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

A reanalysis has been undertaken of the relation-
ship of attained adult height of Hiroshima and
Nagasaki atomic bomb survivors aged less than
10 at the time of the bomb (ATB) to radiation
dose based upon new dosimetry data. The
present analysis aims to examine the relationship
of stature to radiation dose in terms of gamma
rays and neutrons, separately.

The 628 individuals were selected from Hiroshima
and Nagasaki survivors, aged less than 10 ATB,
whose doses were available, and whose statures
were recorded at the Adult Health Study (AHS)
biennizl health examination during 1970-72.

To ascertain the relationship of attained adult
stature to gamma and neutron doses three dose-
response models were applied to the data. The
analysis revealed that the attained height is a
separate function of exposure to gamma rays
and neutrons. The model assuming a squared
term dependence on gamma rays and a linear
dependence on neutrons provides a better
explanation of the data. The regression coef-
ficient associated with the squared gamma dose
is —0.00000927 and the coefficient associated
with neutron dose is —0.0172. The relative
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biological effectiveness of neutrons in relation to
gamma radiation with respect to the effect for
diminished development of stature is estimated
as 43.1 / \/ﬁ1 in kerma (Dn=neytron dose). The
95% confidence limits are 19.3 / +/Dn~96.5 /
v/ Dn.

INTRODUCTION

Belsky and Blot! have reported that average
height is significantly shorter among Hiroshima
survivors aged less than 6 ATB and who received
100 rad or mors, but not among Nagasaki
survivors. They stated that the city difference is
explicable, at least in part, on the basis of the
difference in radiation quality in Hiroshima and
Nagasaki. However, they did not examine the
effect of radiation on stature as a separafe
function of gamma and neutron dose. Since
improved estimates of exposure have recently
become available in Nagasaki based on a new
epicenter proposed by Kerr and Solomon,? it
seems timely and worthwhile to examine the
stature of individuals in the AHS? sample in
relation to gamma and neutron doses, separately.

MATERIALS AND METHODS

Height and body weight have been recorded for
the individuals who received AHS biennial health
examination since 1958. The study subjects in
the present analysis were selected from the
A-bomb survivors aged less than 10 ATB in the
AHS sample and whose height and weight were
recorded during the 7th Cycle (1970-72) of
biennial health examinations. Since individual
age at the examination ranged from 25 to 36, it
was considered that their statural growth had
been completed. There were 654 such individuals
- in the sample.

Individual dose estimates have recently been
calculated anew wusing the revised Nagasaki
epicenter proposed by Kerr and Solomon? and a
standardized rounding procedure. If the kerma
total dose for a survivor was calculated to be
600 rad or more, in Hiroshima the gamma dose
for that individual was arbitrarily set at 439 rad
and the neutron dose at 161 rad, and in Nagasaki
they were set at gamma 587 rad and neutron
13 rad, to minimize the possible effects of
erroneous estimates. There were 8 subjects with
this adjustment in Hiroshