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SUMMARY

In March 1986, as a result of a comprehensive re-
evaluation of the exposures of the survivors of the
A-bombing of Hiroshima and MNagasaki, a new
methed for the estimation of individual doses was
introduced, termed the Dosimetry System 1986
(DS86). Important differences obtain between the
estimation of organ-absorbed doses in this system
and the one previously employed at RERF, the
T65DR. The fetal absorbed doses associated with
the latter are merely the eslimates of matemnal
shielded kerma multiplied by average correction fac-
tors; whereas in the new system they are computed
individually without the use generally of explicit,
average correction factors and thus allow better for
the scattering of radiant energy that occurs within
tissues. Actual fetal absorbed doses, as such, are
not yet available, and therefore, the comparisons
described here rest on the computed dose to the
mother's uterus. The DS86 sample itself consists
of 1,544 individuals (96.6%) of the 1,598 belong-
ing to the clinical sample on whom T65DR doses
are available, including all of the 30 individuals
diagnosed to be severely menlally retarded. A va-
riety of models with and without a threshold have
been filted to the individual as well as grouped dose
data to ascertain the most suitable dose-response
relationship.
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Briefly the findings of this comparison are as fol-
lows: The risk of severe mental retardation due 1o
radialion exposure changes little from one dosimet-
ric system to the other. The highest risk of radiation
damage to the embryonic and fetal brain occurs 8-15
weeks after fertilization under both the T65DR and
DS86 systems. Although other dose-response mod-
els will [it the data, damage to the 8-15 week old
fetus expressed as the frequency of severe mental re-
tardalion appears adequately described by a simple
linear model without a threshold. The risk at 1 Gy
is aboul 46% with the T65DR system and 43% with
the DS86 under a simple linear model, and 56% and
48%, for the T6SDR and DS86 dosimetries, respec-
tively, under an exponential linear model.

Somewhat more evidence exists under the DS86
system of a threshold to the dose-response relation-
ship in the 8-15 week interval than existed with the
TG5DR doses. However, the location and reality of
the threshold are difficult to assess. Without exclu-
sion of five cases of probable nonradiation-related
etiologies, and using a linear model, the grouped
dose data suggest a threshold at about 0.20 Gy;
whereas the individual dose data yield a threshold
in the neighborhood of 0.40 Gy. The estimate of
the threshold varies substantially with the model fit-
ted and whether the live cases of mental retardation
with probable nonradiation-related etiologies are or
are not included.

Damage to the fetus 16-25 wecks after fertilization
seems linear-quadratically or quadratically related
to dose, especially in the DS86 sample, and sug-
gests a threshold in the neighborhood of 0.70 Gy
(DS86 dose), under a linear model using the individ-
ual dose data, with a lower 95% confidence bound
of 0.21 Gy. Grouped dose data give the same lower
bound, but an estimate of the threshold of 0.64 Gy.

INTRODUCTION

The human brain is arguably the most complex of
all organs of the body. Its proper development
and function depend upon an elaborate sequence of
events including neural induction, neuronal prolil-
eration, migration, and aggregation, cytodifferentia-
tion, growth of specific connections, cell death, and
neurite consolidation. These must be coordinated
temporally and spatially. Any disturbance of this
sequence, however transitory, can lead to abnormal-
ity, for proper neuronal function depends upon the
proper situating of the neuronal cells. Abnormally
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disposed neurons are, for example, a recognized
focus of epileptogenic seizures.!

Epidemiologic and experimental evidence testify to
the deleterious effects on the developing embryonic
and fetal brain of a variety of agents, such as al-
cohol, methylmercury, and ionizing radiation, al-
though the specific process or processes upon which
any one impinges is still unclear. Documentation of
the harnnful effects of exposure to ionizing radiation
rests largely, although not exclusively, on the many
studies of those survivors exposed prenatally to the
A-bombing of Hiroshima and Nagasaki.2~# Four of
these early investigations suggested an increase in
severe mental retardation and small head size with
increasing exposure, and collectively identified the
specific types of biological risk that follow expo-
sure in utero. These studies occurred, however, at
a lime when it was not possible to assign individ-
ual absorbed doses to the embryo or fetus, and thus
to provide acceptable quantitative insight into the
absolute risks.

Several years ago a reexamination of these earlier
findings was initiated; it was prompted primarily by
the availability of data on the estimated absorbed
dose in fetal tissue, given that the exposure in air is
known,?10 and by recent developments in the un-
derstanding of the sequence and timing of the pre-
natal events culminating in the human brain.'1—12
This reevaluation was itself tentative, for the es-
timates of individual exposures used were based
on the so-called T65DR dosimetry! % which was
then under extensive review. The latter reassess-
ment was completed in 1986, and new estimates
of fetal absorbed dose based on the dose to the
mother’s uterus are now available,1®

The purposes of this report are twofold: first, to
evaluate the absolute risks to the developing hu-
man embryonic and fetal brain using these newer
doses, and second, to compare the estimates of risk
so derived with those based on the earlier dosimetry.
Attention will be limited to the data on clinically
recognized severe mental retardation.

MATERTALS AND METHODS

Over the years, ABCC and ils successor, RERF,
have established at least three overlapping samples
of individuals prenatally exposed to the A-bombing
of Hiroshima and Nagasaki.!” These have been
termed the original PE-86 sample, the revised or
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clinical PE-86 sample, and the in utero mortality
cohort. Differences between these samples reflect
the different purposes for which they were initially
chosen, e.g., as the bases for clinical examinations,
or mortalily surveillance. The relationship of these
samples one to another has been described in detail
elsewhere.” Herein are related the results of analy-
ses based on one of these, i.e., the clinical sample,
where the observations on the occurrence of severe
mental retardation are most complele.

Severe mental retardation. Of the 1,613 non-
exposed and exposed children in the in utero clini-
cal sample in Hiroshima and Nagasaki reported by
Wood et al,? 10 cases with unknown dose and 5
cases outside the date of birth restriction were ex-
cluded; thus the sample we use is based on 1,598
individuals. (Note earlier publications have referred
to nine unknown dose cases;®~® however the re-
assessment has revealed one further case where Lwo
sharply discrepant interviews could not be resolved.
This case has been excluded from the T65DR and
DS86 samples.) All of the 30 cases of severe mental
retardation described in Appendix 1 were diagnosed
before the age of 17 and these diagnoses have not
been changed in any subsequent analysis of these
data including the present report. Judgments of se-
vere mental retardation were based upon clinical im-
pressions and not on an IQ score, if such existed. A
child was deemed 1o be severely mentally retarded
if he or she was "unable to perform simple calcu-
lations, to make simple conversalion, lo care for
himself or herself, or if he or she was completely
unmanageable or had been institutionalized."?

Nine of the mentally retarded individuals have
health problems, presumably nonradiation-related,
which could account for their severs mental re-
tardation. Since their disposition in the analyses
to be described shortly could obscure efforts Lo
assess the role of exposure to ionizing radiation,
we describe the cases and our handling of them
for analytical purposes. Three of these individuals
are known to have, or have had Down's syndrome
(MF -— now dead, ﬂ and Y, &
fourth, to have a retarded sibling (MF , and
a fifth had Japanese encephalitis in infancy (MF
). It is conceivable in these instances that
the severe mental retardation was merely a part of
the Down'’s syndrome, or genetic but apparently
not chromosomal in origin, or secondary lo the
infection, but in any event not radiation-related. In
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the results to Tollow we shall exhibit analyses which
both include and exclude these cases to illustrate the
dependence of the results upon their disposition.
Exclusion of these children does not, generally
speaking, alter the findings appreciably for either
the T65DR or the DS86 dosimeltry.

There are in addition four other individuals with
clinical diagnoses which might be lunctionally re-
lated to their mental retardation. Two of these, one
stated to have had a birth injury (MF and
one with congenital lues (MF ), received less
than 0.01 Gy and were, moreover, exposed al pre-
natal ages outside either of the periods of apparent
vulnerability. Furthermore, the diagnosis of "birth
injury" is tenuous; it was not directly made, but rests
on the mother’s assertion that the child was dropped
at five months of age, injuring the spine. The di-
agnosis of congenital lues was based on repeated
strongly positive serological reactions on both the
mother and child. They have not been excluded
since they do not contribute to the estimate of the
risk either in the 8-15 or 16-25 week periods when
the "controls” are not combined, but do when these
are combined.

Two other individuals, both exposed to more than
0.01 Gy in the 8-15 week interval, were stated to
have neurofibromatosis (MF ) and neona-
tal jaundice (MF . We have elected not to
exclude these for the following reasons: First, al-
though intelligence, on average, is diminished with
neurofibromatosis (average 1Q is §5-90), the indi-
vidual in question had an IQ of 62 (Koga Test), a
value associated with only a few percent of a ran-
dom sample of individuals with neurofibromatosis.
Moareover, the initial tentative diagnosis rested ex-
clusively on the presence of caf¢ au lait pigmenta-
tion, and vitiliginous changes on the chest and back,
At no subsequent examination, including one as late
as 30 years of age, were actual tumors described.
Ocular examinations failed to reveal the phacoma,
commeon in this disease, but did disclose the poly-
chromatic granular sheen which has been described
as radiation-related. Second, insofar as the case
of neonatal jaundice is concerned, this child subse-
quently died (at age 7) of a primary malignancy of
the right lobe of the liver. The diagnosis of neonatal
jaundice was anamnestic, and at no time while this
child was under clinical surveillance by ABCC, in-
cluding the six months immediately prior to death,
was jaundice diagnosed, Accordingly, we do not
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believe the clinical evidence to be sufficient o jus-
tify the exclusion of either of these cases. Laslly,
it warranis note that the existence of another possi-
ble eticlogy does not preclude the fact that in those
exposed, exposure worsened their situation.

Dosimetry: For comparative purposes, the results
of two analyses are presented, one based on the esti-
mates of fetal absorbed dose using the T635 dosime-
try after relocation of the hypocenter in Nagasaki
(commonly referred to as the T65DR),® and the
other, the DS86 organ-absorbed dose (uterus), The
fetal absorbed doses associated with the T65DR sys-
tem are merely the estimates of maternal shielded
kerma multiplied by correction factors averaged over
all stages of fetal development and without regard
to orientation or posture at the time of exposure.t?
These correction factors differed trivially from those
associated with the uterus (see Table 919),

The DS86 estimates are computed differently.
Within 1,600 m in Hiroshima (2,000 m in Nagasaki)
where detailed shielding histories exist on most sur-
vivors within the major study samples, exposures
are individually modeled without the use of explicit
average correction factors and take into account ori-
entation and posture, where known; thus they allow
better for the effects of the latter and the scattering
of radiant energy that occurs within tissues.1® Es-
timates made in this manner are customarily desig-
nated as direct DS86 doses.'® For exposed individ-
uals on whom complete shielding histories do not
exist, regression functions are used Lo estimale free-
in-air (FIA) kerma, and the latter values are then ad-
justed using average house and body transmission
factors. Such estimates are said to be indirect. Ap-
pendix 2 gives the numbers of individuals within
the clinical sample whose doses were directly and
indirectly estimated by dose groups.

Actual DS86 fetal absorbed doses are not yet avail-
able, and may not be for some time. We use, there-
fore, the mother's ulerus-absorbed dose (gamma
rays and neutrons), and the expression "fetal" to
emphasize the approximation involved. Phantom
studies*® have shown that the correspondence be-
tween the uterus dose and that to fetal tissues is high
in the latter half of pregnancy, but may overestimate
the energy absorbed by tissues in the first half when
more fluid surrounds the embryo or femus,

The correspondence in estimated doses in the two
systems is illustrated in Table 1 and Figure 1. The
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TABLE 1 RELATIONSHIP OF FETAL ABSORBED DOSES IN THE T65DR AND DS86
SYSTEMS OF DOSIMETRY IN THE STUDY SAMPLE
# 1 T65DR LU DS86 #plikse® 012 & 2 6 R kAR ik o
MBEIZEH T S MF

Potal absoiksd Fetal absorbed dose based on DSBG(Gy)

dose based on Unknown
T6SDR(Gy) <,01 €.01-0.09 0.10-0.49 0.50-0.99 1.00+ Subsample dose Total
=0.01 1068 4 ): 1073 12 1085
0.01-0.0% 191 78 269 23 292
0.10-0.49 6 118 28 1 153 16 169
B:50-0:99 10 12 11 33 ! 34
1.00+ Z 14 16 & 18
Unknown dose @ L 1
Total 1068 201 207 a2 26 1544 55 1599
dNote that one additional child (MF# ), exposed 15 weeks after fertilization, has been assigned to the

unknown dose category. Two different interviews of the mother resulted in sharply discrepant unreconcilable
statements about her position at the time of the bombing. Her stated distance varied by over 1,000m on the
two occasions.
PRI TRIRL 2 1 [EU:‘n{-[E(MF#-Ii BREESTIMIIFHML AL 2EFTS. R0 2EA0THED
i, MR CERELBVREEZFENEon. COBEOBRML A= 2OWAFIL1,000m M oW s - k.

