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Summary ,

Growth retardation due to atomic-bomb exposure has been evaluated for 455
individuals with nine repeated measurements of stature at age 10-18 yr using
growth curve analysis and either two covariates, Dosimetry System 1986 (DS86)
uterine absorbed dose and postovulatory age (weeks), or three covariates, DS86
uterine dose, DS86 uterine dose squared, and postovulatory age. Of the several
comparisons made by city, sex, DS86 dose, and postovulatory age, the largest
significant difference was between males and females. However, on the basis of
a linear-quadratic (L-Q) dose response, no significant difference was found
between Hiroshima and Nagasaki males or females except for all trimesters (of
pregnancy) combined and for males only exposed in the first trimester. A highly
significant growth retardation due to DS86 uterine absorbed dose (in gray) was
observed for all trimesters combined and for the first and second trimesters.
In the first trimester, all parameter estimates based on a linear (L) or L-Q
dose-response relationship were negative in relation to DS86 uterine absorbed
dose. The parameter estimates in the second trimester were negative for a
constant term and positive for an L or L-Q term, but growth and development
(stature) evidently showed a declining trend dependent on DS86 uterine dose.
The positive estimate tends slightly to be close to a control level with an increase
of dose. A significant difference is determined by a multivariate test statistic to
examine whether a set of two or three parameter estimates including a constant
term related to an L or L-Q dose-response relationship is significantly different
from zero. The longitudinal repeated measurements of stature for individuals
age 10-18 yr demonstrated radiation-related growth retardation. The dose effect
in the third trimester was not significant with either the L or the L-Q model.

$This technical report is based on Research Protocol 10-80. Approved 16 July 1992;
printed May 1994. Full Japanese text will be available separately.

®Department of Statistics, RERF; bconsultant, Department of Statistics, RERF, and
Department of Mathematics, Faculty of Science, Hiroshima University; “formerly perma-
nent director, RERF, and presently Epidemiological Research Center, School of Public
Health, University of Texas Health Science Center, Houston, Texas.



RERF TR 19-92

The first outward sign of the beginning of the secondary development of boys
(the adolescent growth spurt) appears at age 14 yr on the average. Accordingly,
a growth analysis, based on an L dose-response relationship, was made for 704
and 838 children with four repeated measurements of stature from ages 10-13
and 15-18 yr, respectively. An analysis by prematurity and maturity was made
by increasing the number of individuals, which in turn increases the statistical
power. The retardation effect is clearly evident at age 10-13 and continues
unabated through age 15-18. Growth retardation in the group age 10-13 was
highly significant for all trimesters combined but suggestive only for the first
trimester. However, the group age 15-18 revealed a highly significant growth
retardation for both the first and second trimesters. The relationship between
birth weights and repeated measurements of stature in adolescence was dis-
cussed on the basis of the results obtained by a growth curve analysis.

introduction

Studies of growth and development have revealed that individuals exposed
during pregnancy or childhood to more than 1 Gy of ionizing radiation are
significantly shorter than their controls.!2 This effect is generally greater the
younger the individual at the time of exposure. The harmful effects of irradia-
tion on the developing human embryo and fetus have been reviewed by the
United Nations Scientific Committee on the Effects of Atomic Radiation? and
have been documented through many studies of the survivors exposed
prenatally to atomic-bomb (A-bomb) radiation. Wood et al® reported that head
circumference, stature, and weight are significantly decreased among the
prenatally exposed survivors in both Hiroshima and Nagasaki. The level of
the radiation effect they observed did not vary by trimester of pregnancy.
Ishimaru et al,* evaluated the relationship of A-bomb radiation to physical
development among the prenatally exposed survivors at maturity (18 yr old),
but this analysis does not illuminate the effect of exposure on the process of
growth itself, since it focused on final stature. In fact, all studies of growth
and development data by earlier investigators'®* used cross-sectional tech-
niques.

Analysis of longitudinal data from repeated measurements at various times
on each of many subjects is often termed a trend or growth curve analysis.
Some methods of growth curve analysis have been considered by several
authors.>!! One such method is based on a general covariance structure,
whereas the others assumed a less general covariance structure such as
random effects or autoregressive covariance structures. Multivariate models
with general covariance structure are often difficult to apply to incomplete or
unbalanced data, although two-stage random-effects models can be applied.®*?
As an analysis we herein fitted a growth curve model with a general covari-
ance structure, in the presence of covariates, based on complete repeated
growth measurements. This method will be applied to longitudinal data from
repeated measurements of stature, using, as covariates, radiation dose and
gestational weeks after ovulation (age postovulation). In this study we seek,
first, to investigate changes in stature in the prenatally exposed survivors
using data from repeated measurements at age 10-18 yr in 1955-63, both
before and after the onset of secondary growth, that is, at age 10-13 yr and at
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15-18 yr, respectively, and second, to determine the temporal pattern of changes
in stature by city, sex, Dosimetry System 1986 (DS86) dose, and trimester of
pregnancy at the time of exposure.

Materials and Methods

The prenatally exposed population used in this report is the so-called PE86 In
Utero Clinical Sample. More specifically, the study sample consists of the 1598
individuals (Hiroshima 1250, Nagasaki 348) studied by Otake et al'? in an
analysis of severe mental retardation, Of these 1598 individuals, DS86 doses are
available on 1566 (1242 in Hiroshima and 324 in Nagasaki).

Review of the subjects’ medical charts led to some small corrections in the
stature measurements. Seven individuals (MF ;
, and had their stature corrected: from 166 ¢cm to 157 cm
at age 17 yr, 151 to 161 at age 19, 190 to 170 at age 18, 170 to 146 at age 14, 147
to 167 at age 16, 170 to 146 at age 13, and 190 to 167 at age 16. Also, three
individuals (MF F and*) were excluded from this study
because their medical charts recorded highly improbable stature. Of these study
subjects, 455 (Hiroshima = 284 and Nagasaki = 171), including 9 severely
mentally retarded cases, were measured every year from age 10—18, whereas 704
(Hiroshima = 438 and Nagasaki = 266), including 12 severely mentally retarded
cases, were measured every year from age 10-13, and 838 (Hiroshima = 627 and
Nagasaki = 211), including 14 severely mentally retarded cases, were measured
every year from age 15-18. The repeated measurements of stature from age
10-18 were examined by the staff of the Department of Medicine at the Atomic
Bomb Casualty Commission during 1955-1963.

