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In the continued interest of accurately defining the late effects of the atomic bambs, the qualitative and
quantitative characteristics of the A-bomb radiation exposure doses are periodically refined. If warranted hy
future dose assessments, the data reporied here will be reanalyzed and subsequently reported.
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SUMMARY E . o

The prevalance of mental retardation in children s Eﬁmﬂﬁm&mg 2B A EEE R Mo SE s L

exposed in utero to the atomic bombs in e - e v
Hiroshima and Nagasaki has been reevaluated in RGP & OPiRE, SO0RYE 5 - HERR

reference to gestational age using three different fll, +%bb, TESSATHEEMA, #[EH Oak Ridge
kerma estimates, namely, the T65DR, ORNL, FFZERR - & e B it S OOKE] Lawrence Livermore

and LLNL, and two different tissue dose fac.tors, R LA RERI. B0, S 0Rs UM
those advocated by Kerr and by the National u B
Institute of Radiological Sciences. Gestational AR, T4abb, Kerr OFIIZE S0 LS

age is the most important factor in the determi- MEZESWMERICL200 LM THFEML .
nation of the nature of the insult to a developing TS R L, T I B O S AR BB RO A K 1o
organism from exposure to ionizing radiation. N ' ) L e
We have, therefore, examined the effects of SAAMEOHMEMS LTRVERIEFTHS,
radiation in reference to three gestational age LEdoT, REHOBEEZ => 06/ &,
groups: 10-17 weeks, 18 weeks and over, and all Fhbhh, 10—173M, 18 UL F & tF &m0t
gestational ages combined. -
Two principal findings emerge. First, although

the developing forebrain is undoubtedly vulner- ConEEAFRIEBENS. B2, KEEHIT
able throughout gesl:at_mn. the highest risk {.Jf S B A B 38 L C B T B B 1 o
damage occurs at the time when the most rapid
proliferation of mneuronal elements occurs, A, VAR ZARLE GO REMEO MMARL

namely, 10-17 weeks of gestation (as measured A LKN, vAb6, (FRIO~17HE (HREAED

from the onset of the last menstrual period). ) _ i Al G -
Overall, the risk is four times greater in these Mg SHALT)THS. £HHICRT, ZOMMl

weeks than in subsequent ones. Second, in this DN AZREALEOMMED affdm . BT,
period of rapid growth in neuronal cell number, MM A R R S o, mE

damage (expressed as subsequent mental retar- s B = : T
dation) appears linearly related to the dose the (Ri-mpe@abe LOMRAT 3)18, WEZRH

fetus receives. Indeed, the variation in frequency mRcHLTHREMEBCSS. ERMC, #H#RE
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of mental retardation with dose not explained
by a linear model is consistently not significant.
Radiation-related mental retardation in the later
stages of gestation (after the 17th week) is not
fully explicable by a linear model and the
observed values suggest that at these ages, a
threshold may exist.

INTRODUCTION

Studies of experimental animals®? as well as
clinical investigations of postconception pelvic
irradiation®™*  have demonstrated a damaging
effect of such exposure upon the development of
the fetus, and an increased prevalence of mental
retardation has been seen in children who were
exposed in utero to the atomic bombs in
Hiroshima and Nagasaki.>™'> Wood et al,® for
example, have established that the prevalence of
mental retardation in children exposed in utero
within 1,500m from the hypocenter is fivefold
higher than in the more distally exposed, and
suggest that the highest risk is associated with
exposure at gestational ages of 15 weeks or less.
In 1973, Blot and Miller'® (also Miller and Blot®)
attempted a reanalysis of mental retardation
(and small head size) using the tentative 1965
dose estimates!® instead of distances. They
examined the increasing prevalence using relative
risks and confirmed the results of Wood et al.®

Recently several developments have occurred
which impinge on the findings so briefly described
above, First, the appropriateness of the T65
exposure estimates has been questioned.'®™'®
Newer assessments have led to a small change
(37m) in the hypocenter in Nagasaki and more
importantly, suggest that the gamma ray estimates
used in the T65 calculations, in Hiroshima in
particular, may be too low at some distances and
the neutron too high at all distances. Moreover,
the energy spectra, particularly for neutrons,
may be different, notably “softer,” that is, less
energetic than earlier conjectured.  Second,
Hashizume et al'” have estimated the in utero
fetal exposures to radiations from the A-bombs,
and Kerr!® has given the estimates of absorbed
dose to a first trimester fetus in terms of tissue
kerma in air. While these latter estimates are
predicated on radiant energies of the kind
postulated in the T65 dosimetry, they provide,
nonetheless, the first and to date only bases for
assessing fetal absorbed doses. Finally, but no
less importantly, if vulnerability of a developing
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organ to radiation damage is related to rate of
growth, Dobbing and Sands'® studies of the
quantitative growth of the human brain provide
a compelling basis for expecting those children
exposed between 10 and 18 weeks of gestation,
as measured from the last menstrual period, to be
at the highest risk of mental retardation of all
children exposed in utero.

The principal purpose of this study is to examine
the effect of these developments on previous
assessments of the relationship of the prevalence
of mental retardation in children exposed in
utero to their estimated exposures.

MATERIALS AND METHODS

Wood et al® list 30 cases (22 in Hiroshima and 8
in Nagasaki) with mental retardation among
1,613 children (1,265 in Hiroshima and 348 in
Nagasaki), nonexposed and exposed in utero to
the A-bombs. Their study sample, one of the
major samples of ABCC-RERF,” is comprised
of three groups: 1) the proximally exposed
(within 2,000m), 2) distally exposed (3,000-
4,999m), and 3)nonexposed (10,000m or more).
The members of the latter two comparison
groups were matched by month of birth, sex,
and city to members of group 1.2021 11 1975,
§ cases among the 1,613 children examined by
Wood et al were excluded from the in utero
sample because they were found not to have
been born between 6 August 1945 and 31 May
1946 in Hiroshima or between 9 August 1945
and 31 May 1946 in Nagasaki. Nine additional
children, all in Hiroshima and none mentally
retarded, have been excluded here because the
information on the exposures of their mothers
was incomplete. Thus, the present inquiry is
based on 1,599 children (1,251 in Hiroshima and
348 in Nagasaki). All cases of mental retardation
were discovered by age 17 and a child was
deemed to be 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 un-
manageable or had been institutionalized.”®
Most of these children were never enrolled in
public schools but among those few who were,
the highest 1Q was 68.

Gestational Age
The report by Wood et al® was not used to
establish the gestational ages of the in utero
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population here analyzed except for the 30
subjects with mental retardation (Appendix 1).
Gestational ages are based on a special item,
“the estimated days of pregnancy at the time of
the bomb (ATB),” in Section 5 of the ABCC
Major Medical Examination Records (CD #319,
revised 18 February 1960). In the record, the
days of pregnancy ATB (gestational age) have
been determined from the first day of the last
menstrual period by the following procedure:

Gestational days (Y) = 280 — (Date of birth* — 6
or 9 August 1945)

Where the mean duration of pregnancy calculated
in this manner is taken to be 280 days, and *
denotes the date of birth obtained by an interview
with the individual or the mother, not the birth
report (koseki record). Gestational days were
changed to gestational weeks (G=Y/7) and the
latter was presumed to be zero if G<0. The birth
dates obtained at interview and from the birth
reports were the same for almost all children;
however, some discrepancies exist. In such
discrepancies, the birth date obtained at interview
was used. Delay of the birth report, particularly
for hirths occurring in December, was common
in these years and it is largely for this reason the
mother’s statement has been used.

