUT EXCLUSION OF THE
CASES OF MENTAL RETARDATION

#6b MEEWRLELOLLEOTHFREME TERIGER (DS H#EEHR)

(233 AR
Gestational number Regression coefficients
ages(weeks) of Mean snquares
al exposure cases a 5; h Sh aboul regression
First grade
0-7 106 3.09 0.082 0.0023 0.0032 0.67
8-15 225 2.86 0.057 —0.0115 " 0.0022 0.63
16-25 267 3.03 0.051 =0.0097" " 0.0024 0.60
264 323 3.11 0.048 0.0023 0.0036 0.66
All 921 3.03 0.028 —=0.0070"" 0.0014 0.67
Heterogeneity x? = 20.48 p < 0.0l
Second grade
0-7 107 3.09 0.087 0.0036 0.0034 0.77
8-15 221 2.86 0.056 —0.0127"- 0.0022 0.60
16-25 268 3.05 0.051 —0.0096"" 0.0024 0.62
26+ 32 3.16 0.048 0.0001 0.0036 0.68
All 923 3.05 0.029 —0.00767" 0.0014 0.69
Heterogeneity x2 = 21.31 p < 0.01
Third grade
0-7 107 3.11 0.097 0.00]2 0.0038 0.95
8-15 221 2.86 0.060 —=0:0117"" 0.0025 0.69
16-25 265 3.02 0.055 —=0.0101"" 0.0025 0.60
26+ 319 3.10 0.049 —0.0006 0.0037 0.70
Al 912 3.02 0.030 —0.0074"" 0.0015 0.75
Heterogeneily x? = 12.62 p < 0.01
Fourth grade
0-7 56" 2.78 0.108 —0.0172" 0.0084 0.57
8-15 204 2.88 0.064 =0.0095" 0.0092 0.71
16-25 260 3.03 0.054 —=0.0109"" 0.0026 0.65
26+ 3zl 3.13 0.048 —0.0035 0.00:32 0.66
All 841 3.02 0.030 —0.0089"" 0.0018 0.68
Heterogeneity x° = 4.42 p=0.22

See footnote in Table 6a.

Tables 7a and 7b after the exclusion of the mentally
retarded. Figure 2 suggests a striking decline in
school achievement with dose under both dosimetric
systems in the 8-15 and 16-25 week categories,
but not in the 0-7 or 26 or more week categories.
Significant heterogeneity is observed in the regres-
sion coefficients among the four gestational age-
groups in the first three grades but not in the fourth
under both dosimetries. When the age-categories
are viewed individually, the regression coefficients
are generally significantly different from zero only
for the groups 8-15 and 16-25 weeks under both
dosimetries. Note, however, that the slopes are
generally higher (10% to 20%) when the T65DR
doses are used.

#6a OMESE.
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TABLE 7a THE LINEAR RELATIONSHIP OF AVERAGE SCHOOL PERFORMANCE SCORE
TO FETAL ABSORBED DOSE (T65DR DOSIMETRY) WHEN THE MENTALLY
RETARDED CASES ARE EXCLUDED

#7a MAORHREERI L 2BEOTHE ERM I RBIVER (TE5DR 4 B4 4 R)
DI %
Gestalional Number Regression coefficients
ages(weeks) of = Mean squares
at exposure cases a Sa b Sb aboult regression
First grade
0-7 141 Galn 0.072 0.0022 0.0050 0.6o
B-15 251 2.87 0.054 —0.0096 Sug 0.0032 0.65
16-35 295 3.02 0.047 —0.0100"" 0.0033 0.59
26+ 379 F:14 0.044 (.0038 0.0058 0.67
All 1066 3.03 .026 —0.0055" 0.0023 0.66
Heterogeneity x% = 7.42 p = 0.06
Second grade
0-7 142 3:15 0.077 0.0039 0.0054 0.80
8-15 251 2.87 0.053 —0.0128" 0.0051 0.62
16-25 297 3.02 0.048 =0.0107"" 0.0033 0.61
26+ 379 3.14 0.045 0.0014 0.0059 0.70
All 1069 3.05 0.026 —0.0067" " 0.0023 0.69
Heterogeneity x2 = B.09 p = 0.04
Third grade
0-7 141 3.20 0.082 —0.0007 0.0057 0.91
B-15 250 2.85 0.057 —0.0099 Sug 0.0055 0.72
16-25 201 2.59 0.050 —=0.0107" " 0.0035 0.66
X+ 373 3.09 0.046 —=0.0017 0.0060 0.72
All 1058 3.02 0.028 —0.0074" " 0.0024 0.74
Heterogeneity x¢ = 3.37 p = 0.34
Fourth grade
0-7 0 2.92 0.099 —0.0319° 0.0131 0.58
8-15 236 2.86 0.059 —0.0128" 0.0059 0.71
16-25 290 3.02 0.049 =0.0127"" 0.0034 0.63
26+ 376 3.12 0.044 —0.0051 0.0051 0.67
Al 972 3.01 0.028 —=0.0119°" 0.0025 0.67

Heterogenei ty

x® =417 p=0.24

See foolnole in Table Ba.

The trend is stronger at the younger ages in the
lower grades, but the observations then include
more of the severely retarded. When these cases are
excluded, the regression coefficients are diminished
in the critical two age-groups by 20%-35%, but
significant heterogeneity still obtains under both
dosimetries, and the coefficients themselves are
significantly different from zero but now only for
the first two grades (Tables 7a and 7b). The
group 8-15 weceks after fertilization exhibits only a
suggestive dose-response relationship, but a highly
significant one obtains within the 16-25 week group.
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TABLE 7b THE LINEAR RELATIONSHIP OF AVERAGE SCHOOL PERFORMANCE SCORE TO
UTERINE-ABSORBED DOSE (DS86 DOSIMETRY) WHEN THE MENTALLY RETARDED
CASES ARE EXCLUDED

#7b HHERMER AR B EOTEFEMRHM L T ERNER (DS8cREHEE HR)

