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SUMMARY

The occurrence of seizures is a frequent sequela
of impaired brain development, and therefore could
be expected to affect more children with radiation-
related brain damage than children who are not
brain-damaged. The present report deals with the
incidence and type of seizures among survivors
prenatally exposed to the atomic bombings of
Hiroshima and Nagasaki, and their association with
specific stages of prenatal development at the time
of irradiation. Histories of seizures were obtained at
biennial routine clinical examinations starting at the
age of 2 years. These clinical records were used to
classify seizures as febrile or unprovoked (without
precipitating cause). Fetal dose was taken to equal
dose in the maternal uterus, according to the DS86
dosimetry.

Scizures were not recorded among individuals ex-
posed 0-7 weeks after fertilization at doses higher
than 0.10 Gy. After irradiation at 8-15 weeks after
fertilization, the incidence of seizures was highest
among individuals with doses exceeding 0.10 Gy
and was linearly related to the level of fetal expo-
sure. This is true for unprovoked seizures as well
as all seizures regardless of the presence of fever or
precipitating causes. When the 22 cases of severe
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mental retardation were excluded, the increase in
scizures was only suggestively significant and then
only for unprovoked seizures. After exposure at
later stages of development, there was no increase
in recorded seizures.

The risk ratios for unprovoked seizures, following
exposure during the 8th through the 15th week after
fertilization, are 4.4 (90% confidence interval: (.5-
40.9) after 0.10-0.49 Gy and 24.9 (4.1-191.6) after
(L.50 Gy or more when the mentally retarded are
included, and 4.4 (0.5-40.9) and 14.5 (0.4-199.6),
respectively, when they are excluded.

INTRODUCTION

Seizures in childhood and adolescence are dramatic
events rarely forgolten by the mother in virtually
all cultures. Secizures at these ages may result
from birth injuries or their residues, congenital
malformations involving the central nervous system,
inherited diseases, febrile episodes associated with
extracranial infections, encephalitis or cerebrovas-
cular disease.!=1® However, evidence regarding a
possible effect of ionizing radiation on the develop-
ment of seizures is limited. One cohort study after
radiotherapy® and several case reports suggesl an
association with childhood exposure, and two case
reports describe the development of seizures after
prenatal exposure,!” There is a high risk of seizures
in mentally retarded individuals,*7® and both men-
tal retardation and seizures have been associated
with arcas of eclopic gray matler, a developmental
abnormality.!®~22 But, to our knowledge there is
no systematic study of the association of prenatal
exposure to ionizing radiation and the subsequent
development of seizures, nor has an association, if
one exists, been quantified as to dose and gestational
age effects.

Mental retardation has been significantly elevated
in children exposed prenatally to A-bomb radiation
at two specific stages of vulnerability, 8-15 weeks
after fertilization and, to a lesser extent, 16-25
weeks.?2% 1f a continuum of brain abnormalities
stemming from developmental errors underlies the
occurrence of seizures, and mental retardation,
then it is reasonable to expecl an increase in the
incidence of children with seizures after exposure to
ionizing radiation in utero during a developmentally
vulnerable period. The purpose of this investigation
is to measure the incidence of seizures among
individuals exposed prenatally to the A-bombings

R A 22 8 A BRI, ARG O AT L
WM THLITEY, Lard, PRHUERETRIH
?a*f,iﬂmvwc”ﬂ&t-.aﬁm Nz AhlgEolhi it
M OWRBZIIE, KEOBENL RS, R0 AT L H°
(6h- ‘fi i,

SEIETE 8 ~ 1538 i 0 BEHE 95 12 b 0 & It (K AV o0 35 e
BfEm) A 2L, HERMMEEELTOEHEG,
BT 0.10~0.49 Gy B2 S50 T 4.4 (90% {3 46
I8 0.5~40.9), #lE 050 Gy Bl Lo BET2d.9
(4.1—191.6) TH N, skl LG, 2hehdd
(0.5~40.9) & 1F14.5 (0.4~199.6) T & -5 /-,

W E
AR\ ECEENORBEEL, wFhaoETs
Eicla T BOli%sm ko ths., 20

G0 T v Rt B B | S S e ol ki S A
b, KRR R O e K TR, M (5 1R R,

BER AR O & SR I e 4
LoTRRINES, 8 Lal,
R YIERERIFELES S
b eh b, MEMHERO 2R P Eg, " RY
HEO H O R R0 B & oo s
PEA AL, F A, 2 rE O R I B R o
WAROFELC OV TRML Ty 7 K dr £
T AR DY A 2N, 0 T F B
WAL b ILIEE N Ch S IR O A &
MiliA s 4 LB ahT a2 Lal, RADH
S T, HMERHEIEAPEE OB O
FHEEOBESE oV CHIBM MR FiITbR L
k3, i, REAMESASAELTEH, St
&G PR 58 B 0 R O I A hE S S L 2
T &L,

[ (R el
TR TN LT

N W T

TS5 0 i S I P 08 1 TS TSI O A RS & B
AHILDP TR . OOBMASEZ LN T
ERG 8 ~1538Es, KV TLE~25
B Ths. M EEhBETORE 2L
-'j!t?)H;f-‘E’."‘.' A, A R 8 T EE G A R R
ThdET L, Eigig o,
1A !Ea% Lo e st E o i il A dh 5
ZEEAEMMTHS. AEOHMIE, TRE - b
O3 JEL M I PR P S S ) A RO R Al L,

wa, T45bhi,
Tz b
&4 I A
o JE B A

EH LA



of Hiroshima and Nagasaki, and to determine if
there is an association between seizures and their
exposure.

MATERIALS AND METHODS

Three samples of persons prenatally exposed to the
A-bombings of Hiroshima and Nagasaki have been
used by ABCC, and its successor, RERF, in their
various studies of radiation-related brain damage.2®
The largest of these, termed the original PE86
sample, consists of 2,083 nonexposed and in utero
exposed children, ascertained largely through birth
certificates. Attention here focuses on this group of
individuals for il is both the largest, and has, on
average, the longest period of follow-up. These
children were first examined slarting in the year
1948 when they were 2 years of age with follow-
up for many continuing until 1964. The purposes
ol these examinations were several-fold, namely,
to determine whether there was an increased fre-
quency of developmental abnormalities, 10 ascertain
whether prenatal exposure retarded growth, and to
assess the effects of exposure on other aspects of
health. Every other year the children were brought
o the clinic for an interval history of illness, a
physical examination, blood and urine chemistries,
anthropometric measurements, and X-ray studies,
where clinically indicated. Intelligence and neuro-
muscular tests were obtained in 1955-56, and 1961-
62, respectively. A standard questionnaire was used
to obtain the interval medical history which included
both directed and open-ended questions.

Selzures. Seizures are here defined to include
all references in the clinical records to "seizure,”
"epilepsy,” or "convulsion." However, to avoid
confusion, a single term, "seizures," will be used
throughout the text. All of the medical records
of participants in this program of examinations
who were coded for seizures during this period of
study were reviewed to characterize the nature of
the seizure (i.e., its severily, clinical symptomatol-
ogy, the presence of fever, cause of the seizure,
duration), presence of other neurological disease,
developmental landmarks, school performance, and
any other medical problem. The records were not
sufficiently explicit nor were electroencephalogram
(EEG) findings available to permit detailed clini-
cal classification. However, sufficient description
existed to allow a limited classification of seizures
by ectiology for epidemiologic purposes. Starting
with all seizures, cases were classified as febrile,
acule symptomalic, i.e., seizures due o acute central
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nervous system insult such as head trauma, and
unprovoked.

Cases of unprovoked scizure are here defined as
those seizures without a record of a concomitant
acute insult that is a known precipitaling cause
of a seizure, e.g., fever, trauma, postvaccination
reaclion, or anoxia during an acute, postnatal event.
A seizure was so classified if the medical records
revealed no clear statement of an accompany-
ing infectious, traumalic or fever-producing agent.
Strictly neonatal seizures (within the first month
postpartum) were difficult to ascertain in this study
which did not begin until a child was 2 years
old, and since they appear lo have a different
etiology and were most likely underascertained,
were routinely excluded from all analyses.