The gestational age is theoretically the period
from the day of conception to the date of the
bomb, but this cannot always be reliably
established from the date of birth in the birth
report, particularly when a pregnancy terminated
prematurely. ~ Where possible, therefore, the
gestational age has been estimated by subtracting
the number of days between the date of the
bomb and the expected day of delivery. The
gestational ages (in weeks) of the 30 subjects
with mental retardation (Appendix 1), were
examined for consistency in the age used here
and the age given by Wood et al.® Almost all
of the ages were within one week of each other.
However, again a few discrepancies exist, namely,
six cases in Hiroshima (Master File numbers,
, and
and one in Nagasaki (MF ). The
hirth date of MF . for example, was 18
August 1945 in the medical chart. Gestational
age was either 29 weeks (Wood et al®) or 38
weeks (the present calculation). We have used
the gestational age given in the ABCC Major
Medical Examination Record in this instance.
The 266 cases (254 in Hiroshima and 12 in
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Nagasaki) without gestational ages were calculated
with the formula given above.

Dosimetry

Three different assessments of dose will be
examined. First, we present the tentative 1965
kerma estimates as revised (T65DR) three years
ago to take into account a relocation of the
epicenter in Nagasaki'® and corrected shielding
data. Recall that under the T65 system, gamma
ray and neutron exposures are assigned to each
individual separately based upon the stated
distance from the hypocenter and shielding.
The fetal absorbed dose estimates in this instance
were calculated with the correction factors of
Hashizume et al'” and Kerr.!® The latter is
called the Oak Ridge WNational Laboratory
(ORNL) tissue dose estimate and is based on
the correction factors, Dy*=0.42Dy+0.077D,,
and D,*=0.14 D,,, where D7y is the gamma ray
kerma dose and D, the neutron kerma dose.
The former is termed the National Institute of
Radiological Sciences (NIRS) tissue dose
estimate and is based on average factors Dy*=
0.66Dy+0.10D, for a range of values (0.62-
0.70)Dy and (0.095-0.11)D,, which cover
differences in shielding, orientation of the
survivor, and the like, and D,*=0.14D,, for an
analogous range of values, (0.12-0.16)D,,.
Since correction factors of different origin are
applied to the same values of kerma, the ORNL
and NIRS tissue gamma ray doses can differ
appreciably.

Second, an attempt has been made to appraise
the impact of the proposed changes in gamma
ray and neutron exposures on assertions based
on the T65DR dosimetry. At present, it is not
possible to estimate individual exposures under
the newly proposed changes in dosimetry except
for those individuals who were exposed in the
open, because revised building and body
shielding factors are not as yet available. It
appears clear, nonetheless, that they will be
different from those associated with the T65
dosimetry since, as pointed out, it is maintained
that the neutron dose in Hiroshima was much
lower than previously accepted and the energies
involved much “softer.” As a first approximation
to new individual doses, the 1,599 in utero
exposed individuals in this study are distributed
into 100m intervals from ground zero based
upon the stated distance from the hypocenter of
their mothers. To each successive interval the
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new ORNL and Lawrence Livermore National
Laboratory (LLNL) estimates of the gamma ray
and neutron exposures in air at mid-interval
have been assigned, that is, at 50, 150,250m, eic.,
from ground zero. These estimates were derived
from Figures 3-6 in Kerr'® in the case of the
ORNL assessment, and Figures 8, 9, and 22 in
Loewe and Mendelsohn'® for the LLNL studies.
The “free-in-air” doses at a given distance derived
from these figures have been attenuated according
to the average factors associated with the T65
dosimetry (Tables 3 and 5-10 in Milton and
Shohoji®®). This is, of course, equivalent to
assuming that factors for shielding by buildings
are invariant under the reappraisals, an unlikely
but presently necessary assumption as previously
stated, Marcum,n in an unpublished preliminary
assessment, suggests that the biggest change in
building shielding factors will be in gamma ray
rather than neutron exposure. He calculates that
the average gamma ray transmission factors will
be 0.55 and 0.50, for Hiroshima and Nagasaki,
respectively, rather than the 0.90 and 081
suggested by Milton and Shohoji.** 'If he is
correct, and the quality factor for neutrons is at
least three, the total kerma used here would be
appropriate; indeed, if this factor is more than
three, the effective exposure would be under-
estimated. At present, of course, the quality
factor can only be surmised for patently it
remains unknown. The point of this digression,
however, is to note the uncertainties that remain
at the biological level, after the recent dose
reassessments. These attenuated maternal
exposures were further diminished on the basis
of the body shielding factors of Hashizume et al'’
and Kerr.!® Individuals have then been aggregated
on the basis of their estimated combined gamma
ray and neutron absorbed exposures; the same
dose intervals are used in all three instances, that
is, for the T65DR, ORNL, and LLNL estimates.
Finally, to each dose category we have assigned
the mean combined dose, rounded to the nearest
rad since the various approximations used here
warrant no finer representation. Figure 1 gives
the distribution of mentally retarded individuals
exposed in utero to the Hiroshima and Nagasaki
A-bombs by gestational age at exposure in lunar
months and fetal absorbed dose based on T65DR
dosimetry and the body shielding factors of Kerr
(ORNL).'®

STATISTICAL MODELS
Customarily the effects of ionizing radiation are
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Figure 1. The distribution of mentally retarded individuals exposed in utero by gestational age
at exposure in lunar months and fetal absorbed dose based on the T65DR dosimetry and the
body shielding factors of Kerr (ORNL)4S
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viewed as either “‘stochastic,” if the probability
of their occurrence is a direct function of dose,
or “nonstochastic,” if it is the severity of the
effect which is exposure-dependent (almost
always in this instance there is a threshold).
Among individuals exposed to the Hiroshima
and Nagasaki A-bombs, it has been uncertain
whether mental retardation seen in some survivors
exposed in utero should be viewed as a stochastic
or a nonstochastic effect. Patently, the answer
to this uncertainty lies in the sequence of
biological events which culminate in the mental
retardation which is observed, but this sequence
remains conjectural, Given these biological
uncertainties, and the dosimetric ones previously
referred to, the analysis has been restricted to
the simplest possible, looking for evidence of a
statistically significant trend in the prevalence
of mental retardation as defined here with total
mean fetal absorbed dose (mean gamma ray +
mean neutron). This is tantamount, of course,
to assuming the relative biological effectiveness
(RBE) of neutrons to be one, an assumption to
which some will object. It is felt, however,
that the data are too sparse, and the neutron
exposures possibly too low to allow meaningful
separate estimates of the gamma ray and neutron
effects to be derived from the observations
themselves, that is, to yield estimates with
reasonably small sampling errors.

Two methods of analysis are used, Cochran’s
trend test®® (also Rothman and Boice?), essen-
tially a grouped, weighted linear regression,
which, however, uses the marginal variance in
the assessment of the significance of the trend,
and a weighted linear regression analysis which
evaluates error variation at each of the individual
dose stages. It should be noted that these two
methods of analysis give rise to the same
regression coefficient, but evaluate the error of
this coefficient differently. Cochran’s test seems
most appropriate when no significant trend is
observed, but since a trend seems clear, the
results of the weighted linear regression are
presented and the differences in the analytic
results are noted where such occur.

With a single exception (the set of data identified
as LLNL-NIRS), the exposure categories 100-199
and 200+ have been combined in the analyses.
The sample-size weighted mean dose has been
assigned to the combined categories. Thus, the
residual X%s (see Table 4) routinely have three
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degrees of freedom, and the exception just
mentioned has four degrees of freedom. No
adjustment has been made for the few zero
cells. The sparsity of the Nagasaki data has led
to contrasting the control group with all
exposure groups combined; as an estimate of
the exposure of the latter group the mean of the
sample-weighted means of the separate exposure
categories has been used.,

RESULTS

The occurrence of mental retardation in children
exposed in utero is piven by gestational age in
weeks for Hiroshima and the two cities combined
with fetal absorbed doses, based on the T65DR
dosimetry (Table 1), the ORNL assessment
(Table 2), and the LLNL evaluation (Table 3),
Within each of these three tables, the occurrences
are displayed for the two different body attenu-
ation estimates, those of Hashizume et al (NIRS)
and Kerr (ORNL). The average exposure
assigned to each interval for ‘‘both cities™ is the
mean of the individua! city means for this
interval weighted by their sample sizes.

As is evident from the distributions in these
three tables, an increased risk of mental retar-
dation is observed with an increase in dose for
gestational ages 10-17 weeks and also, but to
a lesser extent, in the gestational age group of
18 weeks or more, However, no mentally
retarded subjects of less than 10 weeks gestational
age were seen in the exposed groups, only in
the control group. It should be noted that
this may be fortuitous, because cases of mental
retardation within this gesjational age set are
seen in the control group, and presumably the
same factors which lead to the latter instances
are operative on the exposed group as well.
Most of the retarded subjects are in Hiroshima
and were exposed at 10-17 weeks of intrauterine
life; indeed, the relative risk for exposures at
these weeks is four times that for exposure at
18 weeks or later,

Table 4 strives to summarize the various analyses.
First, observe that for all three systems, there is
a highly significant increase in the occurrence
of mental retardation with dose in Hiroshima as
well as in the pooled city data for all gestational
ages, for 10-17 weeks, and for 18 weeks or more.
Second, note that the ratio of the slope of
occurrence on dose for 10-17 weeks and for
18 weeks or more varies about a fourfold
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TABLE 1a MENTAL RETARDATION IN CHILDREN EXPOSED IN UTERO TO THE ATOMIC BOMBS BY CITY AND FETAL
ABSORBED DOSE, BASED ON THE T65 REVISED DOSIMETRY, FOR DIFFERENT GESTATIONAL AGES.
FETAL ABSORBED DOSES ARE BASED ON THE BODY SHIELDING FACTORS OF KERR (ORNL)}®

#£1a RAKEEOMIBENY, R2sEAER, BT, J U T65 AT litHEE 1= & 3 BE R T s At 51,
Ja B R AER T2, Kerr (ORNL )™ 04 f5ifikim i (.

€8-1 9L 14934

B AERs All gestational ages 0-9 weeks 10-17 weeks 18 weeks or more
category fet?rlai?se Subjects Retarded % Subjects Retarded % Subjects Retarded %  Subjects Retarded %
Cities combined
Control 0 1085 9 0.8 210 1 0.5 257 2 0.8 618 6 1.0
1-9 - 292 4 1.4 55 0 0.0 69 3 4.3 168 1 0.6
10-49 23 169 4 2.4 26 0 0.0 50 4 8.0 93 0 0.0
50-99 12 34 6 17.6 2 0 0.0 13 4 30.8 19 2 10.5
100-199 131 15 5 2 0 6 5 7 0
200+ 274 4 ) 368 o o 00 3 1} 667 1 1] 128
Total - 1599 30 19 295 1 0.3 398 19 48 906 10 1.1
Hiroshima
Control 0 832 5 0.6 149 0 0.0 210 0 0.0 473 5 1.1
1-9 4 269 4 1.5 50 0 0.0 65 3 4.6 154 1l 0.6
10-49 23 120 4 3.3 15 0 0.0 38 4 10.5 67 0 0.0
50-99 72 22 6 273 0 0 0.0 11 4 36.4 11 2 18.2
100-199 137 7 3 1 0 3 3 3 0
200+ 438 1 gt 35 s of B0 1 g 750 0 ol 00
Total - 1251 22 1.8 215 0 0.0 328 14 4.3 708 8 1.1
Nagasaki
Control 0 253 4 1.6 61 1 1.6 47 2 4.3 145 1 0.7
1-9 7 23 0 0.0 3 0 0.0 -+ 0 0.0 14 0 0.0
1049 22 49 0 0.0 11 0 0.0 12 0 0.0 26 0 0.0
50-99 71 12 0 0.0 2 0 0.0 2 0 0.0 8 0 0.0
100-199 126 8 2 1 0 3 2 4 0
200+ 219 3 g) A o af 08 2 1} 600 1 1} 200
Total - 348 8 23 80 1 1:3 70 5 =1 198 2 1.0
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TABLE 1b MENTAL RETARDATION IN CHILDREN EXPOSED IN UTERQ TO THE ATOMIC BOMBS BY CITY AND FETAL
ABSORBED DOSE, BASED ON THE T65 REVISED DOSIMETRY, FOR DIFFERENT GESTATIONAL AGES.
FETAL ABSORBED DOSES ARE BASED ON THE BODY SHIELDING FACTORS OF HASHIZUME et al (NIRS).'”

F1b JENERE MR B 0B, B, R0 TES AT RHEE 12 £ B e T LAt
RN hL i, B s (BRIEMY oS AERGRH5<.

Absorbed All gestational ages 0-9 weeks 10-17 weeks 18 weeks or more
Dose
e fetal dose —_
calegory (rad)  Subjects Retarded %  Subjects Retarded % Subjects Retarded %  Subjects Retarded %
Cities combined
Control 0 1076 9 0.8 207 1 0.5 255 2 0.8 614 6 1.0
1-9 4 234 4 1.7 43 0 0.0 52 3 5.8 139 1 0.7
10-49 23 202 2 1.0 34 0 0.0 56 2 3.6 112 0 0.0
50-99 67 46 4 8.7 T 0 0.0 18 4 22.2 21 0 0.0
100-199 133 29 5 2 0 10 3 17 2
5
200+ 293 12 61 268 2 ol 00 7 s 411 3 o150
Total - 1599 30 1.9 295 1 0.3 398 19 4.8 906 10 1.1
Hiroshima
Control 0 827 5 0.6 146 0 0.0 209 0 0.0 472 5 1.1
19 5 226 4 1.8 43 0 0.0 51 3 59 132 1 0.8
10-49 23 142 P 14 20 0 0.0 43 2 4.7 79 0 0.0
50-99 67 35 4 114 5 0 0.0 14 4 28.6 16 0 0.0
100-199 134 17 5 0 0 8 3 9 2
Srifi: ast 4 2} 133 1 0! 0.0 5 2} 455 o o} 222
Total - 1251 22 1.8 2158 0 0.0 328 14 43 708 8 11
Nagasaki
Control 0 249 4 16 61 1 1.6 46 2 4.3 142 1 0.7
19 o] 8 0 0.0 0 1] 0.0 1 0 0.0 7 0 0.0
10-49 24 60 0 0.0 14 0 0.0 13 0 0.0 33 0 0.0
50-99 69 11 0 0.0 2 1] 0.0 -+ 0 0.0 5 0 0.0
100-159 131 12 0 2 0 2 0 B 0
2
200+ 264 8 4 } 400 1 0 } 9.0 4 3 } 300 3 1 } 91
Total = 348 8 23 80 1 t e 70 5 s | 198 2 1.0
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TABLE 2a MENTAL RETARDATION IN CHILDREN EXPOSED IN UTERO TO THE ATOMIC BOMBS BY CITY AND FETAL

FETAL ABSORBED DOSES ARE BASED ON THE BODY SHIELDING FACTORS OF KERR (ORNL) A6

ABSORBED DOSE,BASED ON THE ORNL REVISED DOSIMETRY, FOR DIFFERENT GESTATIONAL AGES.