OF =% A
Gestational Number Regression coefficients
ages(weeks) of — Mean sguares
at exposure cases 4 5a h Sh ahout regression
First grade
0-7 106 3.09 0.082 0.0023 0.0032 0.67
8-15 216 2.86 0.058 —0.0066 Sug  0.0036 0.62
16-25 263 3.0 0.051 —=0.0081"" 0.0026 0.53
264 322 3.12 0.047 0.0022 0.0036 0.65
Al 907 3.03 0.028 —0.0032" 0.0016 0.65
Heterogeneity x° = 9.65 p = 0.02
Second grade
0-7 107 3.09 0.087 0.0036 0.0039 0.77
8-15 216 2.86 0.057 —=0.0084" 0.0036 0.60
16-25 265 3.05 0.051 —=0.0089" " 0.0027 0.61
26+ 323 3.16 0.018 —0.0002 0.0036 0.67
Al 911 3.05 0.029 —0.0030" 0.0016 0.67
Heterogeneity x?2 = 10.89 p = 0.01
Third grade
0-7 107 3.11 0.097 0.0012 0.0038 0.95
8-15 215 2.86 0.061 —0.0069 Sug  0.0038 0.64
16-25 262 3.02 0.054 —0.0086" " 0.0028 0.68
26+ 318 3.11 0.049 —=0.0007 0.0037 0.6G9
All 902 3.02 0.030 —-0.0043"" 0.0017 0.73
Heterogeneity % =5.85 p =0.12
Fourth grade
0-7 56" 2.78 n.108 =0.017Z 0.0084 0.57
8-15 200 2.88 0.064 —0.0095" 0.0042 0.71
16-25 258 .04 0.053 —0.0105 " 0.0027 0.64
26+ 320 3 0.047 —0.0037 0.0032 0.65
ALl 838 3.02 0.030 —0.0086" " 0.0018 0.67
Heterogeneily x© = 3.93 p = 0.27

See footnote in Table Ga.

These findings are difficult to interpret unambigu-
ously for several reasons. First, severely retarded
children are absent from school more frequently
with advancing age. In particular, nine children
in the 8-15 week group entered the first grade of
primary school, but this number decreased to seven
in the second grade, six in the third, and none
attended the fourth grade. Three out of 5 children
in the 0.50-0.99 Gy group were severely retarded
and 2 out of 2 children in the 1.00 Gy or more
group in the T65DR sample and 3 out of 10 in the
0.50-0.99 Gy group, and 4 out of 5 children in the
1.00 Gy or more in the DS86 sample. Four children
who were mentally retarded in the 16-25 week
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group were admitled to school, and two of these
continued through the fourth grade. Their T65SDR
fetal absorbed doses are 0.02 and 0.95 Gy, and
for the DS86 system, 0.03 and 1.23 Gy. Thus the
sample sizes at the higher doses are very small when
the mentally retarded are excluded. In the groups
exposed within the first 8 weeks after fertilization or
at 26 weeks or later, there is no consistent evidence
of a radiation effect on school scores.

Appendixes 3a and 3b show the resulls of fitting
a linear-quadratic (L-Q) dose-response model to
the average of the school performance scores for
all individuals included in the T65DR study group
and DSB6 sample; Appendixes 4a and 4b give
the results when the retarded are excluded. In
Appendixes 3a, 3b, and 4a the heterogeneity x? are
not significant for the second and fourth grades; the
results for the DS86 sample shown in Appendix 4b,
where the retarded have been excluded, reveal no
evidence of heterogeneity among the gestational age
classes except for the linear regression coefficients
in the first grade. The quadratic coefficients in
the four gestational age-groups are significantly
heterogeneous or suggestively so in the first and
third grades (see Appendixes 3a and 3b); the
quadratic coefficient in the 0-7 week group is pos-
itive regardless of whether the clinically diagnosed
cases of mental retardation are or are not included.
The mean squares about the L-Q model are not
influenced greatly by the inclusion or exclusion of
the mentally retarded, and are not notably smaller
than the comparable gestational age and grade
mean squares about the linear model, suggesting no
improvement in the description of the dose-response
relationship. Of greater importance, however, is
the fact that the evidence of a radiation effect on
school performance is confined to the same two
gestational age-categories, 8-15 and 16-25 wecks,
where effects on the frequency of mental retardation
and intelligence based on 1Q scores have been seen.

Canonical and multiple correlations. The results
of a canonical analysis of the relationship between
the scores on the seven school subjects, radiation
dose (linear or linear-quadratic), and school at-
tendance are given by gestational age and grade
in Table 8 for the T65DR study group, and in
Table 9 for the DS86 sample. All of the canonical
correlations from the first to the fourth grades for all
gestational ages combined are highly significantly
different from zero. When observed by gestational
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TABLE 8 THE LARGEST CANONICAL CORRELATION COEFFICIENT BY GESTATIONAL
AGE-GROUP AND BY GRADE IN THE T65DR STUDY GROUP

#8 T65DR K- 17 5 MAFHMMHS, Farobaes R 0 En)