Dosimetry System 1986

DS86'* allows calculation of the maternal uterine dose for those survivors
exposed within 1600 m of the hypocenter in Hiroshima or within 2000 m in
Nagasaki for whom the requisite shielding information is available by modeling
the particular physical circumstances involved in an individual’s exposure. Since
the dose is low and detailed shielding information generally is lacking for those
survivors exposed beyond these distances, the uterine absorbed doses of these
subjects have been estimated by regression methods that employ average trans-
mission factors derived from those exposed individuals whose doses can be
directly computed.

The estimates of maternal uterine absorbed dose used in the present study are
based on Version 3 of DS86. These estimates were computed in July 1989. Fetal
absorbed doses have not yet been calculated. When detailed shielding histories
are available, the DS86 dose estimates are derived from a direct evaluation of
the effects of body orientation, posture, and dispersion of radiated energy in the
tissues. For those survivors whose shielding histories were incomplete, free-in-
air kerma was estimated using regression coefficients, and the estimates were
corrected using the mean transmission factors for buildings and the body derived
from those individuals with complete histories.
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Trimesters of pregnancy

The dates of birth of this prenatally exposed population are based on the dates
obtained in interviews with the subjects or their mothers and not on the birth
reports (koseki).!® The trimesters of pregnancy are defined as follows for Hi-
roshima and (in parentheses) for Nagasaki:

1st trimester: 7 (10) February 1946 to 31 May 1946
(<12 weeks after ovulation)
2nd trimester: 7 (10) November 1945 to 6 (9) February 1946
(about 12 to 24 weeks after ovulation)
3rd trimester: 6 (9) August 1945 to 6 (9) November 1945
(about 25 or more weeks after ovulation)

Statistical methods

A growth curve model with a covariance structure was considered as a method
of analysis of longitudinal data from repeated measurements of stature and
covariates such as radiation dose, radiation dose squared, or postovulatory age.
The growth curve model with covariates is given by

EXY)=AEB+Z{Bandi®I,

for an expected matrix and a variance-covariance matrix, respectively, where
Y=(y,...,yy) isan N x p (455 x 9) matrix of nine repeated measurements of
stature when, for example, N = 455; A is an N x k (455 x 4) design matrix of rank
k determined by city (Hiroshima and Nagasaki) and sex (male and female); B is
a g X p known design matrix within individuals of rank g, (2 x 9) for a linear (L)
relationship or (3 x 9) for a linear-quadratic (L-Q) relationship (see below for a
concrete specification); Z is an N x m covariate matrix, (455 x 2) or (45 x 3)
composed of dose, gestational age, or dose squared; = is a £ x ¢ matrix of unknown
parameters, (4 x 2) for an L relationship or (4 x 3) for an L-Q relationship; { is
an m x ¢ matrix of unknown parameters, m = the number of covariates = 2 or 3,
(m x 2) for an L relationship or (m x 3) for an L-Q relationship; and Zis a p xp
matrix of positive definite, (9 x 9) for nine repeated measurements. The rows of
Y are assumed to be independently normally distributed. In the longitudinal
data, p is the number of repeated observations for each of the N subjects, (g — 1)
is the polynomial degree, and % is the number of groups (see the Appendix for a
detailed description). In this model we assume that the L or L-Q dose-responsge
relationship has a common risk, regardless of differences of city, sex, or gesta-
tional age as a covariate.

The growth curve patterns before and after the onset of the adolescent growth
spurt differ. This pattern appears to be not a monotonous sigmoid curve. A
growth analysis for 704 and 838 individuals before and after maturity increases
the statistical power with an increase of subjects for modeling. In many applica-
tions of growth curve models, p is as small as 4 or 5; that is, the longitudinal data
usually consist of a short series of observations on each subject. We have
attempted two analyses: (1) setting p = 9 for the data on stature from age
10-18 yr, and (2) p = 4 for the data before onset of the growth spurt, from age
10-13 yr, and for the data from age 15~18 yr, after the onset of secondary growth.
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The (2 x 9) matrix of an L relationship or (3 x 9) matrix of an L-Q relationship
for N = 455 individuals of orthogonal pelynomials and the (2 x 4) or (3 x 4) matrix
for N = 704 and 838 individuals, respectively, as applied in this paper, are given by

[1 1 11
11
Bzx4=[_3 of i ?1}]01-33)(4: -3 -1 1 3|,and
1-1-11
411 1 1 4 %11 1
Bzxa=[_l e T T i]orﬂgx(;: 4-3-2 -1 0 1 23 4
98 7 -8 -17-20 -17 -8 7 28

The relationship between complete and incomplete repeated measurements and
the effect of the loss of subjects exposed at 1.0 Gy or more are stated in the
“Discussion.”

Results

Table 1 gives the basic distribution of the number of subjects with nine
repeated measurements of stature from age 10-18 yr and four measures of
stature from age 10-13 yr and age 15-18 yr by city, sex, DS86 uterine absorbed
dose, and trimester of pregnancy. Clearly, few individuals were exposed to 1.0 Gy
or more, but their mean longitudinal height measurements, corresponding to sex
and age at the time of examination (ATE) and DS86 dose group, are somewhat
lower than those of the other two dose groups (Figure 1). The observed stature
from age 10-18 yr for 455 individuals by sex and DS86 dose shows a definite
trend for both cities combined (see Figure 1). Naturally there is a large difference
between males and females. In Figure 2, the observed mean values of stature
have been plotted by sex, age ATE, and DS86 uterine dose group for the 704
individuals measured before the onset of secondary growth (age 10-13 yr) and
for the 838 individuals measured after secondary growth had begun (age 15-
18 yr). The observed mean values of stature of the few children exposed to 1.0 Gy
or more is lower than those of the comparison group.

Dose-response relationship as judged by the longitudinal measurements
The estimates of the L and L-Q coefficients and the test statistics for each
contrast vector are given by trimester of pregnancy in Tables 2 and 3, respec-
tively. Normally, as in many other comparisons, the most significant differ-
ence is between boys and girls. No significant difference in repeated measures
of stature was observed between Hiroshima and Nagasaki males or between
Hiroshima and Nagasaki females other than when all trimesters were combined
or for the first trimester for males only on the basis of an L-Q orthogonal growth
curve model. DS86 radiation exposure resulted in a highly significant retardation
of growth and development in relation to longitudinal height measurements,
especially for the first and second trimesters. For the first trimester, all esti-
mates based either on an L or an L-Q dose-response relationship were negative
in relation to DS86 uterine dose. The parameter estimates for the second
trimester were negative for a constant term and positive for an L or L-Q term,
but there is a declining trend dependent on DS86 dose, as is evident from



Table 1. Number of subjects by city, sex, DSB6 dose, and trimester of exposure with nine repeated measurements of stature from age 10-18 yr ATE and four

repeated measurements from age 10-13 and 15-18 yr ATE

Hiroshima male

radiation dose (Gy)

Hiroshima female
radiation dose (Gy)

Nagasaki male
radiation dose (Gy)

Nagasaki female

radiation dose (Gy)

Grand 0.01- 0.01- 0.01- 0.01-
Trimester total Total <0.01 0.99 =1.00 Total <0.01 0.29 =21.00 Total <0.01 093 =1.00 Total <0.01 099 =1.00
Age 1018 yr
First 148(3) 51(1) 35 15(1) 1 28 18 10 0 44(1) 34 7 3(1) 25 19 6 0
Second 191(4)  75(1) 48 24 3(1) 51(1) 36 13 2(1) 43(1) 34 (1) 22(1) 19(1) 3 0
Third 116(2)  45(1) 28(1) 16 1 34 25 9 0 18 12 6 0 19(2) 12(1) 2(1)
All 455(9) 171(3) 111(1) 55(1) 5(1)  113(1) 79 32 2(1)  105(2) 80 21 4(2) 66(3) 50(2) 14 2(1)
Age 1013 yr
First 209(1) 66 45 20 1 46 30 16 0 51(1) 45 11 3(1) as 27 11 0
Second 284(7) 102(2) 67  32(1)  3(1) 88(2) 63  23(1) 2(1) 59(2) 45(1) 13 1(1) 35(1) 27(1) 0
Third 211(4) 66(1) 40(1) 25 1 70(1) 48(1) 22 0 33 20 13 0 42(2) 30(1) 3(1)
All 704(12) 234(3) 152(1) 77(1) 5(1)  204(3) 141(1) 61(1) 2(1)  151(3) 110(1) 37 42)  115(3) B4(2) 28 3(1)
Age 15-18 yr
First 272(2) 102(1) 70 3) 1 g1 60 31 0 48(1) 37 8 3(1) 31 24 0
Second 334(8) 144(2) 96 43 5(1)  123(4) 84 35(2) 4(2) 44(1) 35 1(1) 23(1) 20(1) 3 0
Third 232(4)  93(2) 69(2) 33 1 74 46 28 0 25 19 6 0 40(2) 30(1) 3(1)
All 838(14) 339(5) 225(2) 107(1) 7(1) 288(4) 190 94(2)  4(2) 117(2) 9 22 4(2) 94(3) 74(2) 17 3(1)

Note: Numbers in parentheses indicate the number of severely mentally retarded cases. Mean doses of 0.01—0.99 and 1.00 Gy or more for 455 individuals are

0.18 and 1.35 Gy in Hiroshima and 0.20 and 1.48 Gy in Nagasaki. DS86 = Dosimetry System 1986. ATE = at the time of examination.
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Figure 3. A multivariate test statistic is an approximate %* value to determine
whether a set of two or three parameter estimates including a constant term
related to an L or L-Q dose-response relationship is significantly different from
zero. The positive estimate due to radiation exposure tends slightly to be close to
a control level with an increase of dose. The longitudinal repeated measurements
of stature for the individuals from age 10-18 yr demonstrated radiation-related
growth retardation. The dose effect for the third trimester was not significant
with either the L or the L-Q model. Figure 3 gives, by sex and DS86 uterine-dose
group, the observed and expected stature from age 10-18 yr on the basis of the
L-Q dose-response relationship. The expected values from the L-Q dose-response
relationship fit the measured values better than those from the L dose-response
relationship. However, the sex-specific growth curves appear to be slightly
different. The growth curve in females shows a comparatively good fit in com-
parison with the observed pattern of growth from age 10-18 yr, but the expected
growth pattern in males differs somewhat from the measured values.

Radiation effects in relation to prematurity and maturity

The first outward sign of the beginning of secondary development in boys, ie,
the onset of the adolescent growth spurt, appears at age 14 yr on the average.
Accordingly, an analysis of growth before and after the onset of this spurt was
attempted using the measurements of stature obtained in the period from age
10-13 yr and from age 15-18 yr. The observed mean statures of the 0.01-0.99 Gy
and <0.01 Gy groups at age 10-13 yr do not seem to differ (Figure 2), but a
difference does appear to exist between these two dose groups at age 15-18 yr
(Figure 4). The results, based on an L dose-response relationship, are given in
Tables 4 and 5. A highly significant growth retardation due to ionizing radiation

1?0

<0.01 Gy

1?0

------------- 0.01099Gy A7 ___---

Mean height (cm)
1 %0 1 ?0

1f|30

120
1
\

110

T T T T T T T L} T

10 12 14 16 18
Age ATE (yr)

Figure 1. Observed mean values of stature from age 10-18 yr by sex, age at the time of
examination (ATE) and Dosimetry System 1986 uterine absorbed dose in gray. Observed
mean values of stature indicate severely mentally retarded cases.
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Figure 2. Observed mean values of stature between age 10-13 and 15-18 yr at the time
of examination (ATE). Observed mean values of stature indicate severely mentally
retarded cases.

was noted for all trimesters combined at age 10-13 and age 15-18 yr, whereas a
significant growth retardation was noted only for the first and second trimesters
after the onset of secondary growth but was suggestive for the first trimester
before age 14. The relationship between measured and expected stature is given
in Figure 4 by trimester of pregnancy at exposure.