$ 2. ENEEEREOmAERE, B 5 IAMNEES, BB, B U ORNL SaT#RIEHEE 12 & 5 I T Mg bt
B o0& bt 12, Kerr (ORNL )™ 0 & ERUR EUZ 35 { .
Absorbed All gestational ages 0-9 weeks 10-17 weeks 18 weeks or more
Do fetal dose
eategory (rad)  Subjects Retarded %  Subjects Retarded % Subjects Retarded % Subjects Retarded %
Cities combined
Control 0 1073 9 08 206 1 05 255 2 08 612 6 1.0
1-9 5 249 3 12 55 0 0.0 58 2 34 136 1 07
10-49 22 230 7 30 29 0 0.0 67 6 9.0 134 1 07
50-99 72 25 3120 3 0 0.0 8 3 375 14 0 00
100-199 126 18 8 1 0 8 6 9 2
200+ 401 4 o) 364 1 ol 00 2 gt 9090 1 ol 200
Total . 1599 30 19 295 1 03 398 19 48 906 0 11
Hiroshima
Control 0 826 5 06 146 0 00 208 0 00 472 5 1.1
19 5 222 3 14 47 0 0.0 55 2 36 120 1 08
10-49 23 185 7 38 21 0 0.0 56 6 107 108 1 09
50-99 76 10 3300 0 0 0.0 5 3 600 5 0 0.0
100-199 126 7 4 1 0 3 3 3 1 .
200+ 472 1 o} S00 0o o 00 1 pF 150 0 ol 333
Total . 1251 2 18 215 0 0.0 328 14 43 708 g8 1.1
Nagasaki
Control 0 247 4 1.6 60 1 1.7 47 2 43 140 1 0.7
1-9 4 27 0 00 8 0 0.0 3 0 00 16 0 00
1049 21 45 0 00 8 0 0.0 11 0 00 26 0 00
50-99 69 15 0 00 3 0 0.0 3 0 0.0 9 0 00
100-199 125 11 4 1 0 5 3 6 1,
200+ 377 3 o} 286 o of 00 1 of 300 1 gl 143
Total 2 348 g8 23 80 1 1.3 70 5T 198 210
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TABLE 2b MENTAL RETARDATION IN CHILDREN EXPOSED IN UTERO TO THE ATOMIC BOMBS BY CITY AND FETAL
ABSORBED DOSE, BASED ON THE ORNL REVISED DOSIMETRY, FOR DIFFERENT GESTATIONAL AGES.
FETAL ABSORBED DOSES ARE BASED ON THE BODY SHIELDING FACTORS OF HASHIZUME et al (NIRS)."”
#2b MEAEEEO IR, B SMEMEE, fBd, AU ORNL SraT#0HERE (2 & 2 T4 R me st i,

MERRAR AR AR, GRS S CRIEAR)YT O 5 (ERE R oo 4T (L

Absorbed All gestational ages 0-9 weeks 10-17 weeks 18 weeks or more
Dose
it fetal dose
Aoy (rad) Subjects Retarded 9%  Subjects Retarded % Subjects Retarded 9%  Subjecis Retarded %
Cities combined
Control 0 1073 9 08 206 | 0.5 255 2 08 612 6 1.0
1-9 6 186 3 1.6 40 0 0.0 39 2 5.1 107 1 0.9
10-49 21 221 2 0.9 27 0 0.0 63 2 32 131 0 0.0
50-99 61 79 5 6.3 12 0 0.0 26 4 15.4 41 1 2.4
100-199 157 35 10, 9 0, 12 8 14 2
27. ; 3.3
200+ 557 5 l} 13 1 0! 0.0 3 1} 600 1 0} 13
Total = 1599 30 1.9 295 I 0.3 398 19 4.8 206 10 1.1
Hiroshima
Control 0 826 5 0.6 146 0 0.0 208 0 0.0 472 5 1.1
1-9 6 170 3 1.8 35 0 0.0 38 2 5.3 97 1 1.0
1049 21 173 2 1.2 24 0 0.0 50 2 4.0 99 0 0.0
50-95 59 64 5 7.8 9 0 0.0 23 4 17.4 32 1 3.1
100-199 143 16 6 1 0y 7 5 8 1
200+ 506 2 1 } 389 0 0 a0 2 1 } 66 0 0 bos
Total - 1251 22 1.8 213 0 0.0 328 14 4.3 708 8§ 1.1
Nagasaki
Control 0 247 4 1.6 60 1 1.7 47 2 4.3 140 1 0.7
1-9 7 16 1] 0.0 5 0 0.0 1 0 0.0 10 0 0.0
1049 22 48 0 0.0 3 0 0.0 13 0 0.0 32 0 0.0
5099 70 15 0 0.0 3 0 0.0 3 0 0.0 9 0 0.0
100-199 169 19 4 8 0, 5 3 6 1
2 f i ) =
200+ 591 3 ol 18 1 ol 90 1 g 500 1 o} 143
Total - 348 8 2.3 80 i 1.3 70 5 7.1 198 2 1.0
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TABLE 3a MENTAL RETARDATION IN CHILDREN EXPOSED IN UTERO TO THE ATOMIC BOMBS BY CITY AND FETAL
ARSORBED DOSE, BASED ON THE LLNL REVISED DOSIMETRY, FOR DIFFERENT GESTATIONAL AGES.

FETAL ABSORBED DOSES ARE BASED ON THE BODY SHIELDING FACTORS OF KERR (ORNL)."®
£330 [RAEEEOmMAEE, B4 alG00HRs, W, AU LLNL ATHEHEE (2 &5 6 RBIURRE].
5L, Kerr (ORNL )™ 0 5 R R 80z 365 €.

£8-1T M1 Jd9H

Dose Absorbed All gestational ages 09 weeks 10-17 weeks 18 weeks or more
fetal dose
v (rad) Subjects Retarded 9%  Subjects Retarded % Subjects Retarded %  Subjects Retarded %
Cities combined
Control 0 1073 9 0.8 206 1 0.5 255 2 0.8 612 6 1.0
1-9 4 197 3 15 43 0 0.0 41 2 49 113 1 0.9
1049 23 262 5 1.9 38 0 0.0 80 5 6.3 144 0 0.0
50-99 75 45 5 11.1 6 0 0.0 12 4 333 27 1 3.7
100-199 141 17 7 1 0 7 5 9 2
3 . 4 J
200+ 403 5 b Ao y  gF 98 3 I 600 1 o} 200
Total - 1599 30 1.9 295 1 0.3 398 19 48 906 10 1.1
Hiroshima
Control 0 326 5 0.6 146 0 0.0 208 0 0.0 472 5 1.1
1-9 4 170 3 1.8 35 0 0.0 38 2 5.3 97 1 1.0
10-49 23 217 5 2.3 30 0 0.0 69 5 T2 118 0 0.0
50-99 76 30 5 16.7 3 0 0.0 9 4 444 18 1 5.6
100-199 154 6 3, 1 0 2 2 3 1
00k 450 2 | 1 500 0 o} 0.0 5 1} 75.0 0 0} 2l
Total - 1251 22 18 215 0 0.0 328 14 4.3 708 8 1.1
Nagasaki
Control 0 247 4 1.6 60 1 1.3 47 2 4.3 140 1 0.7
1-9 -+ 27 0 0.0 8 0 0.0 3 0 0.0 16 0 0.0
10-49 22 45 0 0.0 g 0 0.0 11 0 0.0 26 0 0.0
50-99 73 15 0 0.0 3 0 0.0 3 0 0.0 9 0 0.0
100-199 134 11 4 0 0y 2 34 6 1
i 312 3 O}_ 28.6 . o} 00 i o1 500 1 0} 14.3
Total - 348 8 0 1 13 70 S 7.1 198 2 1.0
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TABLE 3b MENTAL RETARDATION IN CHILDREN EXPOSED IN UTERO TO THE ATOMIC BOMBS BY CITY AND FETAL
ABSORBED DOSE, BASED ON THT. LLNL REVISED DOSIMETRY, FOR DIFFERENT GESTATIONAL AGES.
FETAL ABSORBED DOSES ARE BASED ON THE BODY SHIELDING FACTORS OF HASHIZUME et al (NIRS).!”
#3b MM EOmARER, N S IGPGERG, A0l AT LLNL AT HEE 12 & 5 YT 0R s it B
IR A A Wik, BEAS 5 (RS o b (hEfdR s o <.