< Ist grade 2nd grade 3rd grade Ath grade
Gestational
ages(weeks) cases r cases B cases r cases r
A. All children :
Linear relationship on TESDR felal dose
0-7 141 0.304 NS 142 0.126 NS 140 0.288 NS 0% 0.481°
8-15 260 0.351°° 258 0.373" 254 0.323°" 234 0.219 NS
16-25 299 0.339"* 298 0.363°" 208 0.267"° 2492 0.3267"
26+ 379 0.103 NS 379 0.232 Sug 37 0.151 NS 37q 0. 166 NS
TOTAL 1079 0.214"- 1077 0.221"" 1064 0.204" " gm0 0.282
Heterogeneity ¥2 = 15.23 ., ¥2 =9.9] , ¥ 25,63 4 ¥? = 10.20
p < 0.0] p= 0.02 p=0.13 = 0.02
Linear-quadratic relalionship on T65DR feial dose
0-7 0.401 Sug 0.291 NS 0.438"" 0.509 Sus
8-15 0.353"" 0.374"" 0.325°" 0.229 NS
16-25 0.342"" 0.364"° 0.267"" 0.328""
26+ 0.137 NS 0.234 Sug 0.203 NS 0.172 NS
TOTAL 0.229" 0.2q94"" 0.229°" 0.235°
Heterogeneity x? = 14.27 , x? = 5.08 , X2 ='7.82 , x? =10.98
p < 0.0l p= 0.17 p=0.05 p=0.01
B. After exclusion of elinically diagnosed cases of mental retardation.
Linear relationship on T650R fetal dose
0-7 141 0.301 KNS 142 0.126 NS 140 0.288 NS 70 0.480°
#4-15 251 0.247 261 0.282" 218 0.243 Sug 234 0.219 NS
16-25 295 0.305"" 295 0.329"* 292 0.225° 290 0.304""
26+ 378 0.102 NS 378 0.211 NS 373 0.153 NS 373 0.170 NS
TOTAL 1065 0.143"" 1066 0.161°° 1053 0.161°" 967 0.226""
Heterogeneity — x? = 9.38 , 2 =521 ; x% = 2.63, x® = 8.86
p=0.02 p= 0.16 p=0.45 p=0.03
Lincar-quadratic relationship _on TRSOR felal dose
0-7 0.401 Sug 0.29] NS 0.438 0.504 Sug
8-15 0.252 NS 0.290 Sug 0.267" 0.224 NS
16-25 0.310°" 0.328" - 0.229 Sug 0.310°
26+ 0.136 NS 0.214 Sug 0.204 NS 0.177 NS
TOTAL 0.175" 0.197" 0.188"" 0.242°"
lleterogeneity ® =061, ¥E S, w2 =T x2 = 9.m
p < 0.0] p= 0.04 n=0.06 n=0.02

r denotes the largest canonical correlation. Note that all of the second or third canonical
correlations other than the largest one are not significant. The heterogeneity »? value

has three degrees of freedom.
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# indicates that the children who were born between 1 April and 31 May 1946 are not included
in the 0-7 week group, because they were in the third grade at that time.
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Significance levels: NS(p>0.10), Sug(p<0.10), “(p<0.05), and ~* (p<0.01).
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TABLE 9 THE LARGEST CANONICAL CORRELATION COEFFICIENT BY GESTATIONAL
AGE-GROUP AND BY GRADE IN THE DS86 SAMPLE

#£9 DSSRFNII &I 2 AIEHEFAB R, FRPGERERR FED
) Isi grade 2nd grade ard grade 4th grade
Gestational
ages(weeks) cases r cases r cases r cases r
A. All children:
Linear relationship on NS8B6 uterine dose
0-7 106 0.306 NS 107 0.158 NS 107 0.299 NS 56%  0.554 Sug
8-15 225 0.384" " 223 0.1906" - 219 0.357 " 203 0.201 NS
16-25 267 0.338" 266 1P Ve 264 0.206" 260 0.342°"
26+ 322 0.122 NS 323 0.245 NS 319 0.143 NS 319 0.215 NS
TOTAL 920 0.214"" 919 0.228"" 909 0.207 f38 0.250""
Helerogeneity x¥= 1326, x2 =8.44 , &= T80 x* =8.16
p < 0.01 p= 0.04 p=0.05 = 0.03
Linear-quadratic relationship on DSBE uterine dose
0-7 0.422 NS 0.402 NS 0.471° 0.686""
8-15 0.389" " 0.402"" 0.8351> 0.257 NS
16-25 0.338" " 0.373"" 0.296"" 0.345""
26+ 0.169 NS 0.253 NS 0.176 NS 0.216 NS
TOTAL 0.248 " 0.259"" 0.234°° 0.253%"
Heterogeneity x? = 11.07 , ¥ =502 ; x? =11.08 , x? = 19.44
p = 0.01 p= 0.17 p = 0.0l p < 0.01
B. After exclusion of clinically diagnosed cases of menlal retardatlion:
l.inear relationship on DSH6 uterine dose
0-7 106 0.306 NS 107 0.158 NS 107 0.299 NS 56°  0.551 Sug
8-15 216 0.252° 216 0.317 213 0.260" 203 0.254 NS
16-25 263 0.296" 263 0.332°" 260 0.260° 258 0.322°"
26+ 321 0.121 NS 322 ‘0.222 NS 31R 0.145 NS 3R 0.220 NS
TOTAL 206 0.136° 908 0.162° 898 0.159" 835 0.216" "
Heterogeneity YEERI i % ) g x? = 8.33
p=0.10 p= 0.25 p=0.32 p=0.04
Linear-guadratic relationship on DSB6 uterine dose
0-7 0.422 NS 0.402 NS 0.477 " 0.686""
8-15 0.270 NS 0.330° 0.279° 0.257 NS
16-25 0.298 " 0.341"" 0.268" 0.332
26+ 0. 167 NS 0.232 NS 0.176 NS 0.221 NS
TOTAL 0.192°" 0.211°" 0.197"° 0.252°"
Heterogeneity a4 [ HS x? =3.90, x? =9.40 , x? = 18.83
p=0.07 p= 0.27 p=0.02 p < 0.01
See footnote in Table 8. #8@MiEH.

age, significant heterogeneity is noted among the
canonical correlations irrespective of the inclusion
or exclusion of the mentally retarded. In the first
grade, the canonical correlations are not only sig-
nificantly heterogeneous, but are also significantly
different from zero for the groups exposed at 8-15
and 16-25 weeks afler fertilization. After exclusion
of the clinically diagnosed cases of retardation, the
correlations are only suggestively heterogeneous,
but the largest canonical correlation, based on a
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linear dose-response model, remains significantly
different from zero for both the 8-15 and 16-
25 week groups based on the T65DR and DS86
samples.

The magnitude of the canonical correlations, when
the severely retarded cases are excluded, is reduced
in the 8-15 week group to 70% and in the 16-
25 week group to 90% of the values scen in the
T65DR sample when all individuals are considered,
and 65% in the 8-15 week and 88% in the 16-25
week groups for the DS86 sample. However, the
heterogeneity within the second and third grades
disappears on a linear dose relationship, but the cor-
relation coefficients are still significantly different
from zero for both "vulnerable" age-groups, i.e., 8-
15 and 16-25 weeks. The significance of the largest
canonical correlation at 0-7 weeks in the third
and fourth grades derived from a linear-quadratic
relalionship seems to depend strongly upon the ages
when children are admitted into a Japanese primary
school. The Japanese school year commences at
the beginning of April. Thus the prenatally exposed
children born between 1 January and 31 March 1946
are in the same class as children who were bom
belween 6 August and 31 December 1945. The 70
children in the fourth grade in the 0-7 week group
are all children who were born before 1 April 1946;
whereas those children who were born between 1
April and 31 May 1946 were only completing the
third grade in August or September 1956. The
impact of the date of the beginning of the school
year on the estimation of the canonical correlation
coefficient for the fourth grade children is difficult
to assess, but obviously impinges on the sample size
available for analysis and thereby the significance
of the estimate.

To pursue these relationships further, the multiple
correlations between the seven school subjects and
dose, dose squared, and school attendance were
computed. Table 10 gives the multiple correlations
in the groups 8-15 and 16-25 weeks after fertil-
ization for all children, and following exclusion
of the mentally retarded. The results for the 0-7
and 26 or more week groups are not shown since
none of the multiple correlation coefficients were
consistently significantly different from zero. As
is evident from the table, the multiple correlation
between the seven school performance variables
and dose or dose squared is significantly different
from zero in the first three grades in the 8-15 week
and in all grades in the 16-25 week group for all
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TABLE 10 MULTIPLE CORRELATION COEFFICIENTS ASSOCIATED WITH THE INDIVIDUAL
SEVEN SCHOOL SUBJECTS AND DOSE, SQUARED DOSE, AND SCHOOL ATTENDANCE IN
THE 8-15 AND 16-25 WEEK GROUPS BY GRADE
10 ZMEHRE— 15 R V16— BRIt T2, THHOFEMEI-GE, RO &8 U
BB O EMRBER, EEH

Grade
Gestational ===sses 2
ages(weeks) Iem First Serond Third Fourth
A. Based on TGSDOR dosimetry:
ALl children
B-15 Dose 0.321°° 0.3328™" 0.298° 0.158 NS
Doge” 0.268" 0.249° 0.273° 0. 141 NS
Attendance 0.226 NS Q27T 0.232 NS D.176 NS
16-25 Dose 0.329°" 0.335"" 0.259° 0.285"
Dose?® 0.324"" 0.321° 0.253" 0.247"
Attendance 0.166 NS 0.238 Sug 0.208 NS 0.214 NS
After exclusion of cases of severe mental relardation
8-15 Dose 0.206 Sug 0.206 NS 0.187 NS 0.158 NS
Dose? 0.245 Sug 0.205 NS 0.165 NS 0.134 NS
Altendance 0.192 NS 0.253 Sug 0.239 NS 0.177 NS
16-25 Dose 0.295"° 0.280" 0.204 NS 0.261°
Dose® 0.303"" 0.274" 0.19]1 NS 0.215 NS
Attendance 0.181 NS 0.250° 0.210 NS 0.219 NS
B. Based on DSB6 dosimetry @
ALY children
B8-15 Dose 0.355"" 0.355"" 0.339"° 0.181 NS
Dose? 0.326" 0.321° 0.314° 0.159 NS
Altendance 0.272 Sug 0.302° 0.250 NS 0.201 NS
16-25 Dose 0.307"" 0.333"" 0.273 0.302"
Dose” 0.301" 0.329°" 0.262° 0.260°
Attendance 0.171 NS 0.250 Sug 0.238 Sug 0.220 NS
After exclusion of cases of severe mental retardation
8-15 Dose 0.247 NS 0.219 NS 0.224 NS 0.181 NS
Dose? 0.269 Sug 0.233 NS 0.192 NS 0.159 NS
Altendance 0.239 NS 0.291° 0.259 NS 0.20]1 NS
16-25 Dose 0.263° 0.281" 0.216 NS 0.280°
Dose* 0.264" 02713 0.187 NS 0.24] Sug
Atlendance 0.192 NS 0,263 0.240 Sug 0.225 NS

See the description of significance levels in Table 8.

#eNHBARENRESR.

children based on the T65DR and DS86 doses,
but the trend is stronger in the first and second
grades. School attendance seems not to be relevant.
After exclusion of the mentally retarded (see Table
10), the results for the 8-15 weck group are not
significant; whereas the 16-25 week group reveals a
significant difference in the first and second grades.
In this regard, however, exclusion of the mentally
retarded individuals leaves only one person in the
8-15 week group with a dose of 1 Gy or more, and
only seven in the 0.50-0.99 Gy dose group, and the
diminution in the coefficient is no greater than that
seen for the average score.
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Since it can be argued that the seven subjects
involve different aspects of brain function, we have
divided them into two groups, namely, a) language,
mathematics and science, and b) drawing and hand-
icrafts, gymnastics, and music. We presume the
former to be intellectually more demanding, and
the latter to require motor skills not needed by the
former. These two groups were then separately
analyzed using multiple and canonical correlation
techniques. However, the results (not shown)
do not differ materially from those based on an
analysis of all seven scores simultaneously. Within
the vulnerable weeks, both groups are generally
significantly related to dose, dose squared, and
attendance. The only exception involves the fourth
grade where no significant effect of dose, dose
squared or attendance was seen in the 8-15 week

group.

Uncertainties

These data, like others stemming from the study
of the prenatally exposed, have their share of
uncertainties. These include the limited number of
"heavily" exposed individuals, errors in the estima-
tion of the tissue-absorbed doses and the prenatal
ages at exposure, the uncertain biological bases
of the endpoint measured, and other confounding
factors in the postbomb peried, including nutrition
and disease. A number of these have been discussed
elsewhere,” and we shall not repeat our remarks in
detail here. However, some brief reiteration seems
important.