FIGURE 1 RELATIONSHIP BETWEEN T65DR FETAL ABSORBED DOSE AND DS8&
UTERUS ORGAN DOSE ESTIMATES FOR SAMPLE OF SEVERE MENTAL RETARDATION
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DS86 sample used in the analysis of severe mental
retardation consists of 1,544 individuals (96.6%)
of the 1,598 belonging to the clinical sample on
whom T65DR doses are available, including all of
the 30 diagnosed to be severely mentally retarded.
The principal differences between the T65DR and
DSB6 samples are: 1) the shift of 78 (29%) of
the 269 prenatally exposed survivors in the 0.01-
0.09 Gy T65DR group to the 0.10-0.49 Gy D386
group, and 2) an increase in the 1.00+ Gy group
from 16 in the T65DR to 26 in the DS86. These
changes reflect the higher transmission of gamma
rays through tissue with the new dosimetry. In both
instances, 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) at the time of the bombing (ATB).

Neither under the new system nor the old have neu-
trons been a significant coniributor to most fetal
exposures, and as a consequence, the effect of this
source of radiation is a lesser problem in the analysis
of the occurrence of severe mental retardation than
in radiation carcinogenesis. Indeed, the DS86 FIA
neutron kerma in Hiroshima at about 2,000 m was
only 0.04 Gy, and in Nagasaki essentially 0. Thus,
the DS86 "fetal” absorbed dose estimates Lo be dis-
cussed shortly include few neutrons in Hiroshima,
and basically none in Nagasaki and, therefore, we
have ignored the possible effect of their relative bi-
ological effectiveness (RBE, see Appendix 1).

Gestational age. The date of pregnancy ATB is
based upon the inferred first day of the last men-
strual period, and has been calculated with the fol-
lowing function:

i, BEREMEEMCEL, TESDR EF ML T
WA1,508AMI 51,544 A (98.6% ) »ER-TED,
TORITIEEEH AR - B = h 230 2R
BENTWVA. TESDR Hi4k & DS8E FAO E ol
{£ 1) TE5DR AT 0,01~0.09 Gy BEIZBL T
He MR E269AD 3 5TRA (20%) A%, DSB6 H
T2 0.10~0.49 Gy BRI L A~ &, dE00z,
2)1.00 + Gy BFOMBFHH TESDR HATIRI6A
TH-o7DIZat L, DS HATIE2BA ZHI ML %
ZETHE. CHLOERE L, ¥t ATl
HyvBOMBERENG{ 22T teRMLT
Wi, WTFROBETH, HEIHL 0.01 Gy RO
R AT ARKRPEIRE L BB (ATB) ISHNTE
Tdh-h®E (NIC)»EKS.

BV ho#EFRTL P78 067 e
kel FELTwaWOT, HEMMGENEEED
BRI TIE, MO & B o T IE & h T o
MR ke oMBICE LS. BE, #£2,000m T
@ DSEEFIA it 14 — vtz BBl b o
0.4GyThY, EMTIEERMIZEIOTH- /2.
Limdts THl+ 2 DS86 "5 L™ ke yi 45 it 4 2 L 1=
FRETFREREEBRTRELAY, BEBTIXERDN
KE(EENTWELOT, PEREFHOEDENDE
I (RBE, {1 20) OB s\ L .

B PO i R IRE O AR O B A FOEE 00 HfE i B G
HicgkJ&, TREOARICEIREBL L.

Days of pregnancy ATB = 280 — (Date of birth — 6 or 9 August 1945)

AT A H (TR R

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 gestational age, 14 days have been
subtracted from the "days of pregnancy ATB". Age
in days was changed to age in weeks by dividing
by seven and the latter quotient was presumed to be
zero if it was negative.

Statistical considerations and methods. Ges-
tational age is the most important single factor in de-
termining the nature of the insult to the developing
embryo or fetus resulting from exposure to ionizing
radiation. Accordingly, since different functions in

£ERE Xt

L, FHEEIEMAZ2800 &L, £4H BT
XEBREOERCLI-THOALZLOE MW L.
CRRRORIEAY 5B R s 2GR HE R
vz, EOHYETCHY MM ERD, EBEOMY
AT ABEERE 0 L REL 2.

Bistehest RUAE. FGPmEn i, WHE R A R
HEEABOBTFXAIKREAEL IMEOREL
MALTRLBEELFATTHS. B FPOROFEA O



the human brain are localized into different strue-
tures, and since the differentialion of these takes
place at different stages of gestation and over dif-
ferent periods of time, gestational ages have been
grouped so as to reflect these known phases in nor-
mal development. Four categories measured from

the presumed moment of fertilization have been used:

0-7, 8-15, 16-25, and 26 or more weeks. In the
first period, the precursors of the neurons and neu-
roglia, the two principal types of cells that give
rise to the cerebrum, have emerged and are mitot-
ically active.'® In the second, a rapid increase in
the number of neurons occurs; they migrate to their
ultimate developmental sites and lose their capac-
ity to divide, becoming perennial cells.'?/1? In the
third, differentiation in situ accelerates, synaptoge-
nesis that began aboul the eighth week increases,
and the definitive cytoarchitecture of the brain un-
folds. The fourth period is largely one of continued
architectural and cellular differentiation and synap-
LOgEenesis.

Given the number of different developmental pro-
cesses which are proceeding simultaneously and
whose relative susceptibilities to radiation-related
effects are unknown, a variety of models have been
fitted to the individual as well as the grouped dose
data (six groups have been used). As simple stalis-
tical approximations to the events which culminate
in severe mental retardation, the following binomial
models have been [litied: a linear one (L), a linear-
quadratic one (L-Q), and a quadratic one (Q) depen-
dent on the "fetal” absorbed doses. Since it has been
suggested that the model proposed by Lea?® might
be a more suitable descriptor of the dose-response
relationship than a simple linear model,?! a vari-
ety of exponential models (exponential linear, expo-
nential linear-quadratic, and exponential quadratic)
have also been fitted to these same data. To avoid
confusion in subsequent paragraphs, the terms lin-
car, linear-quadratic or quadratic alone will always
refer to the binomial model; when the exponential
has been [ilted, the model will be described as ex-
ponential linear, exponential linear-quadratic or ex-
ponential quadratic.

In addition to the models without thresholds just
described, we have fitted to the individual and the
dose-grouped data variations of the binomial and ex-
ponential models which assume the existence of a
dose threshold, T, in the occurrence of the severely
mentally retarded. These models are of the follow-
ing general forms: In the binomial case,
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e BB 2HBCBEL TEY, FHB0SE
RHEBRORA, CTERBERVRBIIEC 20 C, E¥4
SIS BT B BERIOD RS & KRBT B & 3 BGPUEI A
EaLi. 74b%, #HEZEEA,EHELTO~T
#, 8—15M, 16—25@% 26381 oo 2K 5
L. BW1MT, KEEmTsz2mlnt s
HMlETEd3 22— b -a2—0Y 7 OHEREA
BEL, METBHIARGHT L. F2 T,
Za-OYOERIERIITIAS. FRAE =2 —
O v ENESFBED MG & 6 KA BB L, il
FEOFELROGIESBMEIC 5. %Y B3 TR,
BEMTILAESA, WEMI ST 50+ T A
TR A RIBN L, Bao Bedeny 2 AN EE A, 3 A M
TiREE LT, M, Mlagt, RO TRAER
AT 5.

B 12 6 3 5 RE R B I 2 TSR A o I |2 AT
TAMA T REREAREL, MeOEFIVETL—
THET-5 (Ro0BRBELMER) EEKICEA
MET—ZICHMAL A BEMMERFSBECTER
AOHHMEHNEGEL LT, ROZHEHETN, T4
bt, “lER"mIEE I RET ST T (L),
fIE-2 k=70 (L-Q), RUZKEFH(Q)2 Y
DTIFEFNEET RO, Lea™ PIRELAZEFN
A BT TV R SRS A T
ZLHFREERTVAOT, A OREE 7NV (FRE
A, fREE- 2k, B ZR)bRA-—-0F—F 12
BRALAZ BEALZWEIUTOHEBEETMAT
B, B, BMFE-2K, R 2KREGIBELL
RV ASEE, B oEET L ERRT 5. BR
EFLENTRSZHEE, EHOE, BT
2Rk, EE2ZRELTET.

LEOBMBOEVWETVIZMA T, EERMMEEY
B AMENHRREMET OFHEEREL LR~ 2
ZHETMRUREETVEBARU V- T
T—Fit8THdbE, CHNEDEFMVETREOEL
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Pi=a+b®D; —T) (A)

and in the exponential one,

BHETNOBAIZE, X0kt n 5,

Pi=1l-exp[-{a+b@D;—D}] (B)

where D; denotes the i-th fetal absorbed dose, i=
1,2, ..., 6 for grouped data, and i= 1,2, ..., n for
binary response data (1,0), i.e., 1 for a severely re-
tarded individual and 0 for others, and (A) and (B)
hold only if (D; —T) > 0.

To assign a threshold the smallest chi-square (x?)
or largest log likelihood value was selected from
a number of ¥? or log likelihood values obtained
through using a succession of arbitrarily fixed
values of T, e.g., T =0, 0.05, 0.10, ..., Gy. The 95%
or 90% confidence limits were also determined from
the same likelihood ratio x? statistic,>2% namely,

EEL, DRI FHOBERRGRES L,
i=1, 2iuer BRITN—FF— 9 R Fi=1, 2ivesn
OZHEET—7 (1, 0), ¥4 b & EEHENEE
LT, 25 C4vE LT OEREL, (A)
EU(BIED,—T)Z00& cnamiria.

Miid® oS cahni, FECEELE—HED
T, #l % T=0, 0.05, 0.10,..., Gy # H v T
kv DA 4 25 () XA BEHAS,
Ao P I GRS LEEEBIRT 5. 5%
XIFNBEHIBRG, R0 LERL @ i, s
Thbsb,

X4 =— 2 log [LX|T*L(X|D)]

where T* = L(a 95% or 90% lower bound) or U(a
95% or 90% upper bound) and T is the maximum
likelihood estimate, i.e.,

AEfHB. AL, T =L(95%Xi:90% THR) iz
U(95% X 1390% LER) B OF, T &8 & A o #E i,
Tabs, KAXELTHwS.

— log L(X|T*) = — log L(X|T) + x2/2

RESULTS

The occurrence of severe mental retardation in chil-
dren exposed in ulero is given by gestational ages
(weeks) and city for "fetal" absorbed doses based
on the T65DR dosimelrry in Table 2a and on the
DSE6 in Table 2b (sce also Figure 2). The average
"fetal" absorbed dose in the successive dose groups
is 0, 0.04, 0.23, 0.72, 1.31, and 2.19 Gy for all
cases based on the T65DR, and 0, 0.05, 0.23, 0.64,
1.25, and 2.91 Gy for the DS86 sample. Observe
too that the frequency of severely mentally retarded
individuals in the 1.00+ Gy group in the DS86 sam-
ple is 12/26 (46.2%) which is higher than the 7/18
(38.9%) in the same T65DR dose group for all ges-
tational ages, but the frequency in the 0.50-0.99 Gy
DS86 dose group decreases from the 6/34 (17.6%)
in the T65DR to 4/42 (9.5%). The number at the
top of each histogram in Figure 2 is the number of
cases with severe mental retardation.