Absorbed All gestational ages 09 weeks 10-17 weeks 18 weeks or more
Dose
fetal dose
calegory (rad)  Subjects Retarded 7%  Subjects Rctarded % Subjects Retarded %  Subjects Retarded %
Cities combined
Control ] 1073 9 0.8 206 1 0.5 255 2 0.8 612 6 1.0
1-9 5 130 0 0.0 29 0 0.0 25 0 0.0 76 0 0.0
1049 21 277 3 1.8 44 0 0.0 76 4 5.3 157 1 0.6
50-99 71 59 3 &1 10 0 0.0 22 3 136 27 0 0.0
100-199 123 38 S 132 4 0 0.0 10 4 40.0 24 1 4.2
200+ 308 22 8 364 2 1] 0.0 10 6 60.0 10 2 20.0
Total - 1599 30 1.9 295 1 0.3 398 19 4.8 906 10 1.1
Hiroshima
Control 0 526 5 0.6 146 0 0.0 208 0 0.0 472 5 1.1
1-9 4 114 0 0.0 24 0 0.0 24 0 0.0 66 0 0.0
10-49 0 229 5 22 35 0 0.0 64 4 6.3 130 1 0.8
50-99 71 44 3 6.8 6 0 0.0 19 3 15.8 19 0 0.0
100-199 120 30 5 16.7 3 n 0.0 9 4 44 4 18 1 5.6
200+ 362 8 4 50.0 1 0 0.0 4 3 75.0 3 1 333
Total - 1251 22 1.8 218 0 0.0 328 14 43 708 8 1.1
Nagasaki

Control 0 247 4 1.6 60 1 1.7 47 2 4.3 140 1 0.7
1-9 6 16 0 0.0 5 0 0.0 1 0 0.0 10 0 0.0
10-49 22 48 0 0.0 ) 0 0.0 12 0 0.0 27 0 0.0
50-99 73 15 0 0.0 4 ] 0.0 3 0 G.0 8 0 0.0
100-199 134 8 0 0.0 1 0 0.0 1 0 0.0 6 0 0.0
200+ 277 14 4 28.6 1 0 0.0 6 3 50.0 7 1 14.0
Total - 348 8 23 80 1 1.3 70 5 7.1 198 2 1.0
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TABLE 4 A COMPARISON OF THE RELATIONSHIP OF MENTAL RETARDATION TO FETAL
EXPOSURE UNDER THREE DIFFERENT ASSESSMENTS OF THE “FREE-IN-AIR"
EXPOSURES AND TWO DIFFERENT SETS OF BODY ATTENUATION FACTORS.
SEE TEXT FOR FURTHER EXPLANATION

#d CSODRLLBR'EBEEERL " o0RL 5 S HBRBENKC B S
e RRCRRRRAL & AnhER A S ORRO e BRI L Tt A A

Cities combined Hiroshima only

2 2 2 2
b Sb XReg XRes PRres b 5b XReg X Res PRes

Assess- Atten.
ment factor

All gestational ages

165 ORNL  0.212 0.030 49.94** 597 0.113 0.243 0.051  22.70%* 3.47 0.325
NIRS 0.135 0.020 45.56%* 721 0.065 0.173 0.025 47.89%% 5.81 0.121

ORNL ORNL 0.187 0.020 87.42** 448 0214 0275 0.048 32,82+ 19.95%* (0.000
NIRS 0.121 0.016 57.19** 7.63 0055 0.179 0.034 27.72%%  33.36%* 0.000

LLNL ORNL 0.160 0.023  48.39*%* §.38+* 0.039 0.198 0.031  40.80%* 10.18*  0.017
NIRS 0.107 0.010 114.49%* §.19 0.085 0.130 0.010 169.00%* 6.14 0.105
10-17 weeks

T65 ORNL 0403 0.024 281.96** 125 0.741 0.448 0.033 184.30%* 299 0.425
NIRS 0.258 0.031 69.27** 484 0.184 0.276 0.047 34.48%* 6.19 0.104

ORNL ORNL 0.355 0.033 11573%** 085 0.837 0503 0.079 40.54%% 2.06 0.560
NIRS 0.278 0.024 134.17** 375 0290 0.345 0.034 102.96%* 1.72 0.632

LLNL ORNL 0.307 0.035 76.94*% 240 0494 0369 0.065 3223%= 4.79 0.188
NIRS 0.207 0.023  81.00%* 1.61 0807 0.235 0.032 53.93%* 3.01 0.556

18 weeks or more

T65 ORNL  0.077 0.032 5.79* 419 0.242 0.065 0.072 0.82 6.01 0.111
NIRS 0.062 0.024 6.67* 5.61 0.132 0.084 0.039 4.64% 5.99 0.112
ORNL ORNL 0.076 0.033 5.30% 449 0213 0.100 0.059 287 4.50 0.212
NIRS 0.050 0.016 9.77** 384 0.279 0.048 0.019 6.38% 2.59 0.459

LLNL ORNL 0.070 0.026 7.25%* 632 0.097 0.087 0.041 4.50* 6.49 0.090
NIRS 0.046 0.014  10.79** 540 0.249 0.058 0.020 8.4 5.03 0.284

xf{e g has one degree of freedom; x;es has three degrees of freedom except cases labeled LLNL-NIRS where
there are four. Pp . is the probability (two-tailed) of exceeding the xées by chance under the null hypothesis.
b is the increase in the frequency of mental retardation with dose expressed in gray (100 rad) and 81, 18 its
standard error. *Significant at the 5% level. **Significant at the 1% level.

TReg WEHIE 1, xh  EHME S, £ L, LLNL-NIRS b LCREAALOIEE B 4, Pres'd MERHROLET
TRes LB ZHER (M) . bt gray (100 rad ) THENL BRI 120 S AR EEUE D RN T4 sy 1L E 0 EEAR L,
*souktThE, X kTR,
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increase.  Third, in the “both cities™ data,
without exception, the variation in occurrence
with dose when exposure occurred in the 10th
through the 17th week is largely accounted for
by a linear model. Somewhat differently put,
the residual X* is never significantly large and
thus there is little or no suggestion of a nonlinear
element (or possibly a threshold) in the dose-
response function. The number of observations
is, of course, small and thus the ahility to
discriminate between linear and nonlinear models
is limited. However, at face value, a linear fit
is more persuasive here than in the data for the
18th week or later. Perusal of these latter
observations discloses a paucity of cases at fetal
absorbed doses of less than 50rad. The Hiroshima
data alone show similar, but less consistent
effects. Finally, it is noted that within a given
dosimetry, but for all three systems, the choice
of the organ dose factor used is relatively
unimportant.  Although the regression coef-
ficients associated with the two different factors
vary, as would be expected, in no instance would
one be led to a different conclusion about the
significance of the dose-response relationship
through the use of one rather than the other
facror.