Fever is the most common precipitating cause of
a seizure in infancy or childhood. In the event of
multiple seizures, however, [ever might accompany
only one, and then not necessarily the [irst seizure,
and scoring these cases is undoubtedly arbitrary.
We adopted the following convention: if fever
accompanied only one of several seizures, making
it doubtful that fever was a generally precipitating
cause in an individual, the case was scored as
unprovoked.

Severe mental retardation. The current study
sample of 2,083 children includes 24 individuals
clinically diagnosed as mentally retarded, before the
age of 17. The diagnosis was based on clinical
findings and not on an 1Q score.?® A child was
judged 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.  Until recently, estimates of fetal
absorbed doses have been based on a system of
dosimetry known as the revised T65 doses.2”—2°
In March 1986, as a result of a comprehensive
reevaluation of the circumstances attending the A-
bombing of Hiroshima and Nagasaki and the nature
and yields of the weapons that were used, a new
method for the estimation of individual doses was
introduced, termed the Dosimetry System 1986
(DS86).%° The doses computed with this system are
used in this analysis.
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In the DS86 system, [or survivors within 1,600 m
in Hiroshima (2,000 m in Nagasaki) where the
requisite shielding information exists, dose in a
maternal ulerus can be computed through a mod-
eling of the particular physical circumstances in-
volved in an individual's exposure.?? At greater
distances, where the doses are much smaller and
detailed shielding information is commonly not
available, uterine doses are estimated by regression
methods that employ average transmission factors
based upon those survivors whose doses can be
directly computed. Uterine doses estimated by
the DS86 system arc available for 1,183 of the
2,083 members of the original sample, including
22 severely mentally retarded cases. The mother's
computed uterus dose has been used, assuming the
relative biological effectiveness (RBE) of neutrons
to be 1, because fetal absorbed doses under the
DS86 dosimetry are not yet available, and may not
be for some time.

As yet, the DS86 system of dosimetry cannot be
applied to all survivors in the RERF's various study
groups. Those excluded were commonly exposed in
nonwooden structures or had insufficiently detailed
shielding histories to model the circumstances of
their exposures directly. The bulk (882) of the 900
individuals on whom DS86 doses do not exist had
small T65DR doses, less than 0.1 Gy (709 less than
0.01 Gy). Their DS86 doses would be correspond-
ingly small and excluding these subjects should not
materially affect dose-response relationships. The
observed frequency of all seizures among these 900
individuals was 1.9%, a somewhat lower frequency
than seen in the DS86 sample. However, since only
18 of these individuals had T65DR doses of 0.10
Gy or more, the inclusion of these 900 individuals
would have the effect of lowering the frequency of
seizures in the lowest two dose groups, and thus
increasing the apparent effect of irradiation.

Gestational age.  The date of pregnancy at the
time of the bomb (ATB) is based upon the inferred
first day of the last menstrual period, and has been
calculated as follows:
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ATB." Age in days was changed lo age in weeks
by dividing by seven, and the latler quotient was
presumed 1o be zero if it was negative.

The most important single factor in determining the
nature and extent of the insult to the developing
embryo or fetus resulting from exposure to ionizing
radiation is the developmental age (here taken to be
synonymous with gestational age). Developmental
ages have been grouped to reflect known stages in
normal embryo- and fetogenesis. Measured from
the presumed moment of fertilization they are: 0-7,
8-15, 16-25, and 26 weeks or more, corresponding
to the timing of the following biological events: In
the first period, the precursors of the ncurons and
neuroglia, the two principal types of cells that give
rise lo the cerebrum, emerge and are mitotically
active.®* In the second, the number of neurons
rapidly increases by mitosis; they lose their capacity
to divide, becoming perennial cells,*?73% and then
migrate to their final locations in the primitive cere-
brum. In the third, differentiation in situ accelerates,
synaptogenesis that began about the eighth week
increases, and the definitive cytoarchitecture of the
cerebrum unfolds. The fourth period is one of
continued architectural and cellular differentiation
and synaptogenesis of the cerebrum; with at the
same time, accelerated growth and development of
the cerebellum (a fuller account will be found in the
report of an ICRP Task Group®®).

Statistical considerations. Since the frequency of
seizures among mentally retarded individuals is high
(22.7%), all analyses were conducted including and
excluding the mentally retarded cases. To provide
simple, but convenient descriptors of risk and Lo
test the significance of the overall association, the
Mantel-Haenszel chi-square statistic has been used
to estimate risk ratios (RR) in exposed and control
subjects.>™38 Since there are many stratified 2x2
tables having cells with very few cases, Fisher's
exact test has been applied to each table. The
confidence interval of the RR has been determined
by the test-based method of Miettinen®? in the case
of the Mantel-Haenszel summary estimates, and
by the exact method of Thomas*® for the crude
estimate. The method described in Fleiss?! has
been used to test for the homogeneity of the RR over
multiple strata (e.g., city, sex, and gestational age).
In these computations two dose calegories are used,
but the dose boundaries are moved to determine
whether an association is contingent solely upon the
grouping of the data.
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Four dose groupings have been used, namely, <0.01,
0.01-0.09, 0.10-0.49, and 0.50 Gy or more, when
fitting standard regression models to the data: a
linear (L), a linear-quadratic (L-Q), and a quadratic
(Q) dependent on the DS86 uterine-absorbed doses.
Since it has been suggested that the model proposed
by Lea*? might bc a more suitable descriptor of
the dose-response relationship than a simple linear
model,*® a simple exponential model has also been
fitted to these same data. To avoid confusion
in subsequent paragraphs, the terms linear, linear-
quadratic or quadratic alone will always refer to
the binomial model; when the exponential has been
fitted, the model will be described as exponential
linear (expL), exponential linear-quadratic (expL-
Q) or exponential quadratic (expQ). All these are
models without thresholds.

We have also fitted to the dose-grouped data varia-
tions of the binomial and exponential models which
assume the existence of a dose threshold, T, in the
occurrence of the seizures. These models are of the
following forms: In the binomial case,
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and in the exponential one,

b E 5L DAL,

Pi=1—cxp{—[a+b(Di—-T)]} s (B)

where P, denotes the expected frequency of seizures
in the binomial likelihood and D; the mean uterine-
absorbed dose in the i dose category, i = 1,

4 for grouped data, and (A) and (B) hold only
if (D;—T)>0. As in the simpler models without
threshold, the parameters have been estimated using
the method of maximum likelihood.

To assign a threshold the largest log likelihood value
was selected from a number of log likelihood values
obtained through using a succession of arbitrary
fixed values of T, e.g., T = 0.0, 0.01, 0.02, etc. Gy.
The 95% confidence limits were also determined
from the same likelihood ratio x? statistic,*45
namely,

I P F-yei#li=1, ..., 4) K7
LAk & RAESIZETC L FHOEMK I
B BIEROWMBEEIE 2R L, D, BRALL i FHO
R Iz &P e AR R T, (A)
RO (B) (D, —T)>0 O GO&H LT 5. R
BH B OEMET VO G ERRIC, KL
HEHOWT/HAS A — 9 2HEL -

MG A% NS T3amis, TELTEEOR®ELE

EOf, WA T=0.0, 0.01, 0.02Gy, T &%
VT E{DOMBAFMERSD, 209 bhhk kat#
A2 L DM A RA ., %N, 0
[l U ARE e x 2 #EEE L koA s R,
Tahtb,

X2 =— 2log [LX[THLXIT]

where T* = L (a 95% lower bound) or U (a 95%

upper bound) and T is the maximum likelihood

estimate, i.e.,
— log LX|T*) = —

ZIZT, T*=LI(9% FE) X2 u(9H% LB ©
BN, THARTHEEINSRALEREMNTES

log L(X|T) + x2/2
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The significance of a dose-response relationship has
been tested by examining the square of the ratio
of the estimated slope to its standard error. An
alternative test of significance is the log likelihood
ratio; this too has been routinely computed, and
the results are presented in appendix tables. Both
procedures assume the test statistic to be asymp-
totically distributed as chi-square, but this may not
obtain exactly when the sample sizes are small, as
in the present instance. Since the log likelihood
ratio invariably attributes greater significance to the
estimated dose-response relationship, as will be seen
from the appendix tables, we present in the text
the results of the more conservative test, that is,
the first of the ones described above. It should be
noted that the choice of the test statistic does not
alter the estimate of the slope of the dose-response
relationship.