10

i 8

#2a & #2b [3F 4 TE5DR & DS86 (23t < “falg”
MR AR 12D T, BRPVRENES o) T HE R MR ElE 5 A
IR BRI R O R L A (B 2 & ).
AR % — M O SRTECGE L AME 0T HRR”
o gaktis, TO6SDR 40, 0.04, 0.23, 0.72, 1.31,
2.19Gy 460, DS8 TIE 0, 0.05, 0.23, 0.64,
1.25,2.91 Gy T& 5. ZHRAEMKIZOWTSS &,
DS86 A @ 1.00+ Gy BHCIE T 5 1 W AR
DB EE T 12/26(46.2% ) T TE5DR @ 1.00+ Gy #
O T/18(38.9%) &b v A, 0.50-0.98 Gy HD
B B 1 T65DR ¢ 6/ (17.6%) T & 5D IZ#L,
DS86 T2 4/42(9.5%) EEC E>TWVA T £12%
HETHI0EFHE. H2OLR YT LTEET
O E O B AR ER R 2T .
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TABLE 2a SEVERE MENTAL RETARDATION IN CHILDREN EXPOSED IN UTERO TO THE ATOMIC BOMB BY CITY AND FETAL
ABSORBED DOSE, BASED ON THE T65 REVISED DOSIMETRY, FOR DIFFERENT GESTATIONAL AGES. THE ABSORBED DOSES
ARE BASED ON KERR'S BODY SHIELDING FACTORS
RGP o BRI AOEN, T SEMBRE AN CHES (R 2 BPHRERR, BHHET
&R RS R . TRGIRR 1L Kerr @R IZE T ¢

F2a

E All gestational ages 0-7 veeks 8-15 weeks 156-25 weeks 26 weaks or more
.
Pise IO 3 2 3 « 3 3 o & 3 # g 3 4
category = § T § £ § & % i ' : £ 1
&y £ F 3 & T 8 T 3 g =z g 5 =z 3 2
£ & & & @ & & a & £ & & & a & &
Both cities combined o
Control 0 1085(-2) a(-2) 0.8(0.56) 210 1 0.5 257 2 0.8 312¢-1) 2(-1) 0:.6(0.3) 306(-1) 4(-1) 1.3(1.0)
0.01i-0.09 0.04 292(-1) 4(-1) 1.4(1.0) 55 0 0.0 i) 3 L3 86(-1) 1(-1) 1.2(0.0) 82 0 0.0
0.10-0.49 0.23 169(-2) 4(-2) 2.4(1.2) 26 o 0.0 50(-2) &(-2) 8.0(4.2) 45 1] 0.0 43 0 0.0
0.50-0.9% 072 34 [ 17.6 2 0 0.0 13 4 30.B 15 2 13.3 4 0 0.0
1.00-1.99 R | 15 5 } 18.9 % 0 ] ©.0 6 5 75.0 & (4] 3 20.0 3 0 dig
2.00+ 219 3 2 0 (1} 2 1 1 1 ] 0
Total = 1598(-5) 30{-5} 1:9(1.6) 295 H 0.3 397(-2) 19(-2) 4.8(4.3) 463(-2) o(-2) 1.3(0.9) 443(-1) 4(-1) 0.9(0.7)
Hiroshima
Control 0 832(-2) 5(-2) 0.6(0.4) 149 0 0.0 210 0 0.0 244(-1) 2(-1) D0.8(0.4) 229(-1) 3(-1} 1.3(0.9)
0.01-0.09 0.04 269(-1) 4(-1) 1.5(1.1) 50 0 0.0 65 3 4.6 75(-1) 1(-1) 1.3(0.0) 79 1} 0.0
0.10-0.49 0.23 120(-2) 4(-2) 3.3(1.7) 15 Q 0.0 38(-2) 4(-2) 10.5(5.6) 36 0 0.0 31 0 0.0
0.50-0.99 0:.72 22 i 27.3 (i] a 0.0 11 4 6.4 9 2 22.2 2 0 0.0
1.00-1.99 137 7 3 42.9 I o 0.0 3 3 100.0 3 0 0.0 1] a0 -
2.00+ - & - = = - 2 - - - - - - - -
Total - 1250(-5) 22(-5) 1.8(1i.4) 215 0 0.0 327(-2) 14(-2) 4.3(3.7) 367(-2) 5(-2) 1.4{0.8) 34i(-1) 3{-1) 0.9(0.6)
MNapasaki
Control o 253 ] 1.6 61 1 1.6 47 2 4.3 68 4] 0.0 77 1 1.3
0.01-0.09 0.07 23 ] 0.0 5 0 0.0 4 i} 0.0 1l 0 0.0 3 4] 0.0
0.10-0.49 0.22 59 a 0.0 11 i] 0.0 12 0 0.0 g 0 0.0 17 4] 0.0
0.50-0.99 Bl 12 0 0.0 2 0 0.C 2 4] 0.0 5} 0 0.0 2 4] 0.0
1.00-1.99 1.26 8 2y S 1 03 g 3 2 60.0 L - 3 0 old
2,00+ Peilid i | 2 1] i 2 i i i 1] 0
Total - 348 g 2.3 30 1 1.3 70 5 7.1 96 1 1.0 102 1 1.0
Numbers and percents in parentheses reveal the results after the exclusion of five severely retarded cases with probable nonradiation-related etiologies;
one case with a retarded sibling, three with Down’ syndrome, and one with Japanese B encephalitis.
JEAMPI MR UE S, MMl L S eREAFEL SN S EEMMENS M 2L AERERT. 1M MENEORRE L &, 3 HIE Down SEIETE, 1 BN

HEkdk TRBAEL TweL.
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TABLE 2b

SEVERE MENTAL RETARDATION IN CHILDREN EXPOSED IN UTERO TO THE ATOMIC BOMBS BY CITY AND
FETAL ABSORBED DOSE, BASED ON THE DS86 DOSIMETRY, FOR DIFFERENT GESTATIONAL AGES

#2b FEHRISABEE O EEHMEN, DS86 St AR T (R siemkE, BHHAT

i IR e MY 4t it B

T All gestational ages N-7 weeks B-15 weeks 16-25 weeks 26 weeks or more

E

o~
Dose 25 o 3 o 2 T o B 3 o a 3 " 8 5 5
category e 9 ° c 8 w g g T 5 B b 5 bt T 3
Gy 24 = 8 g 2 3 2 ¥ s 3 2 g ¢ 2 3 g

£ -3 A & & @ & & & & & & & & & = &
Both cities combined
Control 0 1068{-2) ©9(-2) 0.8(0.7) 205 1 0.5 255 2 0.8 308(-1) 2(-1) 0.6(0.3) 300(-1) 4(-1) 1.3(1.0)
0.01-0.09 0.05 201(-1) 3¢-1) 1.5(1.0) 41 0 0.0 44 2 4.5 55(-1) 1(-1) 1.8(0.0) 61 0 g.0
0.10-0.49 0.23 207(-1) 2(-1) 1.0(0.5) 31 0 0.0 58(-1) 2(-1) 3.4(1.8) 57 0 0.0 61 ] 0.0
0.50-0.99 0.64 42(-1) 4(-1) 9.5(7.3) 5 0 0.0 16(-1) 4(-1) 25.0(20.0) 16 0 0.0 5 o 0.0
1.00-1.99 1.25 24 11 1 0 11 &, 5.0 8 3y 395 i 0, §id
2.00+ 2.51 2 ¥ 2 Bk 1 0 ¢0 b 0 0 0 i .
Total - 1544(-5) 30(-5) 1.9(1.6) 284 1 0.4 3B5(-2) 19(-2) 4.9(4.4) &24(-2) 6(-2) 1.4(0.9) 431{-1) 4&(-1) 0.9(0.7)
Hiroshima
Control 0 825(-2) 5(-2) 0.6(0.4) 145 ] 0.0 209 0 0.0 243(-1) 2(-1) 0.8(0.4) 228(-1) 3(-1) 1.3(0.9)
0.01-0.09 0.05 183(-1) 3(-1) 1.7(1.1) 35 0 0.0 4l 2 4.9 47(-1) 1(-1) 2.1(0.0) 57 0 0.0
0.10-0.49 0.22 168(-1) 2(-1) 1.2(0.6) 24 0 0.0  51{-1)} 2(-1) 3.9(2.0) 46 o 0.0 47 0 0.0
0.50-0.99 0.64 37(-1) 4(-1) 10.8(8.3) 5 0 0.0 14(-1)} 4(-1) 28.6(23.1) 14 0 0.0 4 ] 0.0
1.00-1.99 1.23 17 7 5 0 0 8 5 6.7 7 7 . 2 0, 6.0
7.00+ 2.91 2 1 b4l 1 0 0.0 1 1! 0 0} 288 -3 5
Total - 1229(-5) 22(-5) 1.8(1.4) 210 0 0.0 324(-2) 14(-2) 4.3(3.7) 357(-2) 5(-2) 1.4(0.8B) 338(-1) 3(-1) 0.9(0.6)
Nagasaki
Control 0 243 4 1.6 50 1 1.7 46 2 4.3 65 0 0.0 72 1 1.4
0.01-0.09 0.05 21 0 0.0 5 ] 0.0 3 ] 0.0 8 0 0.0 4 0 0.0
0.10-0.49 0.26 ag ] 0.0 7 0 0.0 7 ] 0.0 11 0 0.0 14 0 0.0
0.50-0.99 0.62 5 o 0.0 0 0 - Z 0 0.0 2 0 0.0 1 0 0.0
1.00-1.99 1.28 7 4 57.1 i 0 0.0 2 3 100.0 1 1 100.0 2 0 0.0
2.00+ - B - E - - - - - - - - = = =
Total - 315 g 9.5 74 1 1.4 61 5 8.2 a7 1 1.1 93 1 Tid

See the description in Table 2a.

#2a OiEEBH.
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FIGURE 2 SEVERE MENTAL RETARDATION FREQUENCY AND ABSORBED DOSE
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An increased risk of severe mental retardation is
observed with an increase in dose for the gesta-
tional age-group 8-15 weeks after fertilization and
also, but to a lesser extent, in the gestational age-
group 16-25 weeks. No mentally retarded subjects
of less than 8 weeks of gestational age nor 26 wecks
and over were seen in the exposed groups although
one was seen in the numerically much larger con-
trol group. Most of the retarded subjects are in
Hiroshima (22 of 30) and were exposed at &-15
weeks of intrauterine life, i.e., measured from the
supposed day of fertilization; indecd, the relative
risk for exposures at these weeks is four times or
more greater than that for exposure at 16-25 wecks
after fertilization.

Dose-response models without a threshold. The
regression coefficients based on a no-threshold lin-
ear dose-response relationship, using the grouped
data in Tables 2a and 2b, are summarized by gesta-
tional age for all individuals included in the T6SDR
and DS86 samples in Table 3a and after exclusion of
the five aforementioned clinically diagnosed cases
of mental retardation in Table 3b. The maximum
likelihood estimates (MLE) of these regression co-
efficients were obtained by a conventional Newton-
Raphson iteralive procedure. As is evident from
the estimates, the risk of severe mental retardation
changes little from one dosimetric system to the
other. The highest risk of severe mental retarda-
tion due to radiation exposure occurs between 8 and
15 wecks alter fertilization, and within this critical
period, the occurrence of severe mental retardation
can be linearly related to the absorbed dose received
by the fetus. There is a highly significant increase
in the occurrence of severe mental retardation with
dose in Hiroshima and in the data for the cities com-
bined in all gestational ages and at 8-15 weeks, and
a suggeslive increase at 16-25 weeks. The ratio of
the slope of frequency of occurrence on dose for
8-15 weeks and for 16-25 weeks varies by a faclor
of 4 to 5 for both the T6SDR and DS86 samples.

In the "both cities” data, without exception, the vari-
ation in frequency of occurrence with dose, when
exposure occurred 8-15 weeks alter fertilization, is
largely accounted for by a linear model in both sam-
ples. Somewhat dilferently put, the residual chi-
square is never significantly large under a linear
model when the TGSDR estimates are used (Tables
3a and 3b). However, with the DS86 sample, there
is the suggestion that a nonlinear element or a linear
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TABLE 3a LINEAR-RESPONSE RELATIONSHIP OF SEVERE MENTAL RETARDATION TO GROUPED FETAL ABSORBED
DOSES FOR ALL INDIVIDUALS INCLUDED IN THE T65DR AND DS86 SAMPLES DESCRIBED IN TABLES 2a AND b

%£3a F2a RU2b 127 L7 TEDR ARV DSBS ERCEEA 20 RHF ICHT 5 HEEHNENE 70 — 7 R BULE R o 81 &G 7

Cities combined Hiroshima only

& p 2 e} 2 2
Gestational age % b Sy xﬁeg *Res PRes 4 b *b xReg *Res PRes
T65DR Sample

4. Relationship to fetal absorbed dose.
&1 pestational swes 0.762 0.183 0.043 17.80%% 4,08 0.25 0.567 0.242 0.062 15.14% 3.20 0.36
8 - 15 weeks 0.866 0.462 0,091 26.70%* 1355 0.67 0.264 0.554 0.124 19.g2%% 2.02 0.36
16 - 25 weeks 0.603 0.101 0.058 3.03 Sug 2.04 0.56 0.783 0.098 0.069 2.02 4,37 0.22
B. Relationship to fetal absorbed dose when the "controls" are excluded.
B - 15 weeks 1.297 443 0.092 22.9248% 1.30 0.73 1.989 0.501 0.150 11.14%% 0,49 0.48
16 - 25 weeks 0.410 .106 0.064 2.74 Sug 2.03 0.36 0.619 0.103 0.077 1.81 4,31 0.12
C. Relationship to fetal absorbed dose when all "controls'" are combined.
Popled control 0.850 L4562 0.090 2631 1..55 0.67 0.625 0. 560 0.128 19,11 1.02 0.60
(B-15 weeks)
D586 Sample
A. Relationship to fetal absorbed dose.
411 gestational ages 0.736 0.166 0.028 19 .01 %* 13.74 = 0.01 0.558 0. 166 0.043 15, 24##% 7.38 D.06
g8 - 15 weeks 0.747 0.429 0.088 24,1797 4.78 0.19 0,214 0.360 0.076 72,585 4,47 0.21
16 - 25 weeks 0.608 0.095 0.054 3.12 Sug 6.90 0.08 0.794 0.073 0.053 1.82 4,48 0.21
B. Relationship to fetal absorbed dose when the "controls" are excluded.
4 - 15 weeks 0.239 0.441 0.097 20.50=*% 4 .89 0.09 0.921 0.398 0.104 14 ,53%% 2 0.25
16 - 25 weeks 0.375 0.100 0.060 2.83 Sug 6.86 0.03 0.670 0.076 0.057 1.74 4.51 0.10
C. Relationship te fetal absorbed dose when all "controls" are combined.
Pooled control 0.832 0,427 0.087 24.02%% 4 78 0.19 0.611 0.406 0.091 19.78#x 2.98 0.39

{8-15 weeks)

x?{eg has one degree of freedom; xies has three (A & C) or two (B) degrees of freedom and two (A & C) or one (B) for only 8-15 weeks in the T65DR
sample in Hiroshima. Pgg. is the probability (two-tailed) of exceeding the xies by chance under the null hypothesis. a is the estimated number
(intercept) of cases of mental retardation (per 100 individuals) in the 0 Gy group. b is the increase in the frequency of severe mental retardation with
dqose (D) expressed in gray (100 rad) and sy, its standard error.
Tpeg dEMELTH 5. Xﬁ.;li&lﬂa&S (ALC)RIZEHE2(B), KEOTHIRBEXZD 3 ~15ER IO TREHE2(ALC)IRIZAHE]L (B)TH 5. Phe it
BEEROTT Xi“ Sz AR (MMHMEIETT. alt 0 Gy (100HYS: D) TOMHEFEAREES (DA ). b RUAT gray(100rad A (D ) 128+ 5 B E A &8 8§
BAMEHIM, SyixZ ofFdiias.
Sug Significant at the 10% level. 10% 7 d#8 T H &.
* Significant at the 5% level. 5 %A THE.

*% Gignificant at the 1% level. 1 %A&# TH . tROFTATOBFEHEE(L)ETAPF=a+bDi(i=1, 2,... SXi4)E@MAL L.

A linear (L) model P;=a + bDj (i=1,2, ..., 5 or 4) was used in all of the analyses above.
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TABLE 3b LINEAR-RESPONSE RELATIONSHIP OF SEVERE MENTAL RETARDATION TO GROUPED FETAL ABSORBED
DOSES AFTER THE EXCLUSION OF FIVE SEVERELY RETARDED CASES WITH PROBABLE NONRADIATION-RELATED
ETIOLOGIES IN THE T65DR AND DS86 SAMPLES DESCRIBED IN TABLE 2a AND b
=9h £2a KU2b 125 L 7 T6SDR B4R U DS BAsr S KHEHIIMEL ZVwWEE L2 oh 2 HEMEN Sl &

e bh L 7 0 R EEEE L 7L — 7R RS O S0t I T T 4

Cities combined Hiroshima only
Gestational age a b Sh YReg ¥Res Pres 4 b b mﬁeg *Res PRes
T650R Samsle
A. Relationship to fetal absorbed dose.
All gestational ages 0.570 0.166 0.041 16.21%% 5.98 0.07 0.331 0.213 0.059 13,29k 5.84 0.12
8 - 15 weeks 0.845 0.427 0.095 20, 240 3,52 g.32 0.253 0.436 0.112 15.07%® 4.57 0.10
16 - 25 weeks 0.236 0.093 0.053 3.05 Sug 2.76 0.43 0.300 0.090 0.062 ZiedS 5.42 0.14
B. Relationship to fetal absorbed dose when the "controls” are excluded.
8 - 15 weeks 1. 444 0.412 0.105 15.39%% oL i ! 0.20 1.232 0,403 0,144 7.88a% 1,88 0.09
16 - 25 weeks = = s - - - = - 5 g = -
C. Relationship to fetal absorbed dose when all "controls" are combined.
Pooled control 0.664 0.433 0.093 1 47w 3.67 0,30 0.380 0.512 0,128 15.82%: 2.97 0,23
(8-15 weeks)
DS86 Sample
A. Relationship to fetal absorbed dose.
All gestational ages 0.550 0.149 0.036 17.13%% 17.04 <0.01 0321 0.146 0.040 13, 45%% 9.53 g.02
8 - 15 weeks 0.738 0.3%94 0.089 16, 54%% 6.95 0.07 0.180 0.258 0.066 15.38 #* B.90 0.03
16 - 25 weeks 0.241 0.086 0.048 3.13 Sug 7.60 0.06 0.302 0.067 Q.047 2.01 4.74 0.19
B. Relationship to fetal absorbed dose when the "controls" are excluded.
& - 15 weeks 0.185 0.407 0.099 17.03%= 7.10 0,03 0,794 0, 359 0.165 (i ] 4,51 0.10
16 = 25 weeks = = =T = = - - - = = = =
€. Relationship to fetal absorbed dose when all "contrels" are combined.
Pooled control 0.648 0.396 0.088 20.02%% 6.95 0,07 0.370 0.371 0.082 16.08%% 4.78 0.19

(8-15 weeks)

See footnote on five cases with probable nonradiation-related etiologies in Table 2a and description in Table 3a.
BEACMMEL A uHEALEICASSHLI U TIERL: OWERU #3a 0E LRI
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model with a threshold in the dose-response [unc-
tlion might fit the data better. Certainly, a linear
model based on the DS86 exposures fits poorly the
data for all gestational ages, for 16-25 weeks after
fertilization in both cities combined, and also the
data for 8-15 and 16-25 weeks when the "control”
is excluded in both cities. Inspection of the DS86
data also suggests the exisience of a threshold in
the low dose region for damage in the period 16-25
weeks (Figure 3). Note that the foregoing findings
are not materially altered when the five mentally re-
tarded individuals with other possible etiologies are
excluded (Table 3b).

The results obtained from fitting an expenential lin-
ear model to the dose-grouped data are essentially
the same as those with the linear model as is shown
in Tables 4a and 4b, but the absolute risk is slightly
greater than that of the linear model. The results of
regression analyses based on fitling a linear-
quadratic (L-Q) model and a quadratic (Q) model
and their exponential counterparts to the data in Ta-
bles 2a and 2b are given in Table 5. As is obvious
from this table, the simple L-Q and the Q models
as well as their exponential variants give acceptable
fits to the data on all gestational ages, 8-15 weeks,
and 16-25 weeks after fertilization. The probabil-
ities associated with the goodness of fit of the Q
model are generally higher than those of the L-Q
model. A significant increase in mental retardation
with dose is observed only for the quadratic and not
for the linear term in the L-Q model.

To explore the dose-response relationship further,
the linear and the exponential linear models de-
scribed above under "Statistical considerations and
methods" were fitted to the individual binary (1,0)
response data. Analytic approaches based on indi-
vidual dose estimates are more powerful in the sta-
listical sense than regression analyses derived from
mean dose estimates of grouped data. The results of
such fitting to the individual binary data based on
the T65DR and DS86 samples are shown in Tables
6 and 7 for the linear and exponential linear models
without a threshold, respectively. It should be noted
that the regression coefficients that emerge from fit-
ting to the individual doses do not differ markedly
from those found with the grouped data (Tables 3
and 4).

Dose-response models with a threshold. To ex-
amine the issue of a threshold in the dose-response
relationship both the individual and the dose-

17
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FIGURE 3 THE FREQUENCY OF SEVERE MENTAL RETARDATION AMONG THOSE
EXPOSED IN UTERQ BY DOSE AND GESTATIONAL AGE, BOTH CITIES COMBINED
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TABLE 4a EXPONENTIAL LINEAR-RESPONSE RELATIONSHIP OF SEVERE MENTAL RETARDATION TO GROUPED FETAL

ABSORBED DOSES FOR ALL INDIVIDUALS INCLUDED IN THE T65DR AND DS86 SAMPLES DESCRIBED IN TABLES 2a AND b
#4a F2a BU2b 12T L7~ TESDREBARU DS EAICET N2 20RE I 5 HEMEENR L

F— TR O B8 E IR E

Cities combined

Hiroshima only

= o ] . o 2
Gestational age a b sp XRes XRes PRes i b sy Xﬁeg xﬁes PRes
T65DR Sample

4. Relationship to fetal absorbed dose.
4il Gastational ages 0.763 0.194 0.049 15.50%% 4.97 0.17 0.566 0.255 0.070 13.10%% 3.87 0.28
g < 1E wesks 0.824 0.560 0.149 14.07%% 2.66 0.45 0.247 0.706 0.124 32.27%% 1.83 0.40
16 = 95 weaks 0.604 0.104 0.063 2.73Sug  2.10 0.55 0.783 0.104 0.076 1.85 4,32 0.23
B. Relationship to fetal zbsorbed dose when the "controls" are excluded.
§ = 5 GeEKE 1.419 0.535 0.168 10, 137 2.53 0.28 1.601 0.621 0.226 7.54%% 0.92 0.34
16 - 25 weeks 0.401 0.110 0.070 2.47 2.08 0.35 0.595 0.110 0.085 1.65 4.25 0.12
€. Relationship to fetal absorbed dose when all "controls" are combined.
Pocled control 0.843  0.556  0.148 14, 3455 2.65 0.45 0.616 0.676 0.103 12.26™% 113 0.57
(B-13 weeks)
DS36 Sample
A. Relationship to fetal absorbed dose.
All pestational ages 0.742 0.169 0.041 16,71 %* 15,78 < 0.01 0.561 0.171 0.046 13,52 %% 8.53 0.04
B - 15 weeks 0. 746 0.479 0,124 14, 97%% 7.09 0.07 0.164 0.516 0.076 46,28 % 4,42 0.22
16 - 25 weeks 0.612 0.095 0.056 2.90 Sug 7.35 0.06 0.800 0.074 0.055 1.81 4,68 0.20
B. Relationship to fetal absorbed dose when the "controls" are excluded.
8 - 15 weeks 0.053 0.501 0.144 12.18%* 7.13 0.03 0.667 0.464 0.154 9.10 4.03 0.13
16 - 25 weeks 0.039 0.101 0.062 2.63 7.30 0.03 0.683 0.076 0.060 1.64 4.70 0.10
C. Relationship to fatal abscorbed dose when all "contrels'" are combined.
Pooled control 0.834 0.477 0.123 14.98%% 7.10 0.07 0.600 0.466 0.132 12, 47%% 4.04 0.26

(8-15 weeks)

See the descriptions and significance levels in Table 3a.
Fia DERUVAEEAR S,

An exponential linear model P;=1 —exp[—(a+ bDy)] (i=1, 2,

w5 or 4) was used in all of the analyses above.

kROt TORFEHELEBEETL: Pj=1 —exp[—(a+bD;] (i=1,2,.... SRIFT4)xRwL.