Three observations conceivably could compro-
mise these assertions. First, some of these
individuals have health problems, presumably
nonradiation related, which could account for
their mental retardation; second, the 25 cases of
mental retardation among the in utero exposed
(not-incity excluded) described here do not
constitute all of the mentally retarded among the
in utero exposed; and third, there is the dif-
ference which appears to obtain between
Hiroshima and Nzgasaki in the frequency of
radiation-related mental retardation. Insofar
as the first of these matters are concerned,
three of these children are known to have, or
have had Down’s syndrome (MF

and and a fourth, Japanese encephalitis
in infancy (MF{JJl). 1t is conceivable that in
these instances the mental retardation was
merely a part of the former syndrome or
secondary to the infection, but in either event
not radiation related. Exclusion of these
children does not, however, alter the findings
appreciably; thus, for example, for the T65DR
dosimetry and the ORNL body factor (Table 1a)
we find:
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2 2
b b xReE *Res PRes
Cities combined i & it 10-17 weeks 8
Included f&ot++ 0403 0.024 291.46%%* 1.25 0.74
Excluded B #+ 0.395 0.046 72.23%# 3.62 0.31
18+ weeks
Included B4 0.077 0.032 5.78% 4.19 0.24
Excluded B 7+ 0.079 0.032 5.95% 6.43 0.09
Hiroshima [ B 10-17 weeks #
Included BE&¥-t7  0.448 0.033 180.44 %+ 2.19 0.43
Excluded F ot 0.433 0.053 66.50%* 3.82 0.28
18+ weeks 8
Included ot 0.065 0.072 0.82 6.01 0.11
Excluded [ 0.069 0.073 0.89 7.54 0.06

*Significant at 5% level
G AMTHE

**Significant at 1% level
1%hETHE

where b is the slopezof the frequency on dose in gray; sy, is its standard error,
and the XReg 804 X are the significance of the slope and a test of linearity
(P g is the probability associated with the latter).

REL, bllgray TELARRIMTIMEO DR, s GEBME xh L xh
OROTBERC RERORE L FT (Pp,, BRECWET 350#),

With respect to the second, it should be noted
that the study of Wood et al® excluded those
children whose mothers were within 2,000-
2,999m from the hypocenter ATB. The rationale
for this was severalfold.?"®  First, available
evidence then and subsequently suggests that
exposures in this interval were small and thus
these cases would contribute little to an assess-
ment of the effects of moderate to high
exposures. It should be borne in mind that 20
years ago the burden of proof rested on the
unequivocal establishment of an effect at
moderate to high doses; interest had not yet
focused on the risks associated with low levels
of exposure. Second, the exclusion of this
interval was intended to create a distinct distance

(presumably dose) discontinuity between the
so-called proximally and distally exposed.
Nevertheless, some 601 children (428 in

Hiroshima and 173 in Nagasaki) are known to
have been exposed in utero at 2,000-2,999m.*!
Of these, approximately 190 (145 in Hiroshima;
45 in Nagasaki) were under 18 weeks of gestation
ATB. It is difficult, however, to determine the
exact number of exposed and their gestational
ages, for these children have not been scrutinized
nor followed with the same care as the other
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comparison groups (the distally exposed and
not-in-city),  Presumably the absorbed fetal
dose of most, if not all of these, individuals
would place them in the less than 1rad group and
hence in the control. The inclusion of the
mentally retarded children among these 601
could, of course, diminish the sampling error
associated with the observed control value.
But since they have not been systematically
studied, we cannot specify exactly how many
are mentally retarded. However, in 1966,
Kawamoto reported that of the 173 children
exposed in utero between 2,000-2,999m in
Nagasaki, 5 were microcephalic of which 3
were mentally retarded. Hirai (Tabuchi et al?®)
examined the head sizes of some 288 of the 428
individuals exposed in utero in Hiroshima in the
interval 2,000-2,999m. Tabuchi et al®* found
nine of these children to have head circumfer-
ences (in 1965) two or more standard deviations
below the mean for their sex (none were below
three standard deviations).  Three of these
children were ostensibly exposed in the interval
10 through 17 weeks and six in the weeks
thereafter (Table 2%). Unfortunately, they do
not state how many were mentally retarded;
however, Wood et al® found only 8 of 71 in
utero exposed selected for detailed study because
of small head size to be mentally retarded. We
also know that among the mentally retarded
reported by Wood et al® approximately 50% had
head sizes less than the mean by two standard
deviations. We may infer, then, that five cases or
so of mental retardation are to be found among
the children seen by Hirai in the 2,000-2,999m
zone. Somewhat differently put, there is no
compelling evidence to suggest that the fre-
quency of mental retardation in this group of
children, that is, those exposed in the distances
2,000-2 999m, is different from that found in
the present control group.

Finally, there is the issue of intercity differences.
Comparisons of the control groups in Nagasaki
with those in Hiroshima fail to reveal statistically
significant differences, although at face value,
the frequency of mental retardation is severalfold
higher in Nagasaki than in Hiroshima. Similarly,
a simple comparison of the frequency of mental
retardation in the control with that in the
exposed in Nagasaki for all six dosimetry-absorbed
dose factors fails to disclose a single significant
difference. If, now the absolute risk of mental
retardation per rad of absorbed dose seen in
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Hiroshima is used to predict the expected
number of cases of mental retardation among
the in utero exposed in Nagasaki (all gestational
ages), four to nine cases would be expected
giver the average exposure of these survivors
(recall this average varies with the free-in-air
dose and body shielding factors used). Most of
these numbers are higher than the number
observed (four), but not significantly so. This
has been previously noted and has been ascribed
to the difference presumed to obtain between
the cities in neutron exposure.”'® But the newer
estimates of dose make this explanation unpersua-
sive. However, a significant difference between
the cities does exist in the proportion of
survivors exposed in the most critical gestational
period, that is, 10-17 weeks. Only 23 individuals
of the 348 who constitute the in utero cohort
in Nagasaki were exposed at these weeks in
development, and 14 of these persons received
an absorbed dose of less than 50rad.

DISCUSSION

Exposure of an embryo or fetus to relatively high
doses of radiation can cause death, malformation,
growth retardation, and functional impairment.
Fetal tissues, in general, especially during the
period of organogenesis, have been reported to
be extremely sensitive to ionizing radiation.
Wood ¢t al”® have indicated that mental retar-
dation is most closely related to maternal
exposure within 1,500m of the hypocenter, and
to gestational ages of less than 15 weeks. Blot
and Miller!® have noted that in Hiroshima the
risk of mental retardation is significantly increased
among children whose mothers were exposed to
doses of more than 50rad, as compared with a
minimum dose of 200rad in Nagasaki (tissue
kerma, not absorbed fetal, doses). They also
reported, as noted by Wood et al,® that the
gestational ages of exposed children with mental
retardation spanned 6-27 weeks, with the
concentration especially heavy in the first half
of this period. However, according to the
present gestational ages, no case of mental
retardation was seen in any child exposed in
utero at a gestational age of less than 10 weeks
as previously stated.