RESULTS

Frequency of several kinds of seizures. The
frequency of occurrence of children with seizures
alter exposure in utero is given by gestational age
(weeks) and by grouped ulerine-absorbed doses in
the study sample in Table 1. The average DS86
uterine-absorbed dose in the successive dose groups
is 0, 0.05, 0.23, and 0.92 Gy when the severely
mentally retarded cases are included, and 0, 0.05,
0.23, and 0.79 Gy without them. No cases of
seizures were reporied among individuals exposed
0-7 weeks aflter fertilization at doses higher than
0.10 Gy. The highest frequency of seizures is
seen in the highest dose groups at 8-15 weeks after
fertilization for all seizures, and for unprovoked
seizures. There is no increase in febrile seizures.
All this is true whether the severely mentally
retarded are or are not included.

After the exclusion of the strictly neonatal seizures,
which do not figure in this analysis, the earliest
recorded age at onset of a seizure was 9 months
postpartum, and the latest was 14 years of age.
Distribution of the seizure cases by gestational age
and dose group failed Lo reveal any clear differences
among the various seizure lypes in age at onset (data
not shown).

Risk ratio analysis.  RRs (odds ratios) for the
occurrence of seizures in the three different dose
groups (0.01-0.09 Gy, 0.10-0.49 Gy, and 0.50+ Gy)
exposed 1o the A-bombing as contrasted with the
"control” (<0.01 Gy) group are shown in Table 2a
including the severely mentally retarded cases, and

HEOHEM & Z OFEERE L OO 2 £ 4
SEREDBBRKGEFEOR S ME L 4K

< B

OB OHEEERE L THEEEIEFS S, Zhi
HEMILHE L, FOfEReMEIIRLA it

HiBlZEWTh, MESHRIES M2 FE L CHnHER
AT 2 EEET B34, Z O S0 O E
DEFIBER PSR E LRI HTEE S 20,
ft&k v isbh AR RE A S e iR
WERKIEHFREFEEIP BTS00, LD

REZHZHE, T4ht, LELALOOY B HO
i EFROT R i il T A
AR L T &8 BUB B R 0 21 B ki il 1228 k1

vz EIcERZ Y S,

s A T oy s

VTR O R HE T L

w 28

WIBSEOAPOEE, COBEELEMC S0 S
PA R A O R AR AR ELIE A IR PR A O e ok Y
2 BUILER -3 Bt P
#it4 DS8s T e G bt
EHBHABEIZ0, 0.05, 0.2840°0.92Gy ¢h D,
AUBVHEIZ0, 0.05, 0.23RTF0.79 Gy Th- 1.
FHEO~ T THBEL, BAA0.10Gy WL LK
DI EEIREOD s hdh -2 TS ~15
MM TR L SRS OB VT, SRR
BRI AN ox it e o ek LT, B bin IR 2030 5
N, FEERME ORI ED 5tk o, L) ki,
AEMMENE+TOIAGrOMI b b F
FERS RO (i

ETHNFROE T
o LE R

Sl OREHT L S TH B, KR EEE RO
A BRI+ & &, AR & 108 L 2 IR
EEI 2 HTHD, HGEMIIILETS 5 L i

ONEA R GBI A WS L, B
DR SRAENE MG CPHI 2 2R B s a b 1
(F—2FmRL TN,

URTLEDB. #MEO = SO (0.01-
0.09Gy, 0.10-0.49 Gy K 0°0.50+ Gy ) 1254 BH40H
SEEH AT AT (<0.01Gy ) TEEHE#EL 7 RR (4 » £
H)yd, HEEMMENE - ED AL,
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TABLE 1 SEIZURES IN CHILDREN EXPOSED IN UTERO TO THE ATOMIC BOMBS BASED ON DS86
UTERINE-ABSORBED DOSE BY DIFFERENT GESTATIONAL AGES

ol BRGNS ORSE, DSB6 - M E W), iy SE s R

Dose All Febrile Unprovoked
category seizures* seizures seizures

(Gy) Subjects Cases Percent Cases Percent Cases Percent
All weeks

<0.01 767 (=7) 31(-2) 4.0(3.8) p 5 S - - B 14(-2) 1.8(1.6)
0.01-D.D9 210(-1) 10 4.8(4.8) 9 4.3(4.3) 0 0.0(0.0)
D.10-0.49 151 B 33 1 0.7 5 .3
D.50+ 55(-14) 6(-3) 10.9(7.3) 1.8(2.4) 5(-3) 9.1(4.9)
Total 1183 (-22) 52(-5) 4.4(4.0) 28 2.4(2.4) 24(-5) 2.0(1.6)
0-7 weeks

<0.01 158 (-1) 7 4.4(4.5) S SLa(3.2) 2 1.3(1.3)
0.01-0.09 33 3 9.1 3 9 D 0.0
0.10-0.49 21 0 0.0 0 0.0 0 0.0
0.50+ 5 0 0.0 0 0.0 ¢} 0.0
Total 217(~1) 10 4.6(4.6) B 3.F{3.T) 2 0.9(0.9)
8-15 weeks

<0.01 176 5 2.8 5 1.7 2 1.1
0.01-0.09 46 1 2.2 1 2.2 0 0.0
0.10-0.49 42 2 4.8 1. 244 2 4.8
0.50+ 18 (-11) 4(-3) 22.2(14.3) 0 0.0(0.0) 4(-3) 22.2(14.3)
Total 282 (-11) 12(-3) 4.3(3.3) 5 1.8(1.8) 8(-3) 2.8(1.8)
16-25 weeks

<0.01 224 (-2) 10(-1) 4.5(4.1) 5 2.2(2:3) 5(-1) 2.2(1.8)
0.01-0.09 B2 =1} 3 5.8(5.9) 3 5.8(5.9) 0 0.0(0.0)
0.10-0.49 40 2 5.0 0 0.0 2 550
0.504+ 22 (-13) 1 4.5(5.3) 0 0.0(0.0) i 4.5(5.3)
Total 338 (- 6) 16(-1) 4.7(4.5) 8 2.4(2.4) 8{-1) 2.4(2.1)
26+ weeks

<0.01 209 (-4) 9(-1) 4.3(3.9) 4 1.9(2.0) S5(-1) 2.4(2.0)
0.01-0.09 79 3 3.8 2 2.5 0 0.0
0.10-0.49 48 1 2.1 0 0.0 1 2.1
0.50+ 10 1 10.0 1 10.0 0 0.0
Total 346 (-4) 14(-1) 4.0(3.8) 7T 2.0(2.0) 6{=-1y 1.7{1.58)

Numbers and percents in parentheses reveal the changes following the exclusion
of severely mentally retarded subjects.

FEAR PN O BE e U6 0 IUE R R E R R L G R T,

* Note that the numbers of febrile and unprovoked seizures do not always sum to
the total of all seizures. Afebrile seizures with precipitating causes, e.g.,

trauma, do not appear among either the febrile or unprovoked, and subjects with a
febrile and subsequently an unprovoked seizure appear in both categories.

IR URIEARE RO S AR B S LA S L ER, MU F O DR R A b S BRI
CRBMET ECREAUT T hcESEaF . M, BRRETHESNOREN Ay IIET ha,
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TABLE 2a RELATIVE RISK OF THE OCCURRENCE OF SEIZURES IN THE THREE DIFFERENT DOSE
GROUPS EXPOSED TO THE ATOMIC BOMBING AGAINST TIE "CONTROL" (<0.01 Gy) GROUP
INCLUDING SEVERELY MENTALLY RETARDED CASES