Discussion

Documentation of the harmful effects of radiation exposure rests largely,
although not exclusively, on the many studies of the survivors exposed prenatally
to the atomic bombings of Hiroshima and Nagasaki 2412131521 The early studies
revealed an increase in severe mental retardation and small head size with
increasing dose and collectively identified the specific types of biological risk that
follow exposure in utero.'®!®17 The human embryo and fetus have been generally
considered to be more sensitive than the adult to the detrimental effects of
ionizing radiation. Recent reevaluations of the Hiroshima and Nagasaki data,
based on estimates of DS86 uterine absorbed dose,!* suggest that this sensitivity
may be greater than heretofore recognized. Especially noteworthy is the induc-
tion of severe mental retardation or a reduction in intelligence quotient (IQ)
when exposure occurs during cerebral corticogenesis, that is, in the period
8-15 weeks after ovulation.!>1%19 Although ionizing radiation produces small
heads and mental retardation, it is only one among many agents that can cause
similar effects. Actually, the developmental time at which an agent responsible
for such effects is applied is often more important than the nature of the agent
itself.2 Contrary to most teratological malformations, where the period of vulner-
ability is short, often a week or less in humans, the developing brain and
calvarium are characterized by a relatively long period of vulnerability to injury,



Table 2. Estimates of parameters for a growlh curve model based on longitudinal height measurements from ages 10-18 yr ATE by trimester of exposure

All trimesters First trimester Second lrimester Third trimester

ltem Constant Linear  Quadratic Constant Linear  Quadratic Constant Linear  Quadratic Constant Linear  Quadratic

Parameter estimales based on L orthogonal coefficients

Hiroshima 145.81 4.028 148.06 3.770 146.66 4.311 143.13 3.924
male
Hiroshima 138.71 3.047 138.80 2.747 140.51 3.377 135.79 2.954
female
Nagasaki 145.25 3.992 147.05 3.874 146.60 4.206 142.88 3.830
male
Nagasaki 138.49 3.142 140.55 3.012 140.06 3.341 134.41 3.154
female
DS86 dose —4.639 -0.01632 —-4.808 -0.1312 —4.433 0.1126 —4.,071 -0.163
(Gy)
Gestational -0.0556 0.00016 -0.2159 -0.00645 -0.0278 -0.00464 —0.0482 0.00150
weeks

Parameter estimates based on L-Q orthogonal cosfficients

Hiroshima 153.19 4.266 -0.1684 155.25 4.285 -0.2011 150.85 4,292 -0.1559 154.29 4.268 -0.1508
male
Hiroshima 145.95 3.281 -0.1652 =~ 144.54 3.158 -0.1605 145.07 3.358 -0.1658 147.85 3.325 -0.1630
female
Nagasaki 162.29 4.220 -0.1607 153.48 4.324 -0.1798 150.57 4.189 -0.1443 153.84 4.167 -0.1481
male
Nagasaki 145.25 3.364 -0.1568 146.20 3.418 -0.1578 143.93 3.325 -0.1409 146.28 3.519 -0.1604
female
DS86 dose —4.684 -0.01775 0.001013 —4.608 -0.1168 -0.00560 —-4.573 0.1132 0.005081 -5.135 -0.1962 0.01437
(Gy)
Geslational -0.0772 -0.00054 0.00049 -0.2447 -0.00851 0.00081 -0.0158 -0.00469 0.000435 -0.1041 -0.00022 0.00075
weeks

Note: DS86 = Dosimetry System 1986. ATE = at the time of examination. L = linear; L-Q = linear-quadratic.



ot

Table 3. Test stalistics of parameter estimates by trimester of exposure for longitudinal height measurements from ages 10-18 years ATE based on L or L-Q

orthogonal coefficients

Item

Contrast vector Contrast vector
Hiroshima male 1 1 1 0 1 0 0 i 1 1 0 1 0 0
Hiroshima female 1 -1 0 1 -1 0 0 1 -1 0 1 -1 0 0
Nagasaki male -1 1 -1 0 -1 0 0 ~1 1 -1 0 -1 0 0
Nagasaki female -1 -1 0 -1 1 0 0 -1 -1 0 =1 1 0 0
DS86 dose (Gy) 0 0 0 0 0 1 0 0 0 0 0 0 1 0
Gestational weeks 0 4] 0 0 (4} 0 1 0 0 0 0 0 0 1
Tests based on L orthogonal coelficients Tests based on L-Q orthogonal coefficients
All trimesters
12 (df = 2 or 3) 0.23 577.6 3.40 0.77 3.40 25.69 4.84 9.98 598.0 10.08 456 3.41 25.71 11.72
Probability 0.893 <0.001 0.183 0.680 0.183 <0.001 0.089 0.019 <0.001 0.018 0.206 0333 <0.001 0.008
First trimesters
12 (df =2 or 3) 1.29 202.7 1.54 215 2.59 14.67 4,22 7.96 208.1 8.37 3.86 2.87 15.04 5.24
Probability 0.524  <0.001 0.463 0.341 0273 <0.001 0.121 0.0560 <0.001 0.039 0277 0413 0002 0.155
Second trimesters
xz (df =2 or 3) 1.14 229.8 410 0.458 2.40 9.77 0.39 1.42 232.4 412 0.75 2.52 10.01 0.75
Probability 0.564 <0.001 0.129 0.79 0.301 0.008 0.824 0.700 <0.001 0.248 0.862 0.472 0.018 0.862
Third trimesters

xz (df=2 or3) 0.65 116.8 0.03 1.51 1.01 4,32 0.14 6.31 133.4 3.10 419 1.01 4.88 592
Probability 0.723 <0.001 0984 0470 0.603 0.115 0932 0.097 <0.001 0376 0.242 0.798 0.181 0.898