The nature of the study group. It must be borne
in mind that our observations are not based on a
full birth cohort in the usual sense. The number of
individuals at risk is known to be incomplete. The
primary source of ascertainment of the sample was
through births registered in Hiroshima. Prenatally
exposed survivors whose births were registered
elsewhere are not included. Presence in the study
sample also entailed residence within contact areas
(essentially the corporate limits of the two cities),
and thus migrants from the contact areas after birth
are not included. The study group is made even
smaller in the present instance by the availability
of data on only one city. For reasons we cannot
discern comparable observations were not made in
Nagasaki, and cannot now be gathered because the
performance records were destroyed by the schools
many years ago since there appeared no obvious
reason to retain them.

24

FHEEMOT R A S TS 2 L E 2
SNEDT, ChoO#B+28, Thbt a) @i,
HERUER, b) HEILE FERUTRCHG A
MEGLINZCOMMBEHE2ERT 24050,
BREGHEONEL LAWEM s ERT 200
WEF S, KIZChoMBELEHMRE OIF &M
BEAAHWTRH A CEIFLA Lil, oS
(ZZERLTwEVIE, 2748 4EECREKE
LARREFERMICER LS . BEL ST
EPEERIC 0 TIE, e LTl g i, i
DZEREVHEFEARLEEICMELTVE, -0
fshid 4 =FEC, R, BRO2ELEHEHHEO
HEIZHE/FZHRES — 15 CRAB g » -
LEETHSB.

LY

AHEEEFE

TEAHBR I OVWTIHEEATVLAMOF— ¥ &[54
2, FMEOF— ¥ L THEEZE DA, 20k
TAERERICE, SHEEEBE Y L2V L,
FRALIR LR B R OB A B OHEE CH 1T 5
M MEEEOEMEMIELO TS, B,
RRREUBRE L, BEEOMM T 5%
BERALEYHE CheD )OO iH0T it
Bt ERLAOT, T o CIEEFREF UM
M EFE LAY, TO—EEME IR ES
CLREETHA .

HEEBOME. HroBEREE0OEgTO
e haEar—bIETCLOTIREVI LS
ST NETH A BHENSEEHITELLOTIL
v, HEEOFESHEEBIERBI- &Y 2 HEE
Thd, REHUNTHEFEG SN ATEREERER
WS LA 24, RAZEFAOMBER-2540
(2 R (o, R - E T 0D SR e )
CEELTIVLIZEHAUETH), MEHICHE
Mitdh A SERH L A H T E 2 hTuhv, K% T,
1Mo s0F—22HALTVE0C, AEERE
Wiz a<khs BARI broswd, HiE+3
BEREWTRIThg ol Bl AT,
ENEMEBET PR LEBA ORISR, {E
LAMCERYBICE>THEShAL-OI1Z, BE
F— s ENETEZ L ETE LN



Errors in the estimation of fetal absorbed dose.
All estimates of the doses to survivors of the
A-bombing are subject to at least three sources of
error, i.e., those that stem from a) the FIA dose
curves themselves, b) the attenuation of energy
through tissues, materials, postural positions, and
the like, and c) the assertions of the survivors as to
their locations. These errors can affect inferences on
the overall shape of the dose-response relationship
as well as parameter values defining that shape.

Errors in the estimation of prenatal age at
exposure.  The apparent timing of vulnerable
events in development can be affected by errors
in the determination 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 [or
the difference between that date and the probable
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 amenorthea, illness,
or malnutrition, or with postconception bleeding,
could erroneously 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 estimated ages is impossible to assess. Another
contributor to uncertainty is the normal variability in
developmental age, the critical measure of vulnera-
bility, for fixed intervals of time after fertilization.
Embryos or fetuses of the same chronologic age
can differ by days, possibly a week or more
in their developmental stage. Finally, we have
assumed that all pregnancies lasted for 266 days
following fertilization; undoubtedly some must have
terminated prematurely, and these would have been
exposed at a different gestational age than the one
assigned.

School achievement as a measure of brain dam-
age. Intuitively, achievement in school must be
related to quality of brain function, but the biologi-
cal basis for this can only be conjectured at present.
Obviously, motivation, socialization at home and
in school, physical impairment (in vision or hear-
ing, for example), and doubtlessly other factors
can affect school performance. These exlraneous
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
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excluded. There is moreover the subjective element
in the individual teacher’s assessment of a child’s
performance; this is mitigated to some extent by the
fact that scores are available for each child from at
least three, and commonly four different teachers.
However, problem children or those who did poorly
in their subjects may have been a matter of common
knowledge among the leachers, and therefore, their
scores influenced by this fact. It is impossible to
determine the extent to which this may have been
true.

DISCUSSION

Three different measures of functional impairment
of the brain following prenatal exposure to ionizing
radiation, i.e., the frequency of clinically recogniz-
able mental retardation,%# the level of intelligence
as measured by intelligence testing,”>?! and scores
for performance in specific school subjects, made
by three different sets of observers (physicians,
psychometrists, and school teachers, respectively)
on different occasions, agree, qualitatively at least,
in pointing to periods of vulnerability at 8-15 and
16-25 weeks following fertilization,

The findings associated with these three metrics
of damage appear to vary somewhat quantitatively,
and in particular, in the nature of the dose-response
they suggest. These measures are, of course, not
wholly independent of one another. To make them
more so, we have systematically presented analyses
which include and exclude the mentally retarded.
The risks observed during the first three grades in
the group exposed 8-15 weeks after fertilization are
uniformly higher than those exposed 16-25 weeks
after fertilization when all the cases of severe mental
retardation were included in the analysis, but not so
in the fourth grade. This is because there is no
case of mental retardation among those attending
the fourth grade and only one case without mental
retardation in 1 Gy or more group. The average
scores of 14 mentally retarded cases ranged between
1.0 and 2.0. Of these cases, the average of nine
cases with mental retardation in the 8-15 weeks
group only varied from 1.0 to 1.4.