#2a R7T S SODEEBRBEIRNA AT (<0.01Gy ) (2hHH L 2 G ot o
fAxty Ao, HEMBBEHELED

0.01-0.09 Gy 0.10-0.49 Gy 0.50+ Gy
Gestational
age
(week) Riskl! 90% confidence Risk 50% confidence Risk 90% confidence
ratio interval of ratie interval of ratio interval of
risk ratio? risk ratio risk ratio
Kkll seizures
{crude) Lk 0. 58-2.28 0.81 0.30-1.%0 2. 91¥ 1.13-6.62
All (summary) 1.21 0.45-3.27 0.82 0.12-5.83 2.95¢* 1.23-7.10
=7 2.16 0.46-8.21 0 0 -4.09 0 D -20.6
8=15 Q76 0.03-5.46 B 0:23-8.558 9. TT*% 2.19-39.7
16-25 1.:381 0.30-4.46 1.13 0.17-4.61 1.02 0.05-6.29
26+ 0.B8 G 20=2.03 0.47 0.02-2.88 2.37 0.10-17.0
Homogeneity x’ =1.05 P=0.79 x3=1.17 P=D.76 Xx*=3.57 P=0,31
Febrile seizures
(crude} 1.985ug 0.B9-4.21 (s % Y 0.02-1.69 0.87 0.04-4.79
All (summary} 2.095ug 0.96-4.56 0.32 0.03-3.40 0.94 0.74-1.19
-7 3.06 0. 60=-13:1 [} 0 -6.32 0 0=l
8-15% 1.28 0.05-11.9 1.41 0.05=13.1 o] B =372
16-25 2.€8 0.54-11.3 0 C —-4.8&4 o 0 -B.59
26+ 1.34 0.18-7.33 0 o =7.51 FuBd 0.27-75.2
Homogeneity x?=0.80 P=0.85 x7 =0.39 P=0.94 x1=1.51 p=0.68
Unprovoked seizures
(crude} 0 0 -0.86 1.84 0.63-4.7¢ 5.38%* 1.79-14.2
All (summary) o] = = 1.81 0.55-6.00 5.20%* 1.97-13.7
0-7 o 0 -16.8 0 B =26.5 0 0 =119
8-15 (o} 0 -13.4 4.35 0.45-40.9 24.BE%x* 4.068-182
16-25 0 0 -3.54 2,51 0.31=-11.5 2.09 0.09-15.3
26+ 0 0 =218 0.87 0.04-6.22 0 D -18.6
Homogeneity x*=0.52 P=0.91 x*=1.22 P=0.75 x?=3.95 P=0.27

! crude estimates for each gestaticnal age-group and all gestational age (crude), and
Mantel-Haenszel summary estimates with four stratified 2X2 tables for all gestational
age (summary) .

A N oA 20 B AL O A N P B et T A ML E R (erude ) B OV IS HNERMRE B DR TS, Moo MIL2 X2 RT3
Mantel- Haenseel BEYHEE L (summary ).
Sug Significant at the 10% level, * at the 5% level, ** at the 1% level (Fisher's

exact test for crude estimates, and Mantel-Haenszel test for summary estimates, one-
tailed) .

Sug W% AHETHE, " S5%AMTHE, " 1% KETHE (BEEEMIZS 0 T Fisher OWTEHE, #H8EME TS
Mantel- Haenszel By, IWitlhea).

Exact econfidence interval for crude estimates, and test-based confidence interval for
summary estimates.

PAE AL G M A A AT MO, M R AN HE 0 M E 248 T o 15 X .

10
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TABLE 2b RELATIVE RISK OF THE OCCURRENCE OF SEIZURES IN THE THREE DIFFERENT DOSE
GROUPS EXPOSED TO THE ATOMIC BOBMING AGAINST THE "CONTROL" (<0.01 Gy) GROUP
EXCLUDING SEVERELY MENTALLY RETARDED CASES

Fi2h

“EHEMT(<0.01Gy) EE00ER L AR om0ty 2y

AL AR & R C

0.01-0.09 Gy
Gestational

0.10-0.49 Gy

0.50+ Gy

age
(week) Riskl! 90% confidence Riask 90% confidence Risk 90% ceonfidence
ratio interval of ratio interval of ratio interval of
risk ratio? risk ratio risk ratio
All seizures
(crude) 1227 0.62-2.45 0.B6 0.31-2.03 1.99 0.49-5.90
All (summary) 1.29 0.54-3.08 0.88 0.00-1570 1587 0.39-9.590
0-7 2.14 0D.45-B.16 0 0 -4.07 0 0 -20.5
8-15 0.76 0.03-5.46 y Rl o & 0.23-8.55 570 0.21-48.0
16-25 1.48 0.33-5.15 1.25 0,18-5.21 1.32 0.06-8.37
264 0.97 0.22-3.46 0.52 0.02-3.27 2.74 0.11-19.2
Homogeneity X3=0.93 P=0.82 x3=1.09 P=0.78 x?=0.90 P=0.83
Febrile seizures
{crude) 1.975ug 0.BB-4.19 0.31 0.01-1.68 1.16 0.05-6.46
All (summary) 2.08Sug 0.95-4.55 0.32 0.03-3.33 1.15 D.5T7T=2.471
0-7 3.04 0.60-13.0 0 0 -6.28 0 0 -3.09
B-15 1.28 0.05-11,9 L1 QL0e=13.1 0 0 -47.2
16-25 il 0.55-11.4 0 0 -4.59 0 0 =4.93
26+ 1.31 0.,17-7.18 0 o =7.37 7.49 0.26-73.7
Homogeneity x?=0.82 P=0.85 x*=0.40 P=0.94 x’-l.ll P=0.77
Unprovoked seizures
{crude) 0 0 -1.02 2. 12 0.71-5.68 3.208 0.45-12.5
All (summary) 0 R = Pred L 0.67-6.65 3.03 0.39-23.7
0-7 0 0 -16.7 0 0 -26.4 8] 0 -118
#-15 a 0 -13.14 4.35 0.45-40.9 14.50 0.43-200
16-25 o} 0 -4.88 2.87 0.37-15.9 i Rl 0.12-24.6
26+ 0 0 -2.89 1.07 0.04-8.42 o] 0 -24.6
Homogeneity x’=0.33 P=0.95 x3=1.00 P=0,80 x*=1.19 P=0.756

See the footnote in Table 2a.

in Table 2b excluding them. With respect to febrile
seizures, a suggestively significant RR is observed
in the 0.01-0.09 Gy dose group for all gestational
ages combined but not at higher doses, and so is not
consistent with a dose-response relationship.  On
the other hand, RRs for unprovoked seizures are
highly and significantly elevated at 0.50+ Gy and
rather high, but not significantly so at 0.10-0.49
Gy for the 8-15 gestational week category (Table
2a). Similar results are observed for all seizures.
However, the RR is not significantly raised at earlier
or later gestational age categories. Exclusion of
the severely mentally retarded cases from the 8-15
week category (Table 2b) reduces the RR in the
highest dose group by about a half and none are
significantly raised; however, they continue lo show

#& Za O BITE 4 L

11

BRdk L 2B 20 10RL . SERPRRCREIZ 00T
X, SHAEBE AL A EI20.01-0.09 Gy
R CHE L RR R+ 540, Zhll Eosid
BIZHAO NG 20T, ZHIEERRIEMT
LlE—B L 4 fbk, R AE] DIEHE 20T,
8~ 15 B4 74 8 i B @ RR 130.504 Gy Ty {11
AL TEY, 0.10-0.49Gy TIEAL N0 AR
Tl (#2a). £BRIZ2VTE DR RS
\Behsz LaL, 8~158ELLIAT X ZLIEOKRA
Wk i RRIZEEICHIL Tuv g v, 8§15
A S FEERMBENFERIT 5L (H2b), M
HUETEO RR BB IIE F L, F4, wihomhi
HIZLRROFEAMINEA SR E Y. LaL,
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an increasing lrend with increase in dose for all
seizures and unprovoked seizures. In the 8-15 week
gestational age category, the RRs for unprovoked
seizures are 4.4 (90% confidence interval: 0.5-40.9)
in the 0.10-0.49 Gy and 24.9 (4.1-192) in the 0.50+
Gy group when the mentally retarded arc included,
and 4.4 (0.5-40.9) and 14.5 (0.4-200) when they are
excluded.

Neither cities nor sexes seem to have a confounding
effect on the occurrence of seizures. The RRs at
0.50+ Gy by sex for the 8-15 and all week gesta-
tional age categories are shown in Appendix Table
1, and by city in Appendix Table 2, respectively.
There is no heterogeneity detected between males
and females or between Hiroshima and Nagasaki,
and the summary estimates of the Mantel-Haenszel
RRs are very close 1o their counterparts in Tables 2a
and 2b, where the RRs are estimated on the pooled
data over both cities and both sexes.

Regression analysis. The regression coefficients
based on an L dose-response relationship, using
the grouped data in Table 1, are summarized by
gestalional age and the three previously described
simple classes of seizures in Table 3. The maximum
likelihood estimates (MLE) of these regression co-
efficients were obtained by a conventional Newton-
Raphson iterative procedure.