Note: DS86 = Dosimetry system1986; ATE = at the time of examination: L = linear; L-Q = linear-quadratic.
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Figure 3. Observed and expected values of stature based on linear-quadratic (L-Q) dose
relationship from age 10—18 yr at the time of examination (ATE). Observed total means
of stature by sex and age ATE have been plotted as circles and triangles.
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Figure 4. Observed and expected values of stature based on linear (L) dose relationship
from age 15-18 yr at the time of examination (ATE). Observed total means of stature by

sex and age ATE have been plotted as circles and triangles.
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Table 4. Estimates of parameters for a growth curve model based on lon

trimester of exposure

gitudinal height measurements for age 10-13 and 15-18 yr ATE by

All trimesters

First trimester

Second trimester

Third trimester

ltem Constant Linear Constant Linear Constant Linear Constant Linear
Parameter estimates for age 10-13 yr data based on L orthogonal coefficients

Hiroshima 135.87 2. 483 137.10 2.618 134.18 2.423 133.60 2.607
male

Hiroshima 136.97 2965 135.26 2.901 135.72 3.056 135.98 2.998
female

Nagasaki 135.65 2525 136.04 2.694 134.84 2.483 132.23 2.489
male

Nagasaki 136.46 3.015 138.03 3.226 135.09 2.900 133.45 3.075
female

DSB6 dose -3.651 —0.0449 -3.900 -0.0931 -3.034 0.2021 -3.909 —0.3963
(Gy)

Gestational -0.0392 -0.000059 -0.0836 -0.0176 0.3102 -0.000318 0.03468 -0.00120
weeks

Parameter estimates for age 15-18 yr data based on L orthogonal coefficients

Hiroshima 164.51 0.5659 165.47 0.5579 163.53 0.5528 164.35 0.6300
male

Hiroshima 153.93 0.1306 152.85 0.1283 153.25 0.1254 155.34 0.2144
female

Nagasaki 163.68 0.5638 164.29 0.6021 162.70 0.5931 163.57 0.6024
male

Nagasaki 15417 0.1647 153.86 0.1643 1562.02 0.1811 155.66 0.1770
female

DS86 dose -4.394 -0.0592 -4.773 -0.1424 -4.878 0.0134 —4.825 0.0631
(Gy)

Gestational -0.0545 0.00101 -0.1259 -0.00661 0.0446 -0.00550 —0.0754 0.00304
weeks

Note: D886 = Dosimetry Syslem 1986; ATE = at the time of examination; L = linear.
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Table 5. Test stafistics of parameter estimates by trimester of exposure for longitudinal height measurements for age10-13 and15-18 yr ATE based on

. L orthogonal coefficients

ltem Contrast vector Contrast vector
Hiroshima male 1 1 0 1 0 0 1 1 1 0 1 0 0
Hiroshima female -1 0 1 -1 0 0 1 -1 0 1 -1 0 0
Nagasaki male -1 1 -1 1] -1 0 0 -1 1 -1 0 -1 0 0
Nagasaki female -1 -1 0 -1 1 0 0 -1 -1 0 -1 1 0 0
DS86 dose (Gy) 0 0 0 0 0 1 0 0 0 0 0 0 1 0
Gestational weeks o 0 0 0 0 0 1 0 0 0 0 0 0 1
Tests based on age 10-13 yr ATE Tests based on age 15-18 yr ATE
All trimesters
f (df = 2) 5.66 106.0 2.58 3.18 0.12 11.80 1.86 8.65 636.0 8.18 2.75 1.75 31.88 8.32
Probability 0.069 <0.001 0276 0.204 0.941 0.003 0.395 0.013 <0.001 0017 0253 0417 <0001 0.016
First trimester
12 (df = 2) 8.00 25.20 488 7.59 495 51 1.02 4,76 246.6 7.59 1.35 3.16 13.79 3.04
Probability 0.018 <0D.001 0.087 0023 00849 0075 0.602 0.093 <0.001 0,023 0509 0206 0.001 0.219
Second frimestr
xz (df =2) 0.03 38.93 1.050 0.94 1.94 2.22 0.12 2.54 205.2 0.80 1.99 0.55 12.58 0.09
Probability 0987 <0001 0592 0626 0379 0329 0941 0.281 <0.001 0.672 0.370 0758 0.002 0.954
Third trimester
x2 (df = 2) 5.45 37.96 1.31 7.92 3.43 4.49 0.09 4.70 171.4 4.09 i.21 0.95 459 0.35
Probability 0.066 <0.001 0520 0019 0.180 0.106 0.958 0.095 <0.001 0.129 0546 0.621 0.101 0.841

Note: DS86 = Dosimetry System 1986; ATE = at the time of examination; L = linear.
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lasting weeks or months in the human and other slowly growing animals. It is
not clear, however, whether an atypically small head is an independent terato-
genic effect or merely secondary to the effect of radiation on the developing brain
itself, since the bones forming the cranial vault are commonly thought to develop
in close association with the development of the brain and dura, nor is it clear
what small head size may imply with respect to the nature of radiation-related
brain damage.

The estimated threshold of the small-head data, based either on an L or an
L-Q dose-response relationship, is zero or thereabouts.?! This apparent absence
of a threshold and the somewhat different period of vulnerability suggest an
embryological difference in the development of both a small head and mental
retardation. Mean IQ studied (using the Koga test) by Schull and his colleagues!®
and its standard deviation (SD) are 63.8 and 8.5 for the severely mentally
retarded cases with small heads and 68.9 and 11.9 for the severely mentally
retarded cases with normal heads. These values are 96.4 and 19.8 for cases with
small heads only. The mean IQ and SD for the overall sample are 107.8 and 16.4,
respectively. No significant difference exists between the first two IQ means
identified above, but both are significantly smaller than the mean for individuals
with small heads without severe mental retardation.?! A significant effect of
radiation on the frequency of atypically small heads is observed only in the first
and second trimesters and for the intervals after ovulation of 07 weeks and
8-15 weeks. Although the risk of a small head at 0-7 weeks after ovulation
increases significantly with increasing dose, no increase in risk is noted for
severe mental retardation in this period. No excess risk of small heads was seen
in the third trimester or among individuals exposed 16 weeks or more after
ovulation. A significantly longitudinal growth retardation due to radiation expo-
sure for the repeated measurements of stature was similarly noted only for all
trimesters combined and for the first and second trimesters, as for the risk of the
small heads. The longitudinal results derived from the growth curve analysis
indicated a manifest growth retardation produced by the exposure to ionizing
radiation for all ages of individuals from age 10-18 yr. The retardation effect is
apparent at age 10-13 and continues unabated through age 15-18. Growth
retardation in the 10-13 group was highly significant for all trimesters combined
but only suggestive for the first trimester. However, the 15-18 group revealed a
highly significant growth retardation for all trimesters combined and for both
the first and second trimesters.