Most organogenesis in the human is over by 9 or
10 weeks of gestation, but development of the
telencephalon (e.g., the cerebral hemispheres),
proceeds rapidly during the 10-17 week period
of gestation. Indeed, Dobbing and Sands'

20

R ORGAHEE (ZRNEE) 2510 5 kR ks
DHFRETHT 2L, ChCOBARBREOTEY
WERARR (220, ZRBBRUABE s L 3 AR
BREFEMLEMTE)2E525h1E, 445 9
DHEEGEBHAVHFENE. Zhooo £ < 3
Bl R Rawd, FEEELe. ZhiML Tl
BEIHRENTENTEY), W e k7S st
NECLZLEDESNTVRA Y UL, HilLw
MRMEEECOHRMEHB I IAGELDIIF 3 &
BELs. LALLEAE, REBELIEAMETH S
0~ IR L 24 B L TR T BN
TETS. RGOMRMAKBE+MN 3 3485 h
BEOLHFEFEE O ZOMBCBRLTEY,

IDIBMUMBEHNSOrad LI FOMINSRAYZFT WA,

£ =

B VLAY I ey i v B MR BL o IR+ 5 &, SR,
W, MERH R ORI E BT 5, Bk,
Mol oallek, FFRMEREMO L O TR HIC
T ST ER I B LIFELEENT S,
Wood 57 8 13, #IfERFA, LA 51,500m
LIAIZ &5 00 5 B8 oo M 2 O fid 19 3 i 1558 1) P o0
PEMELIEF CROMEM S S e RBL TS

Blot & Miller (4, B IZH 1 5 maeEiro ) 2 ¥
3, Bl O RARSAL 200vad L ERWEL T, S0vad 3 |-
OARE L 2o TR E NSRS
ZERMELA(ZhoOBRITHRBRIHRETIES
FEA -~ BB THS), Wood £ AEWHLALS
MR LT A BARERO
JEAEES L 6 ~278Ichia N, oo Mo s
BhLTuaEHELL. UL, 2EOKRAER:
v, B LA LSz, 1AL Fo KB
MRS I miE R R L ED s h 2o 2.

B SR -

EPORMBREGIER 2L I0EBTH
e (2 1F, REER OREGERII0-1780
HMHEIAE I Z#ED, £, Dobbing & Sands™ (%,

T35,



suggest that the adult neuronal cell number in
man may largely be achieved by 18 weeks of
gestation. This is not to imply that some cells
do not divide later nor that many do not survive.
They contend that the later-dividing neuroblasts
do not seem to influence the two-phased nature
of neuroblast multiplication they have described.
The implications of their findings are far-reaching.
Thus, if mental retardation entails the loss of
some x or more of n functional neuronal cells
of the adult, irradiation after the achievement of
the adult number of cells must induce not less
than x events (presumably cell deaths) if mental
retardation is to occur. Whereas, if, say, one
cell doubling occurred every 48 hours or so
during the log phase of neuronal multiplication,
the loss of one cell at the end of the 10th week
of gestation would be tantamount to the loss of
approximately 2% cells at the beginning of the
18th week, or more precisely, some 50 days
later. Patently, fewer cells are at risk at 10 weeks
than at 18, but the consequence of the loss of a
single cell doubles with each intervening cell
division. It is interesting to note in this
connection that four of the in utero exposed
have come to autopsy; of these four, two
(MFﬂand-J had been found to be
mentally retarded and two (MF_ and
-] not. Brain weights in the former two
instances were conspicuously low, namely, 840g
(at age 16) and 1,000g (at age 20); whereas in
the latter two, brain weights were 1,440g (at age
9) and 1,450¢g (at age 29). Notwithstanding these
observations, is a linear dose-response relationship
such as the data from 10-17 weeks suggest bio-
logically plausible? An implicit premise in this
relationship is that cells lost because of the loss of
neuroblasts are not replaced by augmented
division of the survivors. Experimental evidence
shows the latter premise to be incorrect insofar
as retinal neuroblasts are concerned, but need
this be true for cerebral neuroblasts? Anawesome
implication of the linear model is a doubling dose
for mental retardation of about 2rad (fetal
absorbed dose). But if replacement does occur,
there exists the possibility of a true dose
threshold for cerebral damage,

These findings also impinge on the somewhat
controversial role of maternal malnutrition on
subsequent mental performance of the ferus, and
the possible interaction of such malnutrition
with radiation damage. [f mental retardation
can stem either from a significant diminution in
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the total number of neurons of the forebrain or
a failure to develop the appropriately complex
synaptic network, malnutrition or radiation, for
that matter, could conceivably influence either
neuronal multiplication or the establishment of
the requisite synaptic network. An extensive
experimental literature, largely on rodents,
describes the effects of prenatal malnutrition on
the number of cells in the placenta, of brain
cells at birth and weaning as well as the brain
response to postnatal malnutrition. Cell numbers
are reduced and an increased response to
postnatal malnutrition is seen. But the relevance
of these observations to the human experience
has been questioned. There are clear species
differences in brain development.'® Unfortu-
nately, the information on man is limited although
there are data which show that maternal malnutri-
tion affects placental growth by decreasing
DNA content or cell number.

It is also known that marasmic infants, under-
weight at birth who die of malnutrition during
the first year of life, have brains which are much
smaller in wet and dry weight than normal (60%)
and total RNA, total cholesterol, total phos-
pholipid, and total DNA content proportionally
reduced®”; DNA synthesis is slowed, cell division
curtailed, and a reduced number of brain cells
are seen.”’ Marasmic infants of normal birth
weight tend not to show these effects. The
Dutch famine study, too failed to show an effect
of famine, in a previously well-nourished

population, on mental retardation although
social class distinctions were still clearly
visible.??®  These various observations have

prompted Winick® to assert cautiously that
“both animals and humans suggest that early
malnutrition before or shortly after birth will
curtail the rate of cell division, resulting in a
brain with fewer cells. In addition, myelination,
arborization of dendrites and secretion of certain
neural hormones are reduced. The behavioral
changes produced by early malnutrition are more
difficult to assess. Pure malnutrition with
adequate stimulation produces few, if any, long-
term effects.”

If the mental retardation we see here stems
largely from effects on neuronal cell number, it
seems unlikely that maternal malnutrition would
restrict fetal growth as markedly in the early
second trimester as at a later, less protected state
of gestation. Moreover, if, as Dobbing and
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Sands' observe, malnutrition interferes largely
with the growth and establishment of synaptic
connections (and they contend this seems likely),
the effects of malnutrition will be largely
postnatal since this phase of brain growth is
predominantly  postnatal. Special ration
provisions were made in Japan both in the war
and postwar years for pregnant and recently
parturient women. The fact of pregnancy could
be registered at or subsequent to the 20th week
of gestation and upon registration supplementary
rations were made available. We cannot attest,
of course, that every pregnant woman availed
herself of this opportunity, but evidence based
upon the registration of pregnancies in these
cities in the years 1948-54 suggests that almost
all did.®'  Whether the supplementary rations
were adequate to forestall fetal damage may be
debatable, for the supplement was based upon
prevailing concepts of health needs. But there is
certainly no report of an increase in underweight,
marasmic infants.®® Given that supplementary
rations were not available until the 20th week or
later, however, it might seem that the difference
in occurrence of mental retardation before and
after the 18th week bore some relationsbip to
malnutrition. Mole*® who has examined this
issue at some length, concludes “The severe
food deficiencies in Japan in 1945, before the
bomb explosions and in the following months,
suggest a cause for the apparently high frequency
of severe mental retardation in the unexposed
control population and may also have contributed
to the radiation dose-dependent increase in those
irradiated in utero.” Admittedly these were
exceptional times and exceptional circumstances
and we support this conclusion generally but
question, first, whether the food deficiencies
were, in fact, so severe as his remarks might lead
some to believe, and second, whether a
nutritional dependence, if indeed one exists,
affects the dose dependence other than additively.
Given the present uncertainties, the prudent
course in the estimation of the risk of mental
retardation seems to be one which assumes the
slope of the dose-response relationship is not
materially altered by malnutrition.