L8091 WL J9HY
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TABLE 4b EXPONENTIAL LINEAR-RESPONSE RELATIONSHIP OF SEVERE MENTAL RETARDATION TO GROUPED FETAL
ABSORBED DOSES AFTER THE EXCLUSION OF FIVE SEVERELY RETARDED CASES WITH PROBABLE NONRADIATION-
RELATED ETIOLOGIES IN THE T65DR AND DS86 SAMPLES DESCRIBED IN TABLES 2a AND b

#4b F2a R U2b 12K L & T6S5DR BARU DS86 BE o MERICHE L 20eRALEZ N2 HEMNENSHl %
Best L B0 BEREER L SV — T RIBIER O 58 808 E K s %
Cities combined Hireshima only
2 2 ] 2
Gestational age a b Sb X Reg XRes PRes 5 B 5b “Reg XRes Fres
TGSDR Sample
A. Relationship teo feral absorbed dose.
All gestational ages 0.572 0.172 0.045 14, 31 8.02 0.05 0.332 0.220 0.064 11,77%% 6.67 0.08
8 - 15 weeks 0.824 0.492 0.140 132672 4.91 0.18 0.233 0.557 0.112 24,577 4.11 0.13
16 - 25 weeks 0,237 0.094 0.056 2.84 Sug  2.86 0.41 0.301 0.094 0.066 2.00 5.42 0.14
B. HReladonship to fetal sbsorbed dose when the "controls" are excluded.
8 - 15 weeks 1.310 0.473 0.155 g 3% 4.77 0. 09 1.691 0.524 0.204 6.60% 2.81 0.09
16 - 25 weeks - - = - = = 2 - N B ) S
C. Relatienship te feral ahsorbed dose when all "econtrols" are combined.
Pooled control 0.660 0.499 0.139 12.84%% 4,99 0.17 0.375 0.593 0.180 10.81 * 3.25 0.06
(8-15 weeks)
D586 Sample
A. Relationship to fetal absorbed dose.

All gestational ages 0.554 0.151 0.0329 15,28%%  19.26 <0.01 0.324 0.145 0.047 12.15%x% 11.21 <p.ol

8 - 15 weeks 0.744 0.425 0,117 Rl L 9.36 0.02 0.116 0.372 0.066 31.85%% 7.00  0.07
16 - 25 weeks 0.242 0.085 0.050 2,915  g.13 0.04 0.303 0.067 0.048 1.91 4,99 0.17

B. Relationship to fetal absorbed dose when the "controls" are exeluded.
8 - 15 weeks 0.132 0.444 0.134 10.92 %% 9,44 <0.01 0.714 0.398 0.141 7.95%% 578 0.06
16 - 25 weeks B - - = = g - - - - 5 -
€. HRelatienship to feral absorbed dose when all "eontrols" are combined,
Pooled control 0.651 0.427 0.118 13,407 9,36 0.02 0.369 0.410 0.124 10.97%%  5.92 (.12

(B-15 weeks)

See footnote on the five cases with probable nonradiation-related etiologies in Table 2a and the description of the exponential model in Table 4a.
BHBITMELZVHEFAELIChA5HIIMT 382, OMERTRAEETVIIMT 524 OFET M,

LB9T UL Jd5H
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TABLE 5 LINEAR-QUADRATIC AND QUADRATIC RESPONSE RELATIONSHIPS OF SEVERE
MENTAL RETARDATION TO GROUPED FETAL ABSORBED DOSES FOR ALL INDIVIDUALS
INCLUDED IN THE DS86 SAMPLE
#Z5 DSSEMAILEZNZEMRHECHMTI2EEMMEN: 7 V- FHERRIE R O
#RE- 2 kR U 2 REIMEG

MLE of Regression Coefficients Goodness of fit
Gestational Age
a s b sh e s 3
2 i X Res PRes

(Gy-') (6y-') (Gy-?) (Gy-*)

Madel: (Q) P;j = a + cDi or {L-Q) Pj = a + bDj + cDi

All gestational apes:

0 0.858  0.247 0.2215,  0.046 2.04  0.56
L-Q 0.962 0.287 -0.048 0.049  0.270 0.069 1.62 0.44
B8-15 weeks:
Q 1.318 0.654 0.4017%% 0.058 4,26 0.10
L-Q 0.981 0.644 0.136 0.152 0.291% 0.136 2.78 0.25
16-15 weeks:
Q 0.685 0.400 0.131 Sug  0.070 3.30 0.34
L-Q 0.734 0.448 -0.038 0.110  0.182 0.141 2.85 0.24

Relationship of severe mental retardation to dose: 'controls" excluded

8-15 weeks:
Q 3,274 1.867 0383 ¥ 0.063 n.97 0.62

16-25 weeks:
Q 0.779 0.809 0.13n Sug 0,070 3.19 0.20

Model: (Q) Py = l-exp(-(a + CD:)) or (L-Q) Py = l-exp(-(a + bD; + cDi))

All gestational ages:

Q 0.856  0.248 0.261 ™" 0.066 2.76 0.43
L-Q 0.993 0.295 -0.068  0.053 0,343%% 0.101 2.02 036
B-15 weeks:
Q 1.202 0.632 0.681%"% 0.194 391 0.27
L-0 1.073  0.704 0.058 0.177 0.gl2%* 0.282 3.48 0.18
16-25 weeks:
Q 0.689 0.404 0.137 Sug 0,081 3.66 0.30
L-Q 0.752 0.448  =0,064 0,071  0.261% 0.113 3.55 0.17
Relationship of severe mental retardation to dose: ''controls' excluded
B-15 weeks:
0 2.823 1.930 0.636™% 0,193 1.16 0.56
16-25 weeks:
Q 0.788 0.822 0.136 Sug  0.08l 3.48 0.18

See the descriptions and significance level in Table 3a.
Fla NERUVAE UL BN,
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TABLE 6 RELATIONSHIP OF SEVERE MENTAL RETARDATION TO INDIVIDUAL FETAL ABSORBED DOSES FOR ALL MEMBERS
OF THE T65DR AND DS86 SAMPLES BASED ON A LINEAR-RESPONSE MODEL WITHOUT A THRESHOLD

#6 ME*ETAHZVEEBEIGEFVic&4T<{ T6SDR E4E FDSSE 0 2R FHIZMT 5
o FE A A B 2 (E A R R R Y s R o B4

Cestational T65DR_sample D586 sample
age a S, b Sy X g a Sz b 54 szeg
All individuals included in T65DR and DS86 samples
All gestational ages 0.789 0.242 0.184 0.044 -17.64%% 0.745 0.238  0.168 0.039 18.88%%
B-15 wesks 1.063 0.630 0.369 0.057 42.00%% 0.724  0.499  0.466 0.098 §3-747F
16-25 weeks 0.631 0.395 0.104 0.061 2.895ug 0.645 0.410 0.090 0.053 2.915ug
8-15 weeks 0.897 0.287 0.372 0.055 45.647% 0.825  0.272 0.463 0.097 22 7p%%t
(pooled control)
After the exclusion of the five cases with probable nonradiation-related stiolcgies in the TE5DR and D536 sampies

All gestational ages 0.580 0.206 0.169 0.042 16.26™ 0.550 0.203 0.152 0.037 17.08%*
8-15 weeks 0.989 0.593 0.353 0.065 29.97%% 0.722  0.496  0.424 0.098 18.71%%
16-25 weeks 0.231 0.231 0.099 0.057 3.05598 0.241 0.241 0.085 0.049 3.035u8
8-15 weeks 0.699 0.254 0.358 0.062 33,107 0.644  0.241  0.426 0.097 19,11%%

(pooled control)

See the descriptions and significance levels in Table 3a.
3 OFERUVEEREES B,
A linear model P = a + bD; (i=1, 2, ... , n) was applied for individual binary response data (1,0).

BETF L P, =at+tbD(i=1, 2,...

, n) EBAAZMERE T2 (1, 0) @R L £,

TWhen the expected values for a few cases were larger than 1.0, the Newton-Raphson iterative values and the log likelihood were adjusted to 0.999,
R OMEEEA 10582 28 & 12, Newton-Raphson REGS R FHBLE #0999 2EL ~.

L8-91 WL 4494



TABLE 7 RELATIONSHIP OF SEVERE MENTAL RETARDATION TO INDIVIDUAL FETAL ABSORBED DOSES FOR ALL MEMBERS
OF THE T65DR AND DS86 SAMPLES BASED ON AN EXPONENTIAL LINEAR-RESPONSE MODEL WITHOUT A THRESHOLD
#£7 ME*EE 2 VEEBERIEETVIZHT S TEDREARU DS S0 E cMy 2

| AR & B AR RR AR o F

Gestational TESDR sample DS86 sample

age a 84 b Sy Xzaeg a Sa b Sh X:Reg
All individuals included in TE5DR and DSB6 samples

All gestational ages 0.793 0.245 0.190 0.049 15, 22%% 0.751 0.241 0.172 0.042 16.57%%

8-15 weeks 0.939 0.601 0.526 0.144 13,395 0.733 0.500 0.500 0.129 15, 00%*

16-25 weeks 0.635 0.399 0.104 0.063 2.68 0.650 0.414 0.090 0.055 2.725u8

8-15 weeks 0.870 0.284 0.529 0.142 13, 87%% 0.831 0.275 0.497 0.128 L4.99%*

(poolded control)

After rhe exciusion of the five cases with probable nonradiation-reiated eciglogies in the TEIDR and D586 samples

hide

A1l gestational ages 0.583 0.208 0.173 0.046 14.26%% 0.554 0.205 0.154 0.039 15, gg
8-15 weaks 0.920 0.583 0.463 0.135 11.78%% 0.735 0.508 0.443 0.122 13, 12%*
16-25 weeks 0.233 0.233 0.009 0.059 2.865u8 0,242 0.242 0.085 0.050 2.86518
8-15 weeks 0.682 0.252 0.473 . 0.134 12555 0.649 0.244 0.445 0.122 13.38%

(poolded control)

See the descriptions in Table 6.

FEDEE B,

An exponential linear model P{ =1 —exp [—(a + bD{)] (i=1, 2, ..., n) has been fitted to individual binary response data (1,0).
MU EF L P =1 —exp[—(a+bD;)) (i=1, 2,..., n) EEASHEGT— (1, 0)ISERL ~.
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grouped data have been used. The thresholds that
are estimated are set forth in Tables 8a (grouped)
and 8b (individual) for the simple linear model, and
in Tables 9a (grouped) and 9b (individual) for the
exponential linear model. It should be noted that
irrespective of the method of analysis there is lit-
tle or no evidence of a threshold when the T65DR
dosimetry is used except within the 16-25 week pe-
riod, but this is not true with regard to the DS86
doses. The estimated lower bound of the threshold
for the most sensitive critical period of 8-15 weeks
after fertilization for the DS86 sample and also for
8-15 weeks with the pooled control is zero dose for
both the grouped and ungrouped data with the sim-
ple linear model (Table 8). With the exclusion of
the five cases with probable nonradiation-related eti-
ologies, a threshold emerges; it is 0.39 Gy (lower
bound 0.12 Gy) with the grouped data, and 0.46
(lower bound 0.23) with the ungrouped, both sig-
nificantly different from zero.

Under an exponential linear model, using all of the
cases, a significant threshold emerges with or with-
out exclusion of the questionable cases; within the
8-15 weeks group, the lower bound of the estimated
threshold is 0.09 Gy for the grouped data and 0.15
Gy for the individual within the 8-15 week interval
(Table 9). However, as Figure 4 illustrates, the log
likelihood does not change markedly over a substan-
tial range of possible threshold values, suggesting
that the threshold itself is not well-estimated. This
is, of course, also suggested by the large variances
of the estimates themselves,

For the 16-25 weeks period, with and without inclu-
sion of the two individuals alluded to previously, a
threshold above 0.20 Gy seems to be present. Using
the DS86 doses, the lower 95% bound of the thresh-
old appears to be 0.21 Gy based on a linear model
with either the individual or the dose-grouped data
(Table 8) and to be 0.22-0.25 Gy with the exponen-
tial linear model (Table 9). If the results from the
linear model may be considered conservative, the
threshold for 16-25 weeks after fertilizalion is not
less than 0.20 Gy but for the period 8-15 weeks af-
ter fertilization a threshold, if one exists, appears to
be lower.

Uncertainties

A number of uncertainties are associated with these
estimates of risk. These include the limited nature
of the data, the appropriateness of the compari-

Fh—-7HBET—- 2 OmE & A HL T
ETFNIDWTIEESa (FM=—FF—#) L 8b (BAA
F—&), BHBEEFLIIOOTIEE . (F =T
F—&)eob (BAF—#)i, #ELLAREEEL
7z, TGSDR HE#FEEF XTI, WIFhomTFiEd
FIWT & 16~ 250 s 0 BAR & & 2 M fE O FFAE1XIE &
AEXEE{BDRVH, DISBHR A2 T
BRREARZAZEICEELZTRERZ 54w, DSEB
BAEROEMBHILEIVTALHELBRESIE
i e B 00 2 R 0 8~ 1530 i o0 [ il ) T PRHETESIELL,
His BB EFLEMOAS V-7 F— % RUHEA
Fo-rsOmMABCHRRETEEL (F8). B (HE
AHEGCHEM L T EWERLNE S &R
Ta&, MEAIBEETLE. FI—-FTF—-21221VT
(£ 0.39 Gy (TIR{EIX 0.12 Gy), AAT—FIzDW
Tik 0.46 Gy (TFER{EIX 0.23 Gy) ©& 0, mAdbc
ForbHFEICESLE S,

fRUEIEE LTI, SEMERAVE L, BEbLw
FEHEBATILE b THE LM
FET A, 8 —~15AMETIE, Mo TRHEER
I —TF— 5 OBE0.09 Gy, BAF—7OHE
0.15 Gy Th 3 (#F9). LdL, ezRT LI 13,
B fig 2 Bl o0 92 9T A §E PR P o ah R BE fRLIESE L <
LA wAwni, MEEHRFERCHEES ALY
ZEAEFRMAE. bEAA, ThiE, MEMBED
KELZAEPCLRBEENS.

16~25ED MBIV TIE, MELE2AEEDY
Eichdrbsd, 0.20 Gy 28 AMEATFEET S
LEELNhA. DSB6 A Hw AL, W% TR
HEEME L, A7 — FHiT— 2 g E T L
EMTIRBREE 0.21 Gy (28), fa#EE T
FUTIEHESE 0.22~0.25 Gy (F9)THB XI
Thd. BEETIERAVEAERVFYEIEBTAHS L
FhiE, RREHEI6~25MMHOMMEE 0.20 Gy £ T A
Lz kv, #EHES~15EEIIonTE, bL
MILATEET a4 6, ThUTic2228bh0a.
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IhoO)AZ#EMTIE OFKEESE MR
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TABLE 8a ESTIMATED THRESHOLDS WITH THEIR 95% LOWER AND UPPER BOUNDS AND THE RELATIONSHIP OF SEVERE
MENTAL RETARDATION TO GROUPED FETAL ABSORBED DOSES FOR ALL MEBERS OF THE T65DR AND DS86 SAMPLES

BASED ON A LINEAR-RESPONSE MODEL

#8a BEREETFNIZHE T TEDRFEFARUVDSH EF0 e E0MEL 2 0B% TR - LIREEE, BT

R AE 2 L — TR IR IR B o M

Gestational T&5DR sample DSB6 sample
age
a = b 5y X Res T a S, b Sy XERES T
A11 individuals included in T65DR and [SE86 samples
All gestational ages 0.941 0.755 0.300%% 0.069 0.73  g.18 0.949 0.252 0.498%% 0.100 0.76 0.47%
(L=0, U=0.51) (L=0.18, U=0.61)
8-15 weeks 0.866 0.571 0.462%% 0.091 1.55 0 1.352 0.644 0.613%% 0.101 4.00 0.20
(L=0, U=0.20) (1=0, U=0.55)
16-25 weeks 0.583 0.392 0.206°° 0.113 0.81  0.23 0.607 0.398 0.497% 0.231 1.52 0.64%
(L=0, U=0.68) (1=0.21, Uz0.64)"
8-15 weeks 0.850 0.278 0.462%F 0.000 1.55 0 0.988 0.204 0.608%"% 0.000 6.03 0.19
(Pooled control) (L=0, U=0.16) (L=0, U=0.52)
L4 After the exclusion of the five cases with probable nonradiation-relared etioleszies in the T65DR and DSB86 samoles
ALl gestacional sgss 0,719 0221 0.3:17% po7d 053 et 0.679 0.214 0.521%% 0.106 0.43 0.51%
(1=0.11, U=0.38) (L=0.21, U=0.63)
8-15 weeks 1.522 0.661 0.566°" 0.108 4.64 0.18 1.405 0.623 0.743*% 0.121 3.89 0.39"
(L=0, U=0.59) (L=0.12, U=0.60)
16-25 weeks 0.232 0.230 0.213%Y8 0.113 0.63 0.23 0.697 0.398 0.497% 0.231 1.52 0.64%
(1=0, U=0.67) (1=0.21, Uz0.64)1
8-15 weeks 0.664 0.246 0.433"%  0.093 3.67 0 0.857 0.270 0.741%% 0.119 8.09% 0.38%
( Pooled control) (L=0, U=0.23) (L=0.10, U=0.60)

Threshold (T) and its 95% lower (L) and upper (U) bounds are expressed in grays.
ME(T)E #09%5% TRIL) R EB(UIEEE S gray B TR
See the descriptions in Table 6.
# 6wk B,
A linear model P; =a + b(D; — T) (i=1,2, ..., 5) was used in all of the analyses above.
LROTATCORMEREBEF L Py=a+b(D,—T) li=1, 2,..., 5 2@AL %,
F The upper bound was not determined because the log likelihood values above 0.64 Gy are almost constant.
0.64Gy #BASHMLEBMITELAY—ETHAIDT, LREREZLT V.
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TABLE 8b ESTIMATED THRESHOLDS WITH THEIR 95% LOWER AND UPPER BOUNDS AND THE RELATIONSHIP OF SEVERE
MENTAL RETARDATION TO INDIVIDUAL FETAL ABSORBED DOSES FOR ALL MEMBERS OF THE T65DR AND D586

SAMPLES BASED ON A LINEAR-RESPONSE MODEL

#8b MEEGETIVIZHE-T TSDREAR U DS HHAOEMRBEOMME L T NBB TR - LIRHEEE, R

i FE R - A s RN o) P R

T65DR sample

Gestational DSB6 sample
ey a Sg b 5y T = Sa b Sp T
All individuals included in TH5DE and DS5BH6 samples
i ; . .330%*% 0. 0.23* 0.952 0.253 0.419** 0.062 0.43%
411 gestational ages 0.947 0.251 0.330 0.070 (L=0.08, 520.33) (025, B=0.583
: x5 0 7 9p** 46 0.40
s P X . ; 0.057 1.664 0.673 0.996 0.1
8-15 weeks 1.063 0.630 0.369 5 i Gt 56 (im0, UHD.SE)T
- . Sug 0.54* 0.693 0.399 0.532% 0.234 0.70 *
16-25 weeks 0.674 0.388 0.464 0.237 (L=0.04, U=0.71) 43 3 32 :2 (L=0.21, U=0.99)
8-15 weeks 0.897 0.287 0.372%" 0.055 0 1.039 0.298 0.763%* 0.131 0.24

{pooled control)

(L=0, U=0.11)

(L=0, U=0.55) T

After the exclusion of the five cases with probable nonradiatign-related etiglosies in the TE5DR and DS86& samples

A1l gestational ages 0.678 0.213 0.
8-15 weeks 1.467 0.646 0.
16-25 weeks D.226 ©.226 0.
B-15 weeks 0.699 0.254 0.

(pooled control)

335** 0.072 0.25* 0.680 0.214 0.445%*
(L=0.11, U=0.53)

409 0.057 =0, *H-0.31) 1.378 (0.612 1.095%*

463*  0.231 0.53* 0.232 0.232 0.530*
(L=0.0%4, U=D.71)

358**  0.062 0 0.852 0.268 1,104%%

(L=0, U=0.28)

0.p61

0.158

0.233

0.157

0.50*
(L=0.30, U=0.61)

0.46* .
(L=0.23, u=0.62)1

0.70%
(L=0.21, U=0.99)

0.46% 4
(L=0.23, U=0.61)

Thresheld (T) and its 95% lower (L) and upper (U) bounds are expressed in grays.
ME(T) L 2@5% TIRIL)RUER(U)HEEEE gray HIETTHRT.

See the descriptions in Table 6.
FEDELEM.

A linear model Pj=a +b(D; —T) (i=1, 2, ..
) EBAZHEEBT— (1, 0B L =,

#BEE 7 Py=a+b(D;—T) (i=1, 2, ...

., n) has been fitted to individual binary response data (1,0).

LB-9T UL LT
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TABLE 9a ESTIMATED THRESHOLDS WITH THEIR 95% LOWER AND UPPER BOUNDS AND THE RELATIONSHIP OF
SEVERE MENTAL RETARDATION TO GROUPED FETAL ABSORBED DOSES FOR ALL MEMBERS OF THE T65DR AND DS86
SAMPLES BASED ON AN EXPONENTIAL LINEAR-RESPONSE MODEL

#F9a MEMERIGETNMICET THDREFR VDS EFE0LMREOREE 2 0B% TR - LR#EEE, R

HEMMGEN & 7L — T R G RO B F

Gestational

TE5DR sample

D586 sample

age

Sa b Sp K:Res T

a

52 5 Sh X:Res T

All gestational ages  0.048

8-15 weeks 0.824
16-25 weeks 0.684
8-15 weeks 0.843

(Pooled control)

0.

All individuals included in TH5DR and DSB86 samples

258 0.365°%  0.100 D.74 0.10%

(L=0.05, U=0,57)
L5509 0.560°%  0.149 2.06 0

(L=0, U=0.22)
,394  0.232 0.141 0.74 0.23

(L=0, U=0.69)
.278 0.559™%  D.148 2.55 0

(L=0, U=0.20)

0.679

1.695

0.700

0.812

= el *
0.215 0.665 0.178 0.59 0.51"
(L=0.20, U=0.62)

0.692 1.403" g 450 4.52 0. 66"
(1=0.09, U=0.41)
0.401 0.6265¥8 0.370 1.52 0.64"

(1=0.22, U20.64)

.266 0.916"% 0.254 8§.92

=]

After the exciusion of the s with orobable nonrodiacion-related eciplosies in the TE3DR =nd DS86 samnies
All gestational ages 0.737 0.224 0.384™"  0.109 0.48 0.22% 0.682 0.216 0.743%%  0.200 0.43 0.55"
(1=0.12, U=0.62) (L=0.22, U=0.63)
8-15 weaks 1.544 D0.675 0.872*" 0.281 5.06 0.20 1.415 0.632 1.585% (@.498 3.89 0.51%
(L=0, U=0.67) (L=0.17, U=0.62)
16-25 weeks 0.232 0.230 0.2395U8 0.140 0.56 0.23 0.242 0.236 0.6325Y8 0.370 0.40 0. 647
(L=0, U=0.68) (L=0.22, Uz0.64)T
8-15 weeks 0.877 0.276 0.900°" o0.282 10.78" 0.20 D.861 0.272 1.557°% (0.483 8.09% D.50%

(Pooled control)

(L=0, U=0.67)

(L=0.16, U=0.52)

Threshold (T) and its 95% lower (L) and upper (U) bounds are expressed in grays.
ME(T)EZOB%FHRIL) AT LB MEEE ¢ gray WETTHRT.

See the descriptions in Table 6.

ZoNEFEER.