This only partially achieves the goal of indepen-
dence, for as Figure 3 illustrates school performance
and intelligence test score are significantly corre-
lated (r = 0.54). As Figure 3 demonstrates, the
five mentally retarded individuals on whom both
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FIGURE 3 THE STRAIGHT LINE AND RELATIONSHIP OF AVERAGE SCHOOL SUBJECT
SCORE IN THE FIRST GRADE TO KOGA IQ SCORE FOR INDIVIDUAL CHILDREN

M3 FEIFEOTFHRHEEOHKIQ @ DM L 7 DME

NUMBER OF PLOTTED SCORES = BG8
AVERAGE OF SCHOOL RECORDS £SD0 = 3,01 x
KOGA 10 SCORE isD = 107.81 %1
CORRELATION COEFFICIENT = 0.54

KOGA [IQ SCORE

Clinically Severe Mental Retardation

40, -

L | | | 1
1. 2 3. 4, 5,

AVERAGE OF SCHOOL RECORDS IN FIRST GRADE

The inner straight line and ellipse present the 95% probability limits and the outer straight
line and ellipse the 99% limits.
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school records and I(Q) are available lie either outside
the 99% probability ellipse or close to its border.
Since the two measures were oblained by different
observers, ignorant of the findings of others, the
observations support not only the clinical judgments
involved in the diagnoses of mental retardation, but
also the two quantitative measurements themselves.
It will be noted, however, that there are four other
individuals who lie outside the 99% probability
ellipse. The records on these four were reexamined
to determine whether extenuating circumstances
exist for the seeming discrepancy between the
two measures of intellectual achievement. Such
circumstances do appear to exist. One child (MF
) with a high IQ (158) but only average
school performance (3.3) had bilateral hearing loss
on repealed audiometric examinations; the other
child (MF ) with a high IQ (130) and poor
grades (average 1.3) had congenital syphilis, chronic
sinusitis, and some hearing loss. Of the two children
w 1Qs, one has below average grades (MF
, but the other does not. This child (MF
) was stated to have had poor comprehension
of the intelligence test, was a slow writer, and did
not complete the examination in the allotted time.
When tested on two subsequent occasions, the test
scores were 102 (Koga) and 112 (Tanaka-B). We
elected to plot the lowest intelligence test result for
it was the one obtained at the same time as the
testing on the other children in the sample.

Are these results compatible, and if so, is there
an argument which makes them coherent? As to
the latter of these questions, elsewhere we have
argued?! that if radiation is seen as operating on
a continuum of qualities of brain function, and if
the latter qualities are reasonably well represented
by the cumulative normal density function, then
the results are coherent. As to their compatibility
in terms of magnitude of damage occasioned by
exposure to 1 Gy, we have shown that within
the most vulnerable period, 8-15 weeks following
fertilization, prenatal exposure to ionizing radiation
increases the frequency of mental retardation among
those so exposed to about 45% at 1 Gy (background
frequency: 0.8%); whereas the loss in IQ is approx-
imately 30 points at 1 Gy. Here, exposure to 1 Gy
prenatally appears to imply a decrement in average
school performance score of about 1.6, which is
tantamount to the shift of an average individual from
a score of 3 to about 1.4, i.e., from the middle 50
percentile to the lower 10 percentile.
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To our knowledge there are no other data com-
parable to those presented here on the effects of
prenatal exposure to ionizing radiation on school
performance. Thus the only comparisons of these
data, insofar as brain function is concemned, are
necessarily internal, that is, the consistency of these
findings with respect to those on the occurrence of
mental retardation and intelligence testing. As we
have just seen, the agreement is good, surprisingly
so given the uncertainties in developmental age at
exposure, dose, and the like to which allusion has
previously been made. But until more evidence on
the biological mechanisms involved in the effects
we describe accumulates, their full import will
remain elusive.
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APPENDIX 1 THE DISTRIBUTION OF DS86 UTERINE DOSE ESTIMATES
BY DOSE CATEGORIES AND METHOD OF DOSE ESTIMATION IN THE
D586 SCHOOL PERFORMANCE SAMPLE

181 DSSEFHMMEMIZH T 5 DSS6T =i |HEE O 475,
AL 5 il B U R HE 7 5 B
D586 uterine dose category (Gy)

Method of
estimation t <0.01 0.01-0.09 0.10-0.49 0.50-0.99 1.00+
Direct 2 11 98 27 13
Indirect 199 42 3 0 1
Total 20111 153 101 27 14

t See Materials and Methods: Dosimetry section.
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tt The remaining 433 children were all newborng NIC .
BOOABEITCHATEERORERTSH S,

APPENDIX 2 A HETEROGENEITY TEST OF k
CANONICAL CORRELATIONS

Suppose that the observed data in the first and sec-
ond sets of variables for the j-th group (=1,...,k)
are

fHgk2

k EHEMEME O REMRE

iZFHOEM (j=1, ..., k) DFE1 R UBLOEH
B AMBRF— A ADLIRET 3.

Y : px1 and XU :qx1(@< p).
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Let p‘(.j) be the i-th population canonical correlation
between Y and X1, and i{) be the i-th sample

canonical correlation corresponding to samples of
N; =n; +1. We put

() (4)

' 1 L #ay 1+ p;
Z(’}:H—log-— EJ}——log—

1 )

2 S 2 _p‘(Jl

We assume asymptotlcally mullwanale normality

withn;/m=0(1), j=1,....,k; n= E "y ny. The

following results are derwed from an asymptotic
expansion of the distribution of the canonical cor-
relations in one group (sce Hsu?? and Fujikoshi??).
(1) When the i-th population canonical correlanon

(; 1,...,k) has a simple root and p' = p;

+ (lf\/-) r’], the test statistic under the null

hypothesis H : p‘w e = pfk) !

k -
= an_(ZEﬂ -
=1

is asymptotically distributed as a noncentral 2
with the noncentrality parameter 1/2 E:=1 (n;/n)

(')'{J) — 4 )? with k—1 degrees of freedom, where
t

k
Z (n,/n) Lm and &

(3]

(2) When the m canonical correlations have py;,

P, > 0and u) = po + (1/y/m )05,
test statistic under the null hypothesis Hy : ,u,,l =

. = “S}’:}a
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is asymptotically distributed as a noncentral x>
with the noncentrality parameter 1/2 E?zl (n;/n,,)
(95;;) —~ 0m)* wilh k—1 degrees of freedom,
where

k
i = Z(n,—/n) ul?) and O =
=1

From the results of (1) and (2), the test stalistics, the
Ty; and Ty, are asymptotically distributed as x*
with k—1 degrees of freedom under the following
null hypotheses.