When the 22 mentally retarded individuals are
included within the study sample, a significantly
increased risk of seizures with increasing dose
is observed only between 8 and 15 weeks after
fertilization.  This obtains for all scizures and
unprovoked seizures. Within this critical period,
the occurrence of seizures is linearly related to
the absorbed dose received by the uterus, When
the cases of severe mental retardation are excluded
from the analysis, a suggestively significant risk is
detected only at 8-15 weeks after fertilization and
then only in the group with unprovoked seizures.
The results of the log likelihood ratio test are
shown in Appendix Table 3 for comparison with
the values in Table 3. Note the likelihood ratio test
is still significant (P=0.02) after the exclusion of the
mentally retarded.

The results obtained from fitting an expL model to
the dose-grouped data (Table 4) are essentially the
same as those shown in Table 3, but the absolute
risk is slightly greater than that associated with the

12
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TABLE 3 LINEAR RESPONSE RELATIONSHIP OF SEIZURES TO GROUPED DS86 UTERINE-ABSORBED DOSES
#3 HHEL SN —7 DSBE fH MR B & O BT BIL I BR

Gestational Including severely mentally retarded cases Excluding severely mentally retarded cases
age
{week) = &

a b So XRes Pres R b Se XRes PRes

All seizures

All 3.972 0.0545ug0.037 1.56 0.4¢6 3.875 0.026 0.040 0.849 0.81
0-7 4.552 -0.046 0.343 2.53 D0.28 4.616 -0.058 0.115 2.45  D.29
B-15 2.508 0.180* 0©.087 0.59 0.74 2.614 0.114 0.109 0.22 0.90
16-25 4.730 0.001 0.052 0.17 0.92 4.392 0.016 0.0587 Q.32 0.85
26+ 3.888 0.024 0.064 1.00 0.61 3.617 0.0239 0.071 0.92 0.63
Homogeneity of b Xife3 =3.28 P=0.35 Xir=4 =1,21 P=0.75

Febrile seizures

all 2.464 -0.012 0.015 5.03 c.os8 2.613 -0.013 0.021 4,97 0.08
o-7 4.059 -0.041 0.344 3.38 0.18 4.101 -0.050 0.268 333 0.13
B-15 1.804 -0.01B 0.071 0.39 .82 1.957 -0.018 C.081 0.31 0.86
16-25 2.792 -0.030 0.048 3.02 0,22 2.825 -0.036 C.107 3.07 0.22
26+ 1.806 (0.033 0.052 2.0 0.36 1.840 0.033 0.056 2.16  0.34
Homogeneity of b Xif=3 =0.85 P=0.84 Xgf=3 =0.51 P=0.92

Unprovoked selzures

All 1.454  0.074* 0©.033 4.51 0.10 1.298  0.0525ug0.035 4.07 0.13
[ ——— e ——— === mmm—m m——ee oo ———— e
8-15 0.889  0.201%* 0.084 1.03 0.60 0.921  0.1495ug0.101 0.81 0.67
16-25 1.975 0.042  0.054 1.87 0.39 1.579 0.067 0.065 1.57  0.46
26+ 1.885 -0.018  0.070 1.90 0.39 1.692 -0.018 0.065 1.66 0.44
Homogeneity of b Xi=g =4.19 P=0.12 Xjr=s =2.11 P=0.35

A linear (L) model: P, = a + b D, (i=1, 2, 3, 4) was used in all of the analyses above.
ME(L)EFVP,=a+b D (i=1, 2, 3, 4] & LD ERIFIZRACL.

a is the estimated number (intercept) of cases of seizures (per 100 individuals) in the 0 Gy group.

b is the increase in the frequency of seizures with dose (D) expressed in grays (10C rad) and Sb its

standard error. The significance of b is tested using & Xg.; With one degree of freedom which is to

compare b with its standard error. Sug Significant at the 10% level, * at the 5% level, ** at the 1% level

(cne-tailed) .

a [£0Gy BIZ&2 (1008 A0 0| SREOHER (W) &1, b 1 gray (100rad) TF L 280t (D) IS RROBEORN, S GioEERE

EHT. bEIOBGEEEERTAAMEL 0 2, AU ThOAEIEEN . Sug W0BABTHE, * 5% RKETHE, = 1%AETHE (7 MRE).
2 : « ,

XRes is a Pearson's ¥ with two degrees of freedom, and shows the difference between the ocbserved

frequencies and their expected values based on the estimated regression. PBge.y is the probability (two-

tailed) of exceeding the xk,, by chance under the null hypothesis.

X3, HEEE2 0 Pearson @ ¥t TH ), HEERIETO TREAR LMFAOLEFR S, Py, i, BERETHE xf,, FEL 5 (FMEE)

T

28-€1 WL IHHAH
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TABLE 4 EXPONENTIAL-LINEAR RESPONSE RELATIONSHIP OF SEIZURES TO GROUPED DS86 UTERINE-ABSORBED DOSES
4 EBLIL—7 DSEE FERIIEA & O BB R T E

Gestational Including severely mentally retarded cases Excluding severely mentally retarded cases
age
(week) " 5

a b Sy XRes PRres - a b Sy X XRes Pres

All seizures

All 4.054 0.0575ug0.040 1.59  0.45 3.952 0.028 0.042 0.99 0.61
0-7 4.661 -0.048 0.190 2.53 0.28 4.728 -0.056 0.239 2.47 0.29
8-15 2.537 0.195% 0.101 0.68 0.71 2.648 0.120 0.117 0.23 0.89
16-25 4.846 0.000 0.054 0.17 0.92 4,490 0.017 0.071 0.32  0.85
26+ 3.965 0.025 0.087 1.00 0.51 3.686 0.030 0.074 0.92  0.63
Homogeneity of b Xip=3 =3.14 P=0.37 X3¢y =0.74 P=0.85

Febrile seizures

nll 2.494 -0.013 0.016 5.03 0.08 2.643 -0.013 0.022 4.97 0.08
a=7 4,129 -0.043 0.130 3.38 0.18 4.173 -0.049 0.268 3.35 0.19
8-15 1.820 -0.019 0.067 0.39 0.82 2.070 -0.023 0.080 0.34 0.84
16-25 2.826 -0.027 0.411 3.12  0.21 2.860 -0.031 0.431 3.16 0.21
26+ 1.824 0.033 0.054 2.03 0.36 1.858 0.033 0.058 2.18  0.34
Homogeneity of b Xip=3 =0.54 P=0.91 Xif=3 =0.38 P=0.94

Unprovoked selzures

all 1.465 0.076* 0.035 4.53  0.10 1.306 0.054Su 0.037 4.06 0.13

0-7 e e e moor smmmew Smmeeem e zemee seem e
8-15 0.893 0.215*% 0.09%9¢ o forid B 0.57 0.925 0.1555u3 0.108 0.83 0.66
16-25 1.99¢6 0.044 0.057 1.86 0.39 1.589 0.070 0.070 1.56 0.46

26+ 1.8%6 -0.020 0.057 1.91 0.38 1.700 —%.019 0.065 1.67 0.43
Homogeneity of b X2, =4.44 P=0.11 Xdt=; =2.13 P=0.35

An expcnential linear (expL) medel: Pi = 1 - exp[-(a + b Di)] (i=1, 2, 3, 4) was used in all of the analyses
above.

REHE (expL) €70 Pi=1—exp[—(a+ b D )lli=1, 2, 3, 4) % Lo 28 A 02

See the descriptions and significance levels in Table 3.
F3 2o SOREN R U B A & AT
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linear model. The findings of the log likelihood
ratio test will be found in Appendix Table 4.

The results of regression analyses based on fitting
an L-Q model and a Q model, and fitting an expL-
Q model and an expQ model to the data in Table 1
for the 8-15 weeks and all gestational age categories
are given in Appendix Tables 5 and 6, respectively.
There is no improvement in goodness of fit over
the L model through using the L-Q or Q models, or
over the expL. model, through using an expL-Q or
an exp() model.

To determine whether a threshold in the dose-
response relationship might exist, an L and an expL.
model with a dose threshold have been fitted 10
the data on all seizures and unprovoked scizures
in the 8-15 week period and all gestational age
calegories combined. Appendix Tables 7 and 8
show the results. None of the estimated dose
thresholds, based on the largest log likelihood value,
is significantly larger than zero, Thus there is no
support in the observations for the existence of a
dose threshold in the occurrence of seizures.

DISCUSSION

The age-specific incidence rates of unprovoked
seizures in this cohort are similar to incidence
rates in the United States and England.%%47 And,
the incidence of febrile seizures are similar to
those reported in the United States and Europe#6:47
but low compared to rates reported from Japa.n,“a
suggesting that the ascertainment of febrile seizures
in the study group was possibly less complete
than that of afebrile seizures. However, Tsuboi’s
estimate of 6.7% is based on all episodes involving
a fever of 38°C or higher. The prevalence of
concomitant seizures and mental retardation in the
study sample, 22.7%, is consistent with that reported
in the literature.

These data have their limitations. There is the
possibility of misclassification bias in three arcas
(presence of seizures, precipitating causes, and
radiation dose). Retrospectively, we cannot know
how thoroughly the examining physician inquired
for the occurrence of seizures nor, if the latter were
recorded, the occurrence of an acule precipilating
event. Nor can it be known how often an accompa-
nying known cause of seizures was not entered into
the clinical record. Finally, some study subjects
migrated during the study and were lost to follow-
up, so Lhat, the years at risk of a recorded seizure are
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not the same for all individuals. Losses to follow-
up could lead to an underestimation of the overall
frequency of seizures but there is no cvidence that
such losses are related to dose.

Limited experience with nonhuman primates ex-
posed to 2-4 Gy of ionizing radiation at periods
of intrauterine development corresponding to the 8-
15th week in the human or shortly thereafter reveals
an altered brain structure and functional defects,
e.g., diminished visual acuity. However, there has
not been a report of radiation-related seizures in
these animals although the doses were considerably
higher than in our study. Thus, these findings do
not help us to interpret ours.

Our findings can be briefly summarized as follows:
No cases of scizures were recorded among individ-
uals exposed 0-7 weceks after fertilization at doses
higher than 0.10 Gy. The highest frequency of
seizures is seen in the highest dose groups at 8-
15 weeks aflter fertilization. When the mentally
retarded survivors are included, there is a consistent
dose-response relationship for unprovoked seizures
in the period 8-15 weeks following fertilization.
This is seen in all of the analyses presented here.
There is no evidence of a significant dose-response
relationship for unprovoked seizures in any other
gestational age category. The frequency of febrile
seizures, on the other hand, cannot be shown to
be related to dose in any gestational age category.
That the 8-15th weck may be a vulnerable time
for exposure of the human fetus to radiation with
subsequent development of seizures is recorded
in two case reports.!” The first involved a male
exposed in the 2nd-4th month of gestation in the
course of his mother’s radiotherapy (dose unknown)
for uterine myomatosis. He subsequently developed
epilepsy at the age of 3.5 years. The second was
a female, exposed during the 2nd-3rd month, again
in the course of treatment of uterine myomatosis
in the mother (dose unknown), who developed
epilepsy at 2 years of age. But these cases too are
difficult to place into perspective, for they provide
no information on the frequency of such findings.

When the mentally retarded are excluded, the rela-
tionship becomes less clear, for most of the subjects
exposed to high doses are removed, leaving little
possibility of detecting a dose-response relationship.
However, there is suggestive, but not statistically
significant evidence from the stratified analysis that
within the 8-15 week period the risk of unprovoked
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seizures afier a dose of 0.1 Gy or greater is higher
than after lesser doses. In addition, both the linear
and the exponential-linear analyses suggest that a
dose-response relationship exists in the period 8-15
weeks after fertilization. For febrile seizures, there
is again no evidence of a relationship to dose nor
gestational age at exposure.

Which of these analyses, that based on the inclusion
or the exclusion of the mentally retarded, should
be given the greater weight? The answer to
this question hinges ultimately on the mechanisms
underlying the occurrence of seizures and mental
retardation following prenatal exposure 1o ionizing
radiation, and these are presently unknown. If
seizures can arise by two independent mechanisms,
both possibly dose related, one of which causes
scizures and the other causes mental retardalion
in some individuals who are then predisposed
to develop seizures, the mentally retarded must
necessarily be excluded if one is to explore the
dose-response relationship associated with the first
mechanism.  If, however, mental retardation and
seizures arise from a common brain defect, which
manifests itself in some instances as mental retar-
dation and in others as seizures, then the mentally
retarded should not be excluded. At present the only
evidence arguing for a common radiation-related
developmental defect is the occurrence of ectopic
gray areas in some instances of both disorders.
But, even this evidence, is difficult to put into
perspective, for while it is known that ectopic gray
areas occur among some of the radiation-related
instances of mental retardation, the observation of
ectopia in individuals with seizures is based on other
studies. As yet, there has been no investigation of
the frequency of occurrence of eclopic gray areas
among the prenatally exposed with seizures but no
mental retardation. Magnelic resonance imaging
could possibly provide a noninvasive means for
such a study.
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APPENDIX 1 RELATIVE RISK OF THE OCCURRENCE OF SEIZURES IN THE 0.50+ Gy DOSE GROUP AGAINST THE
"CONTROL" (<0.01 Gy) GROUP BY SEX

881 “HEP(<0.01Gy) &0.50+ Gy BEOMBRYE » Offzi) 2y, Fichl

Male Female Homogeneity Both sexes
Gestaticnal
age . . 2 . :
(week) Riskl 90% confidence Risk! 90% confidence P Risk® 90% confidenca
ratio inpterval of ratioc interval of df=1 ratie interval of
risk ratio? risk ratio? risk ratiod

{A) Including severely mentally retarded cases
All seizures

ARll 2,26 0.54-7.1%6 3.%15ug 0.88-13.2 0.34 0.356 2.,88* 1.721-6.81
g-15 7.265ug 0.78-51.1 14.80* 1.24-149 0.23 0.64 9.73** 2.94-32.2

Febrile seizures

All 1.17 0.05-6,926 0 o -13.0 0.01 0.94 0.84 0.34-2.08
8-15 0 0 =32.9 0 0 -204 0.08 D.78 o] - -
Unprovoked selzures
All 4.51 0.63-21.2 6.45% 1,37-23.9 0.11 0.75 2.50%* 2.18-13.8
8-15 2222 1.50-649 29.60* 1.82-8587 0.02 0.88 25,41** 7,19-89.8
{B} Excluding severely mentally retarded cases
All seizures
Ell 1.06 0.05-6.08 3.46 0.52-14.4 0.80 0.37 1.98 0.40-9.82
8-15 0 0 =51.3 18.25 0.42-306 0.69 0.41 5.65 0.04-757
Febrile selzures
All 1.66 0.07-10.1 0 0 -16.4 0.00 0.99 1.15 0.67-1.98
B-135 0 0 -97,2 0 0 -475 0.04 0.84 o] - -
Unprovoked seizures
All a 0 -15.2 6.025ug 0.83-27.49 0.61 0D.43 5.25 0.44-23.9
8-15 0 0 -480 37.005ug 0.64-1437 0.48 0.49 14.89 0.33-679

lCrude estimate. Sug Significant at the 10% level, * at the 5% level, ** at the 1% level (Fisher's
exact test, one-tailed).

HIEEMN. Sug WHAETHE, *S%AMTHE, " 1% A THE (Fisher OHTEN HEE).
“Exact confidence interval. I & & .

*Mantel-Haenszel summary estimate for two stratified 2X2 tables. Sug Significant at the 10% level,
* at the 5% level, ** at the 1% level (Mantel-Haenszel test, one-tailed).
SODEE2Z K 2RIZHT S Mantel-Haenszel ##H# . Sug WHKETHE, " 5%KETHE, * 1 %AETHE (Mantel-
Haenszel R, K METE).