An exponential linear model Pj = 1 —exp| —{a + b(D; -—T)}] (i=1, 2, ..., 5) was used in all of the analyses above,
rROTNTORFEEERHEEF VP, = 1 —exp(—{a+ WD, —T)H) (i=1, 2,..., 5) @A L 2.
T The upper bound was not determined because the log likelihood values above 0.64 Gy are almost constant.
D64 Gy # Wi oMU RERMIBIELAY—ETH0T, LIBIE#EEENLL,

L8591 WL JUTd
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TABLE 9b ESTIMATED THRESHOLDS WITH THEIR 95% LOWER AND UPPER BOUNDS AND THE RELATIONSHIP OF SEVERE
MENTAL RETARDATION TO INDIVIDUAL FETAL ABSORBED DOSES FOR ALL MEMBERS OF THE T65DR AND DS86 SAMPLES
BASED ON AN EXPONENTIAL LINEAR-RESPONSE MODEL
#£9b HBEHBEBRIGTTVICET{ T6DR xR U DS 402G EOMEL TNDB% TR - LR#EFHEA Y
T HEFOR AT & A R R AR R B 47

Gestational TGSDR sample D586 sample

age

a Sa b Sp T a s b

a Sp T

All individuals included in T65DR and DSH6 samples

All gestational ages 0.949 0.253 0.405%*  0.109 0.24* 0.953 0.254 0.742*% 0.105 0.50*
(L=0.11, U=0.33) (L=0.33, U=0.60)

8- . ) k* 0.20 1.694 0.691 1.584*% 0.4 0.46%
15 weeks 1.720 0.700 0.845 0.255 . — 0.486 1 o 9:4%n0.59)

16-25 weeks 0.675 0.390 0.511%98  0.309 0.53* 0.694 0.400 0.733%8 0.437 0.71%
(L=0.04, U=0.71) (L=0.25, U=1.00)

8-15 weeks D.870 0.284 0.529%%  0.142 o 1.105 0.302 0.965*% 0.276 0.25%
(pooled contral) (L=0, U=0.29) (L=0.16, U=0.59)

After the exciusion of the five cases with probable nonradiation-related etiple=ies in the T65DR and DS86 sampies

*

- #k 0.25* .67 A .55
All gestational ages 0.677 0.213 0.308 0.108 L e 0.677 0.214 0.811 0218 erem 37 u=p.67)
. : y o 0.21 1.411 0.630 1.926%* 0. 0.55"
8-15 weeks 1.425 0.635 0.B10 0.252 (150, 4<0.31) 0.630 1.926 0.624 (L=0.30, U=0.67)
16-25 weeks 0.226 0.226 0.5395¢8 0.318 0.54* 0.232 0.232 0.7438%8 . 437 0.71%
(L=0.04, U=0.71) (L=0.25, U=0,029
8-15 weeks 0.853 0.270 0.845™* 0.259 0.22 0.860 0.272 1.945** 0.625 0.55*
{pooled control) {L=0, U=0.31) (L=0.30, U=0.61)

Threshold (T) and its 95% lower (L) and upper (U) bounds are expressed in grays.

BE(T)EFTDN%TIE(L )BT EBR{U)#EME gray BT THT.

See the descriptions in Table 6.

* 6 miEE B

An exponential linear model Pj =1 — exp| — {a +b(D; = T) }] (i=1, 2, ..., n) was fitted to the individual binary response data (1,0).
HHRBETLP=1—expl— la+b(D;—T)] li=1, 2, v, n) 2WAZHEEBF— 4 (1, 0)IHA L ~.

L8-91 Y1 TdTd
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FIGURE 4 THE LOG LIKELIHOODS OF VARIOUS THRESHOLDS AND THE 95% UPPER

AND LOWER BOUNDS FOR THE THRESHOLD WITH THE HIGHEST LIKELIHOOD

BASED ON INDIVIDUAL AND GROUPED DATA USING THE DS86 SAMPLE AND THE
PERIOD 8-15 WEEKS AFTER FERTILIZATION

DS86 BN ZHES ~15HABOBAFT— YR U V=T F=g Il AF L0
PRE AT A A, RURAREME L DM@ DB% EIR - T IEHEE &

= 4

8-15 WEEKS

Threshold

i

Threshold
—45.0

95% upper bound

a4
a2
§ INDIVIDUAL DATA
'g 95% upper hound_._l\‘
8 \
= \
= —5H0.0F \
= \
-4 \
@ \
Q \
- \
—=53.0 \ GROUPED DATA
1 L 1 L
0 0.20 0.40 0.60 0.80

Threshold in Gray

group, errors in the estimation of the tissue-absorbed
doses and the prenatal ages al exposure, the varia-
tion in severity of mental retardation, and other con-
founding factors in the postbomb period, including
nutrition and discase.

The limited data and the appropriateness of the
comparison group. Only 21 of the 30 severely
mentally retarded individuals in the revised clini-
cal sample received "fetal" absorbed doses of 0.01
Gy or more, and 3 of these had health problems
which could account for their retardation and not be
radiation-related (2 cases of Down's syndrome and
1 case of Japanese encephalitis in infancy). As ear-
lier noted, their exclusion does not alter the slope of
the dose-response relationship materially; however,
with their removal, there are only 18 cases without
known cause for the retardation other than exposure
to ionizing radiation.

It is important to bear in mind that the clinical ob-
servations are based on a sample, and not a full birth
cohort in the usual sense. We know the cases and
numbers of individuals at risk to be incomplete for
at least three reasons. First, the primary source of

M T o Z 4, A e e E R UG R
HEEdE O ME, HMHEHOTEREORR, RELY
FER EOBRBEREOEBAFIEZ NS,

F—A2OHBEUCHEHOZEYME. UEEERARC
EENZEEMMBBANNMED > & FH 2l A
0.01 Gy LI Lo “InR"ilmits 23 THH, £h
503 b 3FICHMERORM L BbN D I HRES
IZMGE L 2 R Lo MBI A S o 2 (2 fliE Down iE
fEdE, 18X RO B ANMFRREE). iEL&D
Iz, 28 b OEMEL TEBREEMGEDDE
WEEMIIEELLLEZY., LALZhS BT S
ko, WEERSSEBLINCHBEHOFRRAE L S
NAWEFR LT HIBETH S,

BEEMBHE RSO B®R TONEREH 2T
B, FRCEI(CTELIIBE T ALE D 5. BE
H$HBECEFOMBERITELETHII LD EL
L ZooBM L VHEATH D, Bz, B
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RERF TR 16-87

ascertainment of the sample was through births reg-
istered in Hiroshima and Nagasaki. Prenatally ex-
posed survivors whose births were registered else-
where are not included. Second, presence in the
clinical sample enlailed residence within contact ar-
eas (essentially the limits of the two cities), and
thus migrants from the contact area after birth are
not included. Finally, limited clinical space and per-
sonnel were determiners of the size of the sample.
For example, it does not include survivors exposed
at distances of 2,000-2,499 m, since at the time of
the definition of the sample, these individuals were
presumed to have received little or no irradiation.

While it is impracticable, if not impossible, to es-
timate the incompleteness of the clinical sample,
through a comparison of our roster of cases with
those of a varicty of special survivor sociclies in
Hiroshima, we have identified five exposed men-
tally retarded individuals not within the ¢linical sam-
ple. Four of these five were exposed in the 8-15
week interval, and all within 1,000 m or so of the
hypocenter. While these cases cannot be factored
into the dose-response relationship, since the num-
ber of individuals at risk from which they are drawn
is unknown, they do provide information on the sen-
sitive period, for gestational age at exposure is not a
criterion for enrollment in the groups whose rosters
are available.

As to the comparison group, the A-bombings re-
sulted in exceplional circumstances that could have
altered the normal frequency of severe mental re-
tardation or have interacted with exposure nonaddi-
tively. However, as has previously been seen, ex-
clusion of the comparison population does not gen-
erally alter the regression coefficient appreciably.

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 er-
ror, namely those that stem from: a) the air dose
curves themselves, b) the attenuation factors for tis-
sues, malerials, positions, and the like, and c) the as-
sertions of the survivors as to their locations. Some
of these, notably the assertions of the survivors, can
never be evaluated rigorously for all of the individ-
uals concerned. Errors of this nature can affect in-
ferences on the overall shape of the dose-response
relationship as well as parameter values defining
that shape.

30
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Errors in the estimation of prenatal age at
exposure. The apparent liming 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 for
the difference between that date and the probable
date of fertilization (usually taken Lo be two weeks
later). Women with irregular menstrual cycles or
who miss a menstrual period for any of several
reasons, notably lactational amenorrhea, illness or
malnutrition, could erroneously identify the onset
of their last cycle. All of these possible sources
of error were present immediately prior to the
cessation of hostilities in Japan. Women nursed
their infants longer then than now prevails, so lac-
tational amenorrhea may have been more common.
Some were undernourished due to the economic
stringencies that obtained during and following the
war, and infectious diseases were more frequent
in the surviving populations. The impact of these
factors on the estimated ages we use is impossible
to assess. No less important than these sources of
error in the age after fertilization is the normal vari-
ability in developmental age, the critical measure
of vulnerability, for fixed intervals of time after
fertilization. Conceivably, some, possibly much, of
the effect seen in the 16-25 week interval could be
ascribable to individuals whose developmental ages
were less than their chronological ages.

DISCUSSION

Two substantial observalions previously made on
the basis of the T65DR dosimetry® are not changed
by the reassessment based on the DS86 sample:
First, significant harmiul ellects of radiation on the
developing brain of children exposed in utero in
Hiroshima and Nagasaki are observed only for the
periods 8-15 and 16-25 weeks after fertilization un-
der both dosimetries. In the 8-15 weck period, the
one of maximum sensitivily, the dose-response re-
lationship appears distinctly different from that at
subsequent gestational ages, which suggests that the
mechanism(s) through which radiation impinges on
cerebral growth and development may vary with the
gestational age at exposure. This period of maxi-
mum radiation sensitivily is also a time at which
fundamentally important aspects of normal cerebral
histogenesis occur. The neurons which will popu-
late the cerebral cortex are generated exclusively in
proliferative zones that are situated close to the ven-
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tricular surfaces of the developing brain. Their most
rapid proliferation and all or nearly all of the im-
mature neurons migrate to the cerebral coriex from
the ventricular and subventricular proliferative lay-
ers in these weeks and become perennial cells. 11 =12
Radiation exposure at this period could induce neu-
ronal abnormality and misarrangement of neurons
or decrease the number of normal neurons and thus
appear as brain damage.

Although itis difficult, from the data presently avail-
able, to be categorical about the best dose-response
relationship or to derive risk coefficients with rea-
sonably small sampling errors because the risks at
low doses are low and the sample sizes are small,
nevertheless the data are consistent with a linear or
exponential linear dose-response relationship with-
out threshold in the 8-15 week period with both the
TG5DR and DS86 doses. If there is a threshold
in this period, it is difficult to estimate, and de-
pends critically upon the model and the data which
are actually used. Elsewhere we have set forth
reasons why we believe it is unwise to perceive
the increased risk of mental retardation from pre-
natal exposure as a phenomenon distinct from a
more broadly expressed impairment of brain func-
tion. Mental retardation is a clinical judgment which
dichotomizes a continuous distribution of qualities
of brain function. If, as we believe, exposure 10 ion-
izing radiation moves this distribution downwards
in proportion to dose, then the frequency of indi-
viduals with levels of intellectual unction below
the diagnostic threshold must necessarily increase
as dose increases. However, the change in this fre-
quency will be functionally dependent upon where
the threshold of clinical judgement lies with re-
spect to the distribution of qualities, and the dose-
response relationship could appear linear or curvi-
linear, to have a threshold or not have one without
being inconsistent with the basic biological hypoth-
esis. Moreover this will hold true whether the actual
change in the continuum is itself linear or curvilin-
ear with dose.