Ho : M = . = ff
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APPENDIX 3a THE LINEAR-QUADRATIC RELATIONSHIP OF AVERAGE SCHOOL
PERFORMANCE SCORE TO FETAL-ABSORBED DOSE (T65DR DOSIMETRY) WITHOUT
EXCLUSION OF THE CASES OF MENTAL RETARDATION

MR 2 & 0 26 O 5 30 & I R & (T65DR MR #EE 4 5%)
D - 2 KR

fi8%3a

Gestational
ages(weeks)

Regression coefficienis

Mean syuares

at exposure a 54 b S, 8 ¢ about regression
First grade
0-7 3:23 0.073  —0.0130"" 0.0136 0.000341° " 0.000006 0.64
B-15 2.87 0.056 —0.0188" 0.0074 0.000042 0.00007] 0.67
16-25 3.02 0.089 —0.0162 Sug 0.0085 0.000058 0.000110 0.61
26+ 3.10 0.045 0.0051 0.0118  —=0.000024 0.000219 0.68
All 3.05 0.027 -—0.0193" 0.0041 0.000105°  0.000042 0.67
Heterogeneity x2=T7.23, p=0.06 , x2=7.28, p=0.06
Second grade
0-7 3.23 0.079 —0.0379" 0.0148 0.000315 0.000105 0.76
8-15 2.8  0.055 ~—0.0219"" 0.0072 0.000055 0.000069 0.69
16-25 3.03 0.049 —=0.0172" 0.0085 0.000076 0.000111 0.6G]
26+ 3.13  0.046 —0.0028 0.0121 0. 000066 0.000219 0.71
All 3.06  0.027 —0.0022"° 0.0042 0.000121"  0.000043 0.70
Heterogeneity x2=3.63, p=0.30 ; x#=4.55, p=0.21
Third grade
0-7 3.30 0.083 —0.0560"" 0.0154 0.000417°  0.000100 0.82
3=1% 2.85 0.060  —0.0136 0.009¢  —0.000038 0.000113 0.74
16-25 2.99 0.052  —0.0107 0.0090  —0.000026 0.000116 0.67
264 3.10 0.047  —0.0091 0.0113  —0.000160 0.00022] 0.73
Al 3.04 0.029 —0.0239"" 0.0046 0.000151°°  (0.000051 0: 15
lleterogenei by x?=7.51, p=0.06 , x%=12.37, p<0.0l
Fourth grade
0-7 294 0.105 —0.0515 0.0081  0.000732  0.001727 0.59
8-15 2.87 0.061  —0.0215 Sug 0.0119 0.000156 0.000184 0.72
16-25 3.02  0.051 —0.0I88 0.0088  0.000075  0.000113 0.6
26+ 3.13 0.0a5 —0.0179 0.0117 0.000241 0.0001494 0.68
ALl 3.02  0.020 —0.0207"°  0.0057  0.000131  0.00008] 0.68

Heterogeneity

x?2=0.49, p=0.92 :

x?=0.70, p=0.87

The regression coefficients, b and ¢, are the increase(or decrease) in average school
performance score with dose in cGy (1 rad) and with dose squared and Sp and S, are

their standard errors.

[ F &L B Feid, Gy MM (lrad) RUBROZ FoHT3TFHEEMNMOLR (RBETIERT.
Sy, BRUS, k% OFEMMET H 3,
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APPENDIX 3b THE LINEAR-QUADRATIC RELATIONSHIP OF THE AVERAGE OF THE SEVEN
PERFORMANCE SCORES WHEN ALL OF THE DATA AVAILABLE ARE USED (DS86 DOSE)

{F83b FATRL2T—yE2AVABEO 7 RE OPEEELROHE- 2 KUH (DS86 4 )

Regression coefficienis

Gestational ————————————  Mean sguares

ages(weeks) a £, b 5, c 5. about regression
First grade
0-7 3.18 0.082 —0.0268""  0.0089 0.000138 *  0.000040 0.61
B-15 2.87 0.060 —=0.0121" 0.0058 0.000006 0.000048 0.6
16-25 3.05 0.053  —0.0153 0.0072 0.000067 0.000080 0.60
26+ 3.10  0.049 0.00849 0.0079  —0.000082 0.000095 0.66
All 3.05 0.029 —=0.0151"" 0.0027 0.000070°"  0.000020 (.66

Heterogeneity x2=9.57, p=0.02 ; x?=7.22, p=0.07

Second grade

0-7 3.17  0.080 —0.0214° 0.0098 0.000119° " 0.000044 0.73
8-15 2.86  0.058 —0.0114° 0.0057 —0.000012  0.000048 0.61
16-25 3.06  0.053 —0.0179 0.0072 0.000097  0.000080 0.62
26+ 3.15  0.050 0.0021 0.0080  —0.000028  0.000097 0.GR
All 3.07 0.029 —0.0164""  0.0027 0.000076" " 0.000020 0.68
Heterogeneity x2=4.70, p=0.20 ; x2=5.07, p=0.17
Third grade
0-7 3.21 0.089 —0.0304""  0.0108 0.000150° " 0.000018 0.88
8-15 2.86 0.063 —0.0090 0.0062 —0.000025 0.000054 0.69
16-25 3.02 0.057 —=0.0117 0.0077 0.000019 0.000085 0.69
26+ 3.10 0.051 —0.0013 0.008) 0.000010  0.000098 0.70
All 3.05 0.031 —0.0157" 0.0029 0.0000737  0.000021 0.74

Heterogeneity ¥?=4.80, p=0.19 ; x¥=6.49, p<0.09

Fourth grade

0-7 2,82  0.113  —0.0442 0.0288 0.000566  0.000578 0.57
8-15 2.83  0.066 —0.0152 0.0098 0.000000  0.000139 0.71
16-25 3.06  0.056 —0.0188° 0.0075 0.000095  0.000081 0.65
26+ 3.13  0.049 —0.0044 0.0078 0.000011 0.000088 0.66
All 3.03  0.031 —0.0152""  0.0045 0.000082  0.000054 0.6