YTest-based confidence interval. HiaE 24k~ <45 #ibE I,

BE-E1 UL AdHA
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APPENDIX 2 RELATIVE RISK OF THE QCCURRENCE OF SEIZURES IN TIIE 0.50+ Gy DOSE GROUP AGAINST THE
"CONTROL" (<0.01 Gy) GROUP BY CITY

[T4k2 “HFE"({<0.01 Gy} £0.50+ Gy B & it gl AT, TR

Hiroshima Nagasaki Hamogeneity Both cities
Gestational
age )
(week) risk! 90% confidence Riskl 90% confidence X E Risk? 90% confidence
ratio interval of ratio interval of df=1 ratio interval of
risk ratio? risk ratiol risk ratiod

(A} Including severely mentally retarded cases

All seizures

All 1.78 0.43-5.29 8.22* 1.51-36.3 233 0413 2.90% 1.22-6.8%

8-15 2:38 0.09-18.3 + + + 3.07 0.08 g, 21k 2.50-32.8
Febrile seizures

A1l 1:10 0.05-6.26 0 0 -23.0 0.06 0.B1 0.87 0.46-1.64

8-15 0 0 -20.3 & + + 0.22 0.64 0 = =
Unprovoked seizures

All 2.67 0.41-10.6 16.78%% 2.57-101.1 2.41 0.12 5.3THF  212=-13:06

B-15 6.08 0.18-81.0 + + + 1.54 o0.22 2A.1Er*  5.6B-94.5

(B} Excluding severely mentally retarded cases
All seizures

All 1.64 D.26-6.04 3.48 0.13-27.2 0.30 0.59 1.99 0.40-9.92
g-1% 0 D -29.1 + + + 1.76 0.18 511 0.04-796

Febrile seizures

All 1.43 0.07-8.24 0 0 =35, 0.09 0.76 1.16 0.64-2.12
8-15 0 e =57.9 + ;3 + 0.18 0.67 0 = =

Unprovoked seizures

All 2.08 0.09-12.7 7.10 D.24-71.8 0.57 D.45 3.21 0.44-23.7
B-15 ¢] 0 =131:5 + + + 0.94 0.33 14.28 B.21-955

See the fostnote in Appendix 1. {81 OEiERIN

+ (o entry) means that no seizure cases occurred in the "contrel" group.
(Bt A Ik, “HBEIERENAREL ol EEEWRT S
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APPENDIX 3 LIKELIHOOD RATIO TEST OF THE LINEAR RESPONSE RELATIONSHIP OF SEIZURES TO GROUPED
DS86 UTERINE-ABSORBED DOSES
{83 ¥ L 70— 7 DSge F iRl B & OB GG ST 5 LR i

Including severely mentally retarded cases

Excluding severely mentally retarded cases

Gestational
age Const. model Linear model Linear model Conat. model Linear model Linear model
(week) vs vs Vs vs vs vs

Full model Full model Const. model Full model Full model Const. model

i 1 ) 2
Xi=3 Bt Xit=2 DI X3y B2 Xir=3 B Xit=z P B
Rll seizures
All 4.75 0.1% 1.69 D.44 3.07 0.04 1.53 0.68 1.00 0.81 0.53 0.23
0-7 3.65 0.30 2.89 0.24 0.78 0.19 3.85 0.30 2.76 0.25 0.89 0.18
a-15 9.00 0.03 0.64 0.73 8.356 <0.01 2.06 0.56 0.24 0.87 1.82 0.09
16-25 0.16 D.58 Q.16 0.92 0.00 0.50 0.36 0.95 0.29 0.87 0.07 0.40
26+ 1.28 D73 131 0.58 0.18 0.34 1.20 0.75 0.99 0.61 0.21 0.33
Febrile seizures
All A | 0.13 5.07 0.08 0.43 0.26 5.44 0.14 5.28 0.07 0.18 0.33
0-7 4.03 0.26 3.46 0.18 o T 0.23 4.02 0.25 3.38 0.18 0.64 D0.21
8-15 0.77 0.88 D.36 0.84 0.41 0.26 0.37 0.85 0.32 0.85 0.04 0.41
16-25 4.86 0.18 3.44 0.18 1.42 0.12 4.78 0.19 3,40 0.18 1.38 0.12
264 3.74 0.29 3.09 0.21 0.65 0.21 3.73 0.29 3.20 0.20 0.53 0.24
Unprovoked seizures

All 17.34 <0.01 8.16 0.01 .18 <0.01 10.70 0.01 Tu18 0.03 3.52 0.03
Q=7 = = Sl o ———— ——— ——— ——— —— — —— ——— ——
8-15 15.73 <0.01 1.82 0.40 F3..81. <0.0) 6.13 0.11 1.52 0.47 4.60 0.02
16-25 3.78 0.29 2.89 0.23 0.89 D.18 4.11 0.25 2.45 0.29 1.66 0.10
26+ 3.62 0.31 330 0.19 g.32 0.29 3.04 0.38 2.92 0.23 0.12 0.37

The constant model: P; = a (i=l, 2, 3, 4).
EWEFN

The linear model: P; =~ a + b D,.

#EETL

The full model: P; =
%i%f»:ﬁ=¥/Hﬁ&

lprobability of X° values (two-tailed).
X LD EESE (T EE ).

Zprobability of y¥* values (cne-tailed).
X ADHESE (K sE).

Yy
7 Vo mwELoe, N2

/N; (where Y, 1s the observed number of cases and N, is the total number of subjects).
Lo AR,

88-21 UL JHTH
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APPENDIX 4 LIKELIHOOD RATIO TEST OF THE EXPONENTIAL-LINEAR RESPONSE RELATIONSHIP OF SEIZURES

fi £ 4

TO GROUPED DS86 UTERINE-ABSORBED DOSES
gL L —7 DS8E FE R L & O E

TR T 1 B e He b

Including severely mentally retarded cases

Excluding severely mentally retarded cases

Gestational
age Const. model expl model expl model Const. model axpl, model expLl model
(week) vs vs

Full medel Full model Const . modal., Full model Full model Censt. model

2 2 2 4
Xir=s P Xir=2 E Xir=1 P Xar=3 3 Xdg-a E Xz B
All seizures
all 4.75 0.19 L:71 0.43 3.04 D.04 1.53 D.58 1.00 0.61 £.53 0.24
0-7 3.65 0.30 2.88 0.24 B 0.139 3.65 0.30 2.82 0.24 0.83 0.18
8-15 9.00 0.03 B.73 0.69 8.27 <0.01 2.086 0.56 0.25 0.8B 1.81 0.09
16—-25 0.16 0.98 0.16 0.92 0.00 0.30 0.386 0.95 0.30 0.8¢ .07 0.40
26+ 1. 28 0.73 1.11 0.58 0.17 0.34 1.20 0. 75 1.00 0.61 ek 0.33
Febrile selzures
All 5451 0.13 5.08 0.08 0.43 0.26 5.44 0.14 5.26 0.07 0.18 0.33
0-7 4,03 0.26 3.44 0.18 0.59 0.22 4.02 0.26 3.41 0.18 0.561 0.22
B-15 0.71 0.86 0.24 0.84 0.43 0.286 0.37 0.85% 0.32 0.85 D.04 0.42
16-25 4.886 0.18 3.62 C.16 1,23 0.13 4.78 0.19% 3.64 D0.1& 1.14 0.14
26+ 3.74 0.29 3.10 g.21 0.64 .2 3.73 0.29 F.2d 0.20 0.52 Q.24
Unprovoked seizures

All 17.34 <0.01 B.19% 0.02 9.15 <0.01 10.70 0.01 7.18 D.03 3.52 0.03
0-17 He—— e —— reivl e T T —mem T o —— =i
B-15 15.73 <0uDl 1.94 0.38 13.80 <0.01 6.13 0.11 1.54 0.46 4.58 0.02
16-25 3.7&8 0.29 2.89 0.24 0.89 0.17 4.11 0.25 2.44 0.2% 1.66 0.10
26+ 3.62 0.31 3.29 0.19 0.34 D.28 3.04 0.38 2.91 0.23 013 0.36
The constant model: P, = 1 — exp (-a). (i=1, 3, 4)
EHE
The exponential-lipear (expl) model: Py = L - exp [-(a + b D,)].

15 dd 2 (expl. ) £ 70

The full model: P, = Y, /N,
(YN LEL, Y SRR, N BENRREY BT,
See the footnote of Appendix 3.