The findings here described suggest several
further lines of inquiry. First, it is clearly
important to determine whether less profound
impingements on forebrain development can be
shown to occur within these same critical periods.
Data on school performance and intelligence
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testing are available on most, albeit not all of the
cohort, and can serve as the basis for such
an investigation. Second, the studies of Dobbing
and Sands'® show that other central nervous
system components such as the cerebellum have
different critical periods. Development of the
cerebellum, for example, is confined to the last
18 or so weeks of gestation (that is, after the
20th week), but continues actively through the
first 12-15 months postpartum. This suggests,
then, that radiation-related impairment of
cerebellar development need not be confined to
those exposed in utero, but might also be
expected to appear among infants exposed in
the first year approximately of life.
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APPENDIX 1 MENTALLY RETARDED SUBJECTS EXPOSED IN UTERO TO THE
ATOMIC BOMB BY CITY
{F&E 1 BT L -musRarE, &din

—_———
Gestational Kerma dose Tissue dose Tissue dose
Date of birth weeks™ (T65DR) (ORNL) (NIRS)
MF No. Sex from - -
Chartreview o nent \:?:ld Dy b, D, Dr D, D, Dy D, D,
Hiroshima
M 12 Dec 45 22 21 0 0 0 0 0 0 0 0 0
F 11 Jan 46 17 17 5 4 1 2 2 0 3 3 0
M 15 Jan 46 17 10 87 72 15 33 31 2 51 49 2
F 5 Mar 46 10 9 176 112 64 61 52 9 89 80 9
M 28 Feb 46 10 10 194 125 69 68 58 10 99 89 10
F 5Jan 46 18 18 Not-in-city
e 22 Sep 45 33 33 0 0 0 0 0 4] 0 0 0
F 15 Feb 46 13 12 523 400 123 194 177 17 293 276 17
M 25 Feb 46 11 7 293 242 51 113 106 7 172 165 7
M 12 Dec 45 21 21 257 192 65 95 86 9 142 133 9
F 6 Feb 46 14 13 96 79 17 36 34 2 56 54 2
F 27 Jan 46 15 15 236 149 87 81 69 12 119 107 12
M 12 Feb 45 12 12 198 158 40 75 69 6 114 108 6
M 18 Aug 45 38 29 Not-in-city
F 23 Jan 46 15 15 28 24 4 11 10 1 17 16 1
M 1 Mar 46 10 12 17 12 5 6 5 1 9 8 1
F 8 Dec 45 22 22 5 4 1 2 2 0 5 3 0
M 29 Oct 45 28 12 Not-in-city
M 22 Nov 45 24 24 188 150 38 71 66 5 108 103 5
F 4 Feb 46 14 6 382 308 74 145 135 10 221 211 10
M 24 Feb 46 11 11 81 67 14 31 29 2 48 46 2
M 11 Feb 46 13 13 5 4 1 2 2 0 3 3 0
Nagasaki
F 22 Apr 46 3 3 0 0 0 0 0 0 0 0 0
F 25 Sep 45 33 33 0 0 0 0 0 0 0 0 0
F 2 Nov 45 27 27 485 477 8 202 201 1 317 316 1
M 27 Feb 46 11 11 312 308 4 131 130 1 205 204 1
M 6 Feb 46 14 6 375 370 5 157 156 1 246 245 1
M 15 Jan 46 17 17 550 542 8 229 228 1 360 359 1
F 15 Jan 46 17 17 Not-in-city
M 26 Jan 46 15 15 Not-in-city

Dt=D,+D,, Dy=gamma ray dose and D,=neutron dose.  *Measured from the first day of the last
menstrual period. $MF as listed as MF #JJl]l with a misprint in Wood et al.” 1 This
classification of small head size was determined roughly by sex with a criterion with at least two standard
deviations below mean between 16 and 19 years of age. x denotes a small head size, and o not so.
Dp=D,+D, D,=# <, D, —hiFHE. “RLEAEMONELSHELL. TMF #5 Il wood 57
Ik tﬂicfﬁﬂéht.-H:ﬂ¢ﬁﬂ®ﬁﬂm,Etmuﬁb;{mﬁ#BNRWMT$ﬁ¢n@¢<tb
cEMEEN P ELLEOAERMITRELS, x BATELFRL, c BEITLVILERT.
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Age at the time of examination of head circumference (cm)
~Small  Significant

MF No. Sex — — R
head clinical
9 10 11 12 13 14 15 16 17 18 19  sizeft findings**
Hiroshima
M 498 - - - - - - . E - - 4] 1
F - . - - - - - 512 513 513 514 X
M 466 465 48.8 - - - - - - - X
F  Chart record: 43.3 (Oct 50): Death 14 Jan 53 X 2
M 465 46.5 47.0 475 - - - 490 498 507 X
' Chart record: 46.2 (Jan 52) X
F 466 473 48.0 384 - E - 50.0 - 820 523 0
F  Chart record: 38.9 (Aug 49): 38.4 (Aug50): 398 (Feb51) X
M 4211 428 423 - - - - - - - - X
M 488 495 49.5 51.0 527 52.7 538 535 536 538 538 o
F  Chart record; 45.1 (Feb 50) and 47 .4 (Aug 55) X 3
F 455 463 47.0 47.0 . - 510 496 496 496 496 X
M - 47.4 - - - - - - - - - X
M 461 459 46.2 - - 47.5 47.5 471 476 492 495 X 3
F 448 458 - - - 47.2 . 469 469 475 47.0 X 3
M 475 - - - - - 51.4 - - - - X
F 496 50.1 50.3 498 - - - 537 3535 - - o 4
M 500 3533 - - - - - 545 546 54.6 554 ]
M 484 483 48.4 483 - - - 50.7 508 510 51.0 X
F - - 458 - - - 475 472 474 474 475 X
M - 440 - 449 - - 47.0 470 - - - X
M - . - - - 51.8 - 533 - - o
Nagasaki
F 500 503 51.7 504 518 519 3525 - - . - o 5
F 524 523 534 544 547 55.0 559 566 569 565 56.5 o 6
F 475 484 49.0 498 51.1 517 522 527 527 - - 0
M 479 482 489 491 49.1 5023 518 523 53.0 532 53.5 0 7
M 429 43.0 433 439 444 451 452 452 - - - X
M 474 477 48.3 487 49.2 498 503 505 512 509 5009 X
¥ - 529 532 516 552 562 565 564 566 566 - 0
M

& 50.8 512 51.6 52,0 526 & = = 2 = e}

**Significant clinical findings
1 Retarded sibling 4 Japanese B encephalitis at age 4 7 Neurofibromatosis
2 Neonatal jaundice 5 Possible birth trauma
3 Down's syndrome 6 Congenital lues