Heterogeneity ¥¢=3.03, p=0.39 ; x7=1.29, p=0.73

See footnote in Appendix 3a.
fHék3a OEIERE.
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APPENDIX 4a THE LINEAR-QUADRATIC RELATIONSHIP OF THE AVERAGE OF THE SEVEN
SCHOOL SUBJECT SCORES TO FETAL-ABSORBED DOSE WHEN THE MENTALLY
RETARDED CASES ARE EXCLUDED (T65DR DOSE)
fHékda MHBHREBN L BEOTBEOTHELEMME LRERNGED
#I- 2 XB{% (TE5DR #4t)

Regression coefficients

Gestational Mean squares
ages(weeks) a Sa b Sh c Sr aboul regression
First grade
0-7 3.23 0.073 —0.0430"" 0.0136 0.000341° " 0.000096 0.61
8-15 2.87 0.056  —0.0090 0.0111 —=0.000011 0.000173 0.65
16-25 3.03 0.048  =0.0170 0.0086 0.000100 0.000116 0.59
26+ 3.10 0.045 0.0046 0.0118 —0.000018 0.000213 0.67
Al 3.05 0.027 —-0.0177"" 0.0044 D.000158° " 0.000049 0.66
lielerogeneity x2=7.34, p=0.06 ; 222537, p=0.15
Second grade
0-7 3:23 0.079  —0.0379" 0.0148 0.000315° " 0.000105 0.76
8-15 2.88 0.055  —0.0090 0.0108  —0.000066 0.000170 0.63
16-25 3.03 0.049 —0.0166 Sug 0.0087 0.000087 0.000118 0.61
26+ 3.14 0.046 —0.0034 0.0120 0.000073 0.000217 0.70
All 3.07 0.027 —0.0202"" 0.0045 0.000176" " 0.000050 0.68
Helerogenei ty x*%=3.67, p=0.30 ; x?=4.49, p=0.21
Third grade
0-7 3.30 0.083  —0.0560"" 0.0154 0.000417*°  0.000109 0.82
8-15 2.85 0.060 —0.0072 0.0117 —0.000049 0.000184 0.73
16-25 2.499 0.052  —=0.0111 0.0091 0.000007 0.000123 0.66
26+ 3.10 0.047  —0.0097 0.0122 0.00016G7 0.000220 0.72
Al 3.04 0.028 —0.0203"" 0.0047 0.000168° " 0.000052 0.74
Heterogeneity xe=7.87, p=0.05 ; x?=8.25, p<0.01
Fourth grade
0-7 2.94 0.105 —0.0515 0.0481 0.000732 0.001727 0.59
8-15 2.87 0.061  —0.0215 Sug 0.0119 0.000156 0.000185 0.72
16-25 3.03 0.051 —=0.0203" 0.0089 0.000111 0.000120 0.63
26+ i 0.045 —0.0184 0.0116 0.000248 0.000193 0.67
ALl 3.03 0.028 —0.022]1" 0.0058 0.000167°  0.000085 0.67

Heterogeneity

x?=0.46, p=0.93 ;

x#=0.48, p=0.92

See footnote in Appendix 3a.
fHif5a DMESR M.
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APPENDIX 4b THE LINEAR-QUADRATIC RELATIONSHIP OF THE AVERAGE OF THE SEVEN
SCHOOL SUBIJECT SOCRES TO FETAL-ABSORBED DOSE WHEN THE MENTALLY
RETARDED CASES ARE EXCLUDED (DS86 DOSE)
fH8kab HMMBHEREHNL2BE07 EE 0T L2 EMA L HBRBIER O

#I - 2 RBAE (DS86 4 i)

Regression coefficients

Gestational —— Mean squares
ages(weeks) a Sa b Sh 3 S about regression
First grade
0-7 3.18 0.082 —0.0268"°  0.0089 0.000158" " 0.000010 0.61
8-15 2.86 0.061 —0.0056 0.0089  —0.000015 0. 000048 0.02
16-25 3.07 0.052 —0.0222°  0.0078 0.000183 Sug 0.000080 0.59
26+ 311 0.049 0.0080 0.0078  —0.000079 0.0000495 0.65
All 3.05 0.029 —=0.0116""  0.0028 0.000076" " 0.000021 0.561

Heterogeneity x2=11.51, p<0.01 ;  x?=6.02, p=0.11

Second grade

0-7 3.17 0.090 —0.0211° 0.0098 0.000119" " 0.000044 0.73
8-15 2.84 0.060 —0.0015 0.0088 —0.000104 0.000121 0.60
16-25 3.08 0.053 —0.0218""  0.0080 0.000170 Sug 0.000048 0.681
26+ 3.16 0.049 0.0017 0.0079  —0.000025 0.00000¢ 0.67
All 3.07 0.029 —0.0132"" 0.0028 0.000084" " 0.000021 0.66
Heterogeneity x2=5.08, p=0.17 ; x%=5.07, p=0.16
Third grade
0-7 321 0.089 —0.0304""  0.0108 0.000150"" 0.000048 0.88
B-15 2.85 0.063 —0.0029 0.0094  —0.000064 0.0001249 .68
16-25 3.04 0.057 =0.0168" 0.0081 0.000107 0.000104 0.6H
26+ 3.11 0.051 —0.0018 0.0081 0.000014 0.0000u8 0.69
ALl 3.04 0.031 —0.0130""  0.0029 0.000080" " 0.000022 0.72

Heterogeneity x?=5.83, p=0.12 ; x #=3.56, p=0.31

Fourth grade

0-7 2.82 0.113  —0.0442 0.0288 0.000566 0.000578 0.57
8-156 2.89 0.066 —0.0152 0.0098 0.000090 0.000139 0.71
16-25 3.06 0.056  —0.0239°"  0.0082 0.000175 Sug  0.000101 0.64
26+ 3.14 0.043 —0.0048 0.0077 0.000015 0.000087 0.65
ALl 3.04 0.031 —0.0173""  0.0046 0.000117" 0.000058 0.67

Heterogenei ty ¥?2=3.96, p=0.27 ; % 22213, p=0.55

See footnote in Appendix 3a.
fék da oM E B,
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