Of 30 cases of severe mental retardation clinically identified before age 17 yr,
18 cases (60%) had small heads based on the classification of small head sizes
described in the 1987 paper.!? They were determined using a sex-specific crite-
rion of at least 2 SD below the mean observed between age 16—19 yr. Of these 18
cases with both small head size and severe mental retardation, 14 (78%) were
exposed in the period 8-15 weeks after ovulation. In the 1992 report?! based on
age-specific criteria used for ages 9-19 yr, 15 (568%) of the 26 individuals with
severe mental retardation had an atypically small head. Most (86%) of the
individuals with small head size were exposed in the first and second trimes-
ters—55% in the first trimester and 31% in the second. Excluding these severe
mentally retarded cases from a longitudinal growth curve analysis, the growth
retardation due to radiation exposure was suggestive for all ages of 446 individu-
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als (p < .098) but significant for the first trimester of 146 individuals (p < .038).
Other results of the second and third trimesters were not significant. A temporal
pattern of growth and development from repeated measurements at age 10-13 yr
and 15-18 yr was examined for the 692 and 824 individuals, respectively, without
severely mentally retarded cases. No significant retardation was noted for the
prematurity period in the former, whereas a significantly longitudinal growth
retardation for the maturity period of the latter was observed only in all trimes-
ters combined (p < .016) and the first trimester (p < .023). The findings suggest.
a close relationship, in terms of growth and development, between mental
retardation and stature and small head size.

In this growth study the major problem of interest is whether the radiation-
related growth retardation of stature in adolescence in children exposed
prenatally to A-bomb radiation is influenced by birth weight. The information on
birth weights is available from the In Utero Mortality Sample (Data Design Tape
No. 1037). There were 174 individuals with known birth weights out of 455 whose
ages were 10-18 yr. The relationship between birth weights and stature in
adolescence, from repeated measurements, was investigated by a growth curve
model, adding birth weights to the covariates.

A multivariate test statistic is for examining whether a set of three parameter
estimates including a constant term related to an L-Q dose-response relationship
is significantly different from zero. A significantly positive effect of the test
statistic (x> = 12.44 with 3 df and p = .006) for three estimated parameters
(constant = 3.298, L = 0.0238, and @ = —0.0148) of birth weights (in kilograms)
based on orthogonal coefficients was noted for 174 individuals. The growth curve
model is considered a common L-Q growth pattern regarding birth weights. The
mean birth weight was 3.04 kg for 104 males and 2.85 kg for 70 females, but the
difference between the two groups was not significant. A growth curve model
with different L-Q growth patterns for males and females was applied to the
same growth data. The results showed significant reduction in growth and
development for three estimated parameters of constant = 3.227, L. =—-0.083, and
Q =-0.019 (3% = 10.02 with 3 df and p = .018) for males and constant = 3.399,

L=-0.179, and Q = —0.0084 (x* = 7.60 with 3 df and p = .055) for females. For
four subjects, birth weight less than 2.0 kg (MF H and
may be ascribable to premature birth caused by a maternal shock due

to A-bomb exposure or maternal physical condition during pregnancy and socio-
economic factors. The low birth weights were 1.31 kg for a female exposed to 0 Gy
in the first trimester, 1.50 kg for a female exposed to 1.64 Gy in the second
trimester, 1.50 kg for a male exposed to 1.09 Gy in the third trimester, and
1.87 kg for a male exposed to 1.08 Gy in the second trimester. Also their maturity
heights at age 18 yr were 140 cm, 139 em, 170 cm, and 160 cm, respectively. Of
the three individuals exposed to 1.0 Gy or more, two (MFF and )
were mentally retarded cases with small heads. A negative L or Q term tends
slightly to be close to an average birth weight with a small value for a low birth
weight and a large value for a high birth weight, but the expected values of birth
weights for the repeated measurements of stature were positively close to the
observed control mean values of stature with an increase of age, as is evident
from Figure 5. This suggests that the growth and development of prenatally
exposed A-bomb survivors will not be effectively determined by low birth weights
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Figure 5. Observed and expected values of stature based on linear-quadratic birth weight
relationship from age 10-18 yr at the time of examination (ATE). Observed control means
of stature by sex and age ATE have been plotted as circles and triangles. Respective
growth patterns are based on a mean birth weight of males (3.04 kg) and females
(2.85 kg).

excepting genetic effects and socioeconomic status.

The data on head circumference, height, and body weight observed at age 18 yr
in the clinical sample suggest a linear and statistically significant diminution in
these measurements with increasing dose.* To investigate the possibility of
growth retardation with respect to standing height, weight, sitting height, and
chest circumference at age of menarche, a multivariate analysis of covariance
was attempted by Izumi et al. The results were presented at the 1990 annual
meeting of the Japanese Society of Public Health.?? Their results showed a highly
significant retardation of growth and development in relation to the four physical
characteristics for DS86 uterine absorbed dose and age at menarche, and also for
postovulatory weeks at exposure. Recently Otake and Schull?! reported a signifi-
cant effect of radiation on the frequency of atypically small heads only in the first
and second trimesters of pregnancy and for the postovulatory ages at exposure
of 0~7 weeks and 8-15 weeks. Although the risk of a small head at 0-7 postovu-
latory weeks was found to increase significantly with increasing dose, no increase
in risk was noted for severe mental retardation in these same weeks. No excess
risk of a small head size was seen in the third trimester or among individuals
exposed 16 or more weeks after ovulation, Growth retardation was also evaluated
among individuals age 10-12 and 16-18 yr, and a retardation with increasing
dose was observed at almost all ages as judged by the negative estimates of the
dose parameters associated with the four measurements. However, only the
findings at the ages of 17 and 18 yr were statistically significant on the basis of
cross-sectional analysis. However, the radiation-related growth retardation in
the first and second trimesters of pregnancy as determined from longitudinal
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data from repeated measurements of stature in this paper is the same as the
significant result obtained for small heads, but a longitudinal growth retardation
derived from age 10-18 yr differs from a cross-sectional result at a given age, A
highly significant retardation of growth and development in relation to longitu-
dinal data was noted in the first trimester of pregnancy in particular, and all
estimates based either on an L response or an L-Q response relationship were
negative in relation to DS86 uterine dose. This implies a demonstrable growth
retardation due to radiation exposure based on longitudinal repeated measure-
ments of stature.