53 oEiEeN,

EEETN:

(whare Y,

is the observed number of cases

and N;

is the total number of subjects).
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APPENDIX 5 LINEAR-QUADRATIC AND QUADRATIC RESPONSE RELATIONSHIP OF SEIZURES TO GROUPED DS86

UTERINE-ABSORBED DOSES

T8RS B & 7 — 7 DSB6 T MR ILE L & OB - 2 R U5 2 R IKIE I F
Including severely mentally retarded cases Excluding severely mentally retarded cases
Gestational
age 2 i
(week) a b Sy c Se XRes PRes a b Sp e Se Xhes Fre
(Gy?) oy l) Gyl (Gy72) (ey™h) eyl Gy (ey?)
All seizures
All
L-Q 4.219 -0.0658 a.089 0.150 0.123 0.40 0.53 4.019 -0.044 0.106 0.107 0.156 0.59 0.44
Q 4.043 0.0775ug0D.04% 0.74 0.69 3.905 0.048 0.062 H-72 a.70
8-15
L-Q 2.708 0.034 0.1396 0.187 0.257 0.10 0.75 2.700 0.049 0.213 0.130 0.391 0.11 0.74
Q 2.788 0.237* 0.ll% 0.13 0.94 2.807 0.208 0.218 0.17 0.92
Febrile seizures
All
L-Q 2.710 -0.103* 0,061 0.1015ug0.069 4.28 0.04 2.73%9 -0.111* D.066 0.1335ug0,093 4.34 0.04
Q 2.410 -0.009 0.020 LA 0.07 2.432 -0.007 0.033 5.20 o.o7
8-15
L-Q 1752 0.059 D.16% -0.085 0.281 c.03 D.86 1.76] 0.059 D.184 -0.102 0.411 0.03 0.86
Q 1.847 -0.021 0,113 0.15 0.93 1.798 -0.028 0.113 0.18 4P
Unprovoked seizures
All
L-Q 1.496 0.034 0.071 0.058 0.098 AN 0.04 1.295 0.058 0.075% -0.007 0.122 4,04 0.04
Q 1.567 0.100* 0.049 4.85 0.0¢ 1.404 0.07% 0.065 5.20 0.07
8-15
L-¢ 0.939 0.093 0.166 0.159 D.236 0.77 0.38 0.940 0.103 0.185 0.106 0.386 .BOD 0.37
Q 1.070 0.280** 0.120 1.41 0.49 1.043 0.3135ug0.228 1.38 0.50

Model: (L-Q) P, =& + b D; + ¢ D? ,

he el

(@ P; =a+cDf .

Xﬁ"- has two (Q) or one (L-Q) degrees of freedom.
Xhes NHHEMZ 2 (Q) X 1(L-Q).

See the descriptions and significance levels in Table 3.

#3 OB R UTERSE B,

T

88-€1 ML



APPENDIX 6 EXPONENTIAL-LINEAR-QUADRATIC AND EXPONENTIAL-QUADRATIC RESPONSE RELATIONSHIP OF SEIZURES TO

GROUPED DS86 UTERINE-ABSORBED DOSES

{4k 6 Mol v —7 DS86 FEmLEhE & o0 f SO - 2 00 M DN 2 SR RIE T 1R

Including severely mentally retarded cases
Gestaticnal

Excluding severely mentally retarded cases

age

(week) a b Sp c Se Xhes PRes a b Sk c 8 XE es Bhres
(Gyr)  (Gy7h)  (Gy72)  (Gy7?) (Gr1) (vl (Gy?)  (Gy7?)
All seizures
All
expl-Q 4.312 -0.069 0.103 0.161 0.131 0.40 D.53 4.102 -D.0D46 0.111 0.112 D.164 0.59 0.44
expQ 4.127 0.0835ug0.054 0.5 0.69 3.983 0.051 D.0EBE 8.3 0.69
8-15
expl-Q 2.745 0.027 0.206 0.240 0.293 0.09 0.76 2.739 0.048 0.225 0.152 D.439 0.11 0.74
expld 2.808 g.273% 0,151 0.11 0.95 2.835 0.231 s A 0.1¢ 0.92
Febrile seizures
All
expL-Q 2.749 -0.105* 0.062 0.103Sug0.070 4.26 0.04 2.777 -0.114%* 0.067 0.1365ug0.094 4,33 0.04
axpl 2.440 -0.010 0.020 BeLT 0.07 2.487 -0.007 0.033 5.20 0.07
8-15
expLl-Q 1.768 0.Cel 0.166 =0.087 0.187 0.03 0.86 1.771 0.064 0.175 -0.109 0.238 0.03 0.8¢6
expy 1.865 -0.020 0.252 0.18 0.51 1.213 -0.026 0.216 0.19 0.91
Unprovoked seizures
All
expl-Q 1.508 0.033 0.073 0.065 0.104 4.38 0.04 1.304 0.057 0.077 -0.003 0.127 4,05 0.04
expd 1.574 0.107* 0.055 4.81 0.09 1.410 0.084 0.070 5.1% 0.08
E-15
explL-Q 0.944 0.084 0.173 0.207 0.275 0.76 0.38 0.945 0.0%7 0.186 0.141 0.450 0.80 0.37
expQ 1.044 D.328* 0.158 1.24 0.54 1.023 0.3605ug0.280 1 .25 0.54

Model: (expl-Q) P, = 1 - expl-(2a + b D; + ¢ Df?l; (exp2) P; =1 - exp(-(a + ¢ Df}!-
EF I

XRes has two (expQ) or one (expl-0) degrees of freedem.
X, DEMI LD (expll) LiE1 (expl-Q).

See the descriptions and significance levels in Table 3.

88-E€1 WL L



APPENDIX 7 THRESHOLD AND MAXIMUM LIKELIHOOD ESTIMATE OF SEIZURES TO GROUPED DS86 UTERINE-ABSORBED DOSES
BASED ON A LINEAR RESPONSE MODEL

Rk T BUEKIEEF IS (, JEH L 70— 7 DSES 1= RIS i 0 19425 12 500 5 Rl R O Kook e i i
Gestational Including severely mentally retarded cases Excluding severely mentally retarded cases
age
{week) A 1
a b S XRes Fhes g a b Sk XRes Pra T
All seizures
All 4.078 0.1005ug0.062 0.48 0.79 0.23 3.925 0.061 0.073 0.59 0.74 0.23
8-15 2.708e 0.255% 0,128 0.06 0.97 G158 2.704 0.171 0.164 0.06 0.97 0.11
Unprovoked selizures
All 1.442 0.090* 0.040 3.88 0.14 0.04 1.280 0.0695ug0.044 3.73 0.15 0.04
8-15 0.%02 0.256** (.105 0.53 0.77 0.08 0.907 0.1925ug0.126 0.53 0.77 0.04
A linear (L) medel: P; =a + b Dy - T) (i=l, 3, 4) was applied for grouped response data.
e (L) 270 P,=a+b ifDi— Tii=1, 2, 3, 4) & HBEXFHT— FIZ@MA L~
Threshold (T) is expressed in gray. No estimate of the threshold in the above analyses is significant from zero.

R (T ) & gray T& L 2.

LAV OMBOBETH L0 FE CRL S50,

See the descriptions and significance levels in Table 3.
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APPENDIX 8 THRESHOLD AND MAXIMUM LIKELIHOOD ESTIMATE OF SEIZURES TO GROUPED DS$86 UTERINE-ABSORBED DOSES
BASED ON AN EXPONENTIAL-LINEAR RESPONSE MODEL

{1428 EHMERIETEFLICK T, gl 7 L—7 DS8s ol M E CHl Mk i kK CEREE

Gestational Including severely mentally retarded cases Excluding severely mentally retarded cases
age
(week) . =

a b Sk Xhes Piis; T a b Sk XRes  Pre i

All seizures

All 4.164 0.1085ug0.069 0.48 0.79 0.23 4,004 0.064 0.079 0.59 2. 75 0.

B-15 2.747 0.297* 0.161 0.06 097 0.16 2.744 0.19% 0.192 0.086 0.97 0.
Unprovoked seizures

All 1.450 0.095* 0.043 3.88 0.14 0.04 1.286 0.072%Su 0.D46 Bl 0.16 0.

8-15 0.903 0.291* 0.131 0.53 Eiwiid 0.09 0.908 0.203s5u 0.139 0.53 0.77 0.

Pl
“

12

04
04

An exponential-linear (explL) model: Pi = 1 - exp {-[a + b (Di - T)]} (i=1, 2, 3, 4) was applied for grouped
response data.

{EE A (expl ) ETL Pi=1--exp{—[u +b(D,— THiti=1, 2, 3. 4| RGN T—F 1A Lk,

Threshold (T) is expressed in gray. HNo estimate of the threshold in the above analyses is significant from zerc.

MR (T) ik gray TR LA, LESFROVTAORMENREMLO cAEIZRES LY,

See the descriptions and significance levels in Table 3.
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