At 16-25 weeks after fertilization, differentiation in
situ accelerates, synaptogenesis that begins about
the eighth week increases and the definitive cytoar-
chitecture of the brain unfolds. During this period
radiation could presumably impair synaptogenesis,
producing a functional deficit in brain connected-
ness. Whatever the mechanism, the effect seen in
the period 16-25 weeks after fertilization suggests
the existence of a threshold.
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Second, no evidence of a radiation-related increase
in mental retardation is observed either in those sur-
vivors exposed 0-7 weeks after fertilization or 26
weeks or over. Certainly, no cases followed irradi-
ation in these two periods of intrauterine life. The
absence of an effect prior to the eighth week sug-
gests that either the cells killed or inactivated at this
stage of development are more readily replaced than
those damaged later, or the embryo fails to develop
further. The final weeks of gestation are largely a
time of continued architectural and cellular differen-
tiation and synaptogenesis; the basic neuronal struc-
ture of the cerebrum is nearing completion. Since
differentiated cells are less radiosensitive generally
than undifferentiated ones, measurable damage may
require much higher doses and given the small num-
ber of survivors at these doses, more difficult to
detect.

Alternative nonradiation-related explanations of the
effects to the embryonic and fetal central nervous
system, possibly confounded here, could impinge on
these findings. They include a) genelic varialion, b)
nutritional deprivation, c¢) bacterial and viral infec-
tions in the course of pregnancy, and d) embryonic
or fetal hypoxemia, for there is substantial evidence
to suggest that the cerebrum and its adnexa are es-
pecially sensitive to oxygen deprivation.”24:2% The
possible roles these may play in the present con-
text have been explored elsewhere”; suffice it here
to state that no fully satisfaclory assessment of their
contribution can be made at this late date. Given the
present uncerlainties, since most of these extraneous
sources of variation would have a greater impact at
high than low doses, and thus produce a concave
upwards dose-response function, the prudent course
would be 1o assume that the dose-response relation-
ship is not materially altered other than additively
by these potential confounders.” This would have
the effect of overestimating the risk at low doses
where greatest regulatory concern exists.

It appears commonly presumed that radiation-related
damage to the developing brain must stem largely,
if not solely from neuronal death. This assump-
tion, in part at least, rests on the relatively large
proportion of the retarded who have small heads.
However, a small-for-date brain could result from
circumstances having nothing to do with cell prolif-
eration, such as a failure in the normal pattern of cell
loss resulting in too many cells that are too small,
or a failure of cells to migrate from the dense pro-
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liferative zones to the far less dense cortex. There
is a need, therefore, to document what role, if any,
these other possible causes of a small-for-date brain
may play in radiation-related risk of mental retar-
dation. The paragraphs that follow focus on one of
these possible causes, namely, abnormal neuronal
migration.

It is now clear that each cortical neuron has not only
a designated date of birth, bur a definite functional
address. Since all proliferation of neuronal cells
occurs in specific circumveniricular zones, proper
function implies migration, Although the latter pro-
cess extends over weeks, individual cells move and
reach their destinations in a matter of days at the
most. The process by which undifferentiated neu-
ronal cells move from the proliferative zones to
their ultimate normal sites of function is an aclive,
timed phenomenon dependent largely on an inter-
action between cell surfuces. Any damage to the
cell surface, however transitory, could impair the
liming of migration. While there is as yet no direct
evidence of the effects of low doses of irradiation
on the membranal properties of either neurons or
the radial glial cells which serve as their guidance
mechanism, there is a growing body of data that
very low doses of irradiation, 0.01 Gy or so, can
and do produce changes in cellular thymidine ki-
nase and in the plasma membrane of hematopoietic
stem cells. 2827 Though these effects are transitory,
lasting 10-14 hours, in a process timed as neuronal
migration appears to be, any delay seems destined to
culminate in dysfunclional cells through their failure
to achieve their normal functional sites,

Other less inferential lines of evidence also suggest
an important role for migration. First, four of those
survivors exposed in utcro have come to autopsy;
brain weights of the two mentally retarded were 840
g (at age 16) and 1,000 g (at age 20); whereas the
brain weights of the two not retarded were normal,
1,440 g (at age 9) and 1,450 g (at age 29). One of
the retarded individuals, a male (MF ‘*, was
exposed in Nagasaki in the 12th week ol gestalion
and the other, a female (MF ), in Hiroshima
at 31 weeks alter conception. The retarded male,
exposed to an estimated DS86 dose of 1.18 Gy, ex-
hibited massive ectopic gray areas®®; in the other,
the female, exposed to less than 0.01 Gy, the brain
though small was histologically normal. Second,
very recent, still quite limited and as yet unpub-
lished magnelic resonance images of the brain of
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the first in a series to be examined of the sociolog-
ically better adapted mentally retarded individuals
exposed at 8-15 weeks disclose substantial, abnor-
mal circumventricular areas of gray maller suggesi-
ing an impairment of migration.?® Other investi-
gators have shown that nonradiation-related men-
lal retardation is frequently associated with areas of
ectopic gray matter.39~33 Third, experimental ob-
servations on the effects of low doses of ionizing
radiation (0.05 to 0,10 Gy) on the developing brain
of rats exposed prenatally further support the belief
that abnormal migration may be an important mech-
anism through which damage occurs. These studies
reveal marked dysplasia of the cingulum, the band
of association fibers in the medial portion of the
centrum ovale of each hemisphere at doses as low
as 0.05 Gy.3*

Patently, the evidence is still too sparse to be reas-
suring; however, newer noninvasive techniques for
the study of the living brain, such as magnetic reso-
nance imaging, offer immense potential and may, in
lime, provide the means to understand the biologi-
cal events that subtend the occwrence of radiation-
related mental retardation.
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APPENDIX 1 SEVERELY MENTALLY RETARDED SUBJECTS EXPOSED IN UTERO TO

THE ATOMIC BOMB BY CITY

345 =1 T B B R RS P Ak ik 3B ) TR A o lE . e
FEER L DR R PO ) T R —
Gickaeian Kerma  dose Fetal sbsorbed dose Uterus dose
. Date of birth weeks (T650R) {T63DR) (Ds86) "-ORE H']_
HF HNe. Sex g 1955-56
ke after o L. o, Dy Dy Dy by Dy D
chart review fertilization T ¥ N ki N T - i
(Unit = Gy)
Hiroshima
M n 4] 4] 1] 1] (1] 0 a 1] 1]
F 15 0.25 Q.04 D.01 0.02 0.02 ¢ 0.06 0.05 o
H 15 0.a7 0.72 0.15 0.33 0.31 0.02 0.61 0.6} a
F E 1.76 1.12 0.64 0.61 0.52 0.09 1.40 1.39 0.0l
H . 1.94 1.25 0.69 0.68 0.58 0.1¢ 0.87 O0.B7 ©D.oO &4
F 14 Not in city
F a1 4] G 0 ] o 1 0 o o
F 11 5.23 4.00 1.23 1.94 1.77 0.17 .22 2.1 0ol
H ¥ 2.593 2.42 0.5] 1.13 1.06 0.07 1.36 1.35 0.01
H 1% 1.57 1.9 0.65 0.95 o.Ef 0.09 1.23 1,22 0.01 (17
F 12 0.96 0.79 0.17 a.36 0,34 0.02 0.56 0,56 ]
F 13 2.3¢ 1.49 D.87 0.81 0.69 0.12 1.64 1.63 0.0 56
H 10 1.98 |.58 0.40 4.75 0.8 0.06 1.02 1.02 o.00
H 36 Hat in city
F 13 0.28 0.24 0.04 0.11 0.10 0.01 0.29 0.2% o
H 8 0.17 0.12 0.05 0.06 0.05 6.0 0.14 O.14 o
F 20 0.05 0.04 G.01 0.02 0.02 Q 0.03 0.03 0
H 26 Not in elty &0
H 22 1.88 1.50 0,38 .71 0.66 0.05 1.00 .00 g.00 59
F ki 3.82 3.08 0.74 1.45 1.35 G.10 1.39 1.38 G.0I1
H 9 0.8l 0.67 ©.14 0.3 0.28  0.02 0.65 0.69 ]
H 1 a.05 0.04 ©.01 .02 0.02 a g0.05 0.05 o
Nagasaki
¥ 22 Apr 4l 1 0 o a o 0 0 1] 1] o
F 25 Sep &5 31 0 o Q Q 0 o o 0 o
F 2 Hov &% 25 4.85 477 D.LDE 2.02 2.01 .01 1.7¢ 1.79 o 1]
H 27 Feb 46 9 3.12 3.08 0.04 1.31 1.30 0.01 1,16 1.18 o 62
H G Feb &5 L2 3.75 3.70 0.05 1.57 1.56 0.01 1.18 1.18 a
H 15 Jan 46 15 5.50 5.41 0.0B 2.29 2.28 0.01 1.4 1 46 4]
F 15 Jan && 15 ot in ecity 56
H 26 Jan A6 13 Hot in eity

Dy =D, + D, Dy =gamma-ray dose and D, = neutron dose.
Dp=D,+Dy, D,=7#>v#it, D,=pfkFail.

M F I wos listed as MF#= with a misprint in Wood et al
» -

Woeod 6 OETIIRE T MF A MT S o T

.

2

TTlii.‘_i classification of small head size was determined roughly by sex with a criterion with at least two standard
deviations below mean between 16 and 19 vears of age. x denotes a small head size, and o not so. Note that

the death information is of 1 April 1987,
Yz, 1M A5 19EETOPHEDEL L2
[eRERIN sl o

eFH L, % 2 (T
cipal cause of death and others. FEMLT F O

Yy WURE2TE S

ALy

F4H1IAMGTAHEEZ L

T, Rl EmEmMcREL L.

it

o

a Heart failure (ICD =428), Epilepsy (345)
AL £ (1ICD=428), T A & A (345)
b Tuberculosis of intestines, peritonenm and mesenteric glands (014), pulmonary tuberculosis (011),
Tuberculosis of bones and joints (015).
NG, M T AR R ) o ot BERE(014), MEESHE(011), B A LG O R R (015)
¢ Malignant neoplasm of liver and intrahepatic bile ducts (155)
T8 R OF I I P9 BB 4 o J 0 7 S 4 (165)
d Heart failure (428), Epilepsy (345)
LA & (428), TA A (345)
e Other ill-defined and unknown causes of morbidity and mortality (799)

B CFFE (2 00 5T [ AT (799)
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APPENDIX 1 1 (Continued #f %)
Principal Date of
cause of death Age at the time of examination of head circumference (cm) &
Death(ICD)® Smal .
= - = = e e s e e as e 8 MF Ho
9 10 L3 15 16 17 18 1
Hiroshima
- = - = = 51.2 51.3 51.4 X
- - - *
5 2
= - - x9.0 49,8 50.7
- - - 50.0 -
38.4 (Aug 50): 39.8 (Feb 51) x
51.0 52.7 53.8 53.5 53.6 5).&@ 53.8 ©
Chart 47,4 (Aug 55) x 3
45.5 -46.3 47.0 47.0 - 51.0 49.6 49.6 49.6 9.6 x
- - x
= - x 3
S S x 3
_ x
49,8 - o A
- - o
3 - x
- x
h4.9 - N
- °
Nagasaki
50.4 .8 o 5§
54.4 4.7 ° 6
49.8 ok °
) 49,1 .1 ° 7
(799)h 14 Har. 62 43.9 ) .
48.7 2 2
$1.6 .2 o
51.6 .0 °

f Renal failure, unspecified (586), Nephrotic syndrome (581)
WEAM IR (GRG), F
g Accidental drowning and submersion (E910)

o1 kA
h (ICD 799)

b R O —-F s

VE (£ 910
e, General symptoms (780), Meningitis of unspecified cause (322

2 (322)

[Pa% 4]

- HeM hE K (T8
*Significant clinical findings
W1 O[] 7

2 Neanatal jaundice #74:!

1 Retarded sibling

3 Down’s syndrome Down 2
4 Japanese B encephalitis at age 4

S Possible birth trauma {#EZE S o7

ngenital lues & X!

7 Neurofibromatosis 1
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APPENDIX 2 THE DISTRIBUTION OF DS86 “FETAL” DOSE ESTIMATED BY DOSE GROUPS
AND THE METHOD OF DOSE ESTIMATION

k2 DS86 "BV WA RAEE M O 5, AER TR R O g e

Method of D586 Dose Category (Gy)
estimation <0.01 0.01-0.09 0.10-0.49 0.50-0.99 1.004
Direct 187 199 39 25
Indirect 559 14 2] 3 1
Total 559 201 207 42 26
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