Although there seems to be a clear relationship between exposure to atomic
radiation and disturbances of growth and development, the possible contribu-
tions of such factors as poor nutrition and disruption of normal family life in the
years immediately following the war have been difficult to evaluate. However, it
is questionable whether poor nutrition, if indeed such existed, affects the dose
dependence other than additively. Given the uncertainty of nutrition’s role, the
prudent course in the estimation of growth retardation seems to be one that
assumes that the dose-response relationship is not materially altered by malnu-
trition. In our analysis of longitudinal height measurements obtained at age
10-18 yr, therefore, we have assumed that such concomitant factors as nutrition
and socioeconomic status equally affected all individuals studied, regardless of
radiation dose. If this assumption is justified, then a highly significant retarda-
tion of growth and development has been observed for these children at age
10-18 yr, typically at age 15-18 yr.

In the analysis of growth as reflected in longitudinal height measurements
from ages 10 to 18 yr, we have considered another growth curve model with
covariates in addition to the one described in the section on statistical methods:
E(Y) = AEB + Z{B. The second model is E(Y) = AZB + ZT, the notations of
which are almost the same, but I' is an m x p matrix of unknown parameters.
The number of estimated parameters in the first model, based on four city-sex
categories and nine repeated measurements of stature, is 12 for the L orthogonal
coefficients and 18 for the L-Q orthogonal coefficients, but in the second model
they are 26 and 30, respectively. When Akaike’s Information Criterion (AIC)* is
used as a measure of goodness of fit, the AIC values are 19,934.63 and 19,013.40,
respectively, for the first model, whereas they are 19,394.85 and 18,778.10,
respectively, for the second (Appendix). AIC values from the first to third
trimesters of pregnancy based on L-Q orthogonal coefficients are 6164.57,
7936.66, and 4821.75 in the first model, and 6049.65, 7786.33, and 4751.55 in the
second. In every case, the first model fits more poorly than the second. However,
we used the first model because there is no large discrepancy of AIC values
between the two models, in consideration of the large sample size. Furthermore,
several parameters estimated by age with two covariates (dose and gestational
age) or with three covariates (dose, dose squared, and gestational age) produce
positive or negative signs, but a multivariate test statistic also leads to a
radiobiological interpretation as a set of parameter estimates related to radiation
exposure. When DS86 uterine-absorbed-dose equivalents, assuming a neutron
relative biological effectiveness of 10, were used, the results of the growth curve
analysis were almost the same but with slightly declining parameter estimates.
The estimates of the L-Q coefficients fell from —4.684, —0.01775, and 0.001013
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(Table 2) to —4.346, —0.01702, and 0.000833, respectively (data not shown in a
table) for the L-Q orthogonal coefficients. The 2 statistic for the dose effect under
the contrast vector was changed trivially, from 25.71 to 25.38 with 3 degrees of
freedom.

Growth curve analysis using an L or an L-Q dose-response model with three
covariates—DS86 uterine dose, DS86 uterine-dose squared, and gestational age
after fertilization—revealed a highly significant effect of the linear DS86 dose
term when all trimesters were combined, but not a significant effect for DS86
dose squared. The results of using a log-transformation on the repeated measures
of stature were not different from those based on the L or L-Q orthogonal
coefficients when the transformation was not employed. Furthermore, when the
14 severely mentally retarded cases given in Table 1 were excluded from the 838
individuals with four longitudinal height observations at age 15-18 yr, the
results based on the L dose-response model still revealed a significant growth
retardation with a tail probability of p = .016. Growth retardation in the first-
trimester individuals, after excluding two severely mentally retarded cases, was
also significant (p = .023). However, the radiation effect seen among individuals
exposed in the second trimester was not significant when the eight severely
mentally retarded cases were excluded because 5 of the 10 children who were
exposed to 1.0 Gy or more were mentally retarded.

Finally, the relationship between complete and incomplete repeated measure-
ments is discussed. Of 1566 individuals with DS86 doses, there are 1347 (or 1264)
individuals with 3 (or 4) or more repeated measurements. Of these 1347 individu-
als, 21 were exposed to 1.0 Gy or more. Most of the 21 individuals exposed to
1.0 Gy or more have been used in our analysis. The fact that 13 (62%) were
included in the 455 individuals measured at all ages from 10-18 yr, 14 (67%) in
the 704 individuals measured at the first 4 ages from 10-13 yr, and 18 (86%) in
the 838 individuals measured in the last 4 ages from 15-18 yr seems to give not
so large a loss for estimation to growth retardation. The 1347 individuals include
83 with 3 observations from 10-18 yr, 118 with 4 observations, 253 with 5
observations, 103 with 6 observations, 138 with 7 observations, 197 with 8
observations, and 455 with 9 observations. As a method of using incomplete data
for 1347 or 1264 individuals, there is a two-stage random-effects model with an
L relationship or an L-Q relationship, respectively. We are currently analyzing
the incomplete and complete data together using the methods of Vonesh and
Carter.® These methods require stricter assumptions regarding the covariance
structure but allow use of more data. Thus, it will be interesting to compare the
results of this alternative analysis with those presented in the current paper.
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Appendix: A Growth Curve Model with Covariates

The growth curve model with covariates is given by
EY)=AEB+Z({B ,
Vivee(Y)]=Z®1, , (1)

where Y is an N x p matrix of stature measurements, A is an NV X k design matrix
of rank k, B is a ¢ x p known matrix of rank g, Z is an N x m matrix of covariate
measurements, £ is a £ X ¢ matrix of unknown parameters, { is an m x ¢ matrix
of unknown parameters, and I is a p x p positive definite matrix. Here, vec(Y)
denotes the column vector defined by arranging the column vectors of ¥ in a
column. Further, it is assumed that the rows of ¥ are independently normally
distributed with unknown covariance matrix . For the growth curve model
without covariates, see, eg, Potthoff and Roy® and Grizzle and Allen.” In the
longitudinal data, p is the number of repeated observations for each of the NV
subjects, (g — 1) is the degree of a polynomial, & is the number of groups, and m
is the number of covariates. The elements of a ¢ X p matrix B are the values of

orthogonal polynomials at ,, ..., ¢,, ie,
1 | RN
byt) bty ... bt
B = % o - e b4 ‘

By 1(t) by_yty) - by_1(t)|

where b/(t) is a jth degree polynomial and the rows of B are maturely orthogonal.
The MLEs of E and { are given explicitly by

A
[ﬂ =T-'[AZ) YS'B' (BS'BY' ,

where T=[AZV[AZ],S=W,, =W, -W W! W, W =Y [Iy-A(AA)"A’]
Y, W,=2Z [Iy-AMAA " AZ and W, =W, =Y [Iy - A(A’A)" A’) Z. We use
the notations T,, =A’A, T,,=Z'Z, T,, = T,, = A’Z and T, = Z'Y. The variance-
covariance matrix of the elements of £ and £ is given by

Vivec &’ &) =G ® (BZ'BY! ,

where G=[N-k-m-1)/N-k-m-(p-q)-1)]Gand G=T", .
An estimator for VIvec(& 8’}] is obtained by replacing I by its unbiased estimator Z:
a

A a
n'$=[Y-(AZ) [E]Bl' [Y-(AZ) [E}B]

= ' ’ 1 1 -1
~S+[I,-S'B (BS'BY'BIT,,, G T}, [I,-S'B (BS'B)'BI ,
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where n* =N -k -m and T, ,, = [T}, T,]. The MLE of Zis £= YN .
The hypothesis in which we are interested can be expressed as

¢

where C is a ¢ x (k + m) known matrix of rank ¢ and D is a ¢ X d known matrix
of rank d. We can choose optionally C (or D) as the identity or contrast matrix.
For the tests in Tables 3 and 5, we used D as D = I, for an L relationship and
D =1 for an L-Q relationship. For the matrix C, we optionally chose the 1 x 6
contrast vectors as shown in the tables. The likelihood-ratio statistic

A
B AT

HD:C[ }D:O,

has an approximately ¥ distribution with ¢d degrees of freedom, where
S.=D'BS'B)'D,
A A
S, =(C [g} Dy CRC)' (C [“e']n)
and

R=G+GT,,, [S'-S'B (BS'B)'BSI T}, ,G

with Ty, ,, = [T}, T,,] .

The AIC of the Appendix model (1) as a measure of goodness of fit is easily
derived:

AIC=Nlog 1£ | +pN [og@m) + 1] + 2[p@ + 1)/2 +(& + m)q] .
As an alternative of model (1) we may consider the model
E(Y)=A=B +Zr ,
Vivee()] +Z® Iy , @)

where I' is an m X p matrix of unknown parameters. Model (2) is a mixture of
MANOVA and GMANOVA models (Chinchilli and Elswick??). AIC of the model
(2) is given by

AIC =N log 18] +pN(log(2rm) + 1) + 2[p(p + 1)/2 + kg + mp] ,
where

NI =S+[I,-S"'B' B SB)'BY (Tya G Tyian - Tyz Tos Tey) U, - S'B'BS™'B)'B] .
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&4 BRERFR 10- 13RB LU 15- 188 E CORMMIS BATECE T CHREBRETLO/NS A — S50, HIESTHE 3/ E L5

LITYRIAREE L iRHARI AR SEIRAART iR YEIRHART R AR
H B EHE W EHE e EHIE BB SESE e
BEEZFARECETVZ10-13BT— Y0NS A — ST E
LBBH 135.87 2483 137.10 2618 134.18 2423 133.60 2807
eyl 136.97 2965 135.26 2.901 135.72 3.058 135.98 2.998
RIS 135.65 2525 136.04 2694 134.84 2.483 13223 2.489
Eigi 136.46 3.015 138.03 3.2%6 135.09 2.800 133.45 3.075
DS86 7 (Gy) —-3.851 —-0.0449 —3.800 —-0.0931 -3.034 0.2021 —3.909 -0.3963
TR S -0.0392 —0.000059 -0.0836 -0.0176 0.3102 -0.000318 0.03468 -0.00120
BEEZREICE DWWV 15-18BT— 405 A — S ETE
Nt 164.51 0.5659 185.47 0.5579 163.53 0.5528 164.35 0.8300
N -y-qd 153.93 0.1306 152.85 0.1283 163.25 0.1254 155.34 0.2144
=L o 163.68 0.5638 164.29 0.6021 162.70 0.5931 183,57 0.6024
Bt 154.17 0.1647 153.86 0.1643 152.02 0.1811 155.66 0.1770
DS86# & (Gy) —4.394 -0.0592 -4.773 —0.1424 -4.878 0.0134 -4.825 0.0631
HEIREE —0.0545 0.00101 -0.1259 —-0.00661 0.0446 —-0.00550 —0.0754 0.00304
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BEHETE, BURNER3 AR

g B Fofnads il SN s T bl
BB 1 1 1 0 1 0 0 1 1 1 0 1 0 0
N 5 1 == 0 1 —1 0 0 1 =4 0 1 -1 0 0
EisEk -1 1 -1 0 — 0 0 -1 1 - 0 — 1 0 0
Bt =9 =9 0 =1 1 0 0 = =4 0 =1 1 0 0
DS86#s & (Gy) 0 0 0 0 0 1 0 0 0 0 0 0 1 0
ez 0 0 0 0 0 0 1 0 0 0 0 0 0 1
BRERER10-13BICESVERE BEEER 1518 RICE T iEE
SITRIRE
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- o 0059 <0001 0276 0204 0941 0003 0.395 0.013 <0001 0017 0253 0417 <0.001 0016
YrUREARIATAARE
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bR HAR R 2Ry
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% 0.086 <0.001 0520 0019 0.180 0.106 0.958 0.095 <0.001 0.129 0546 0621 0.101 0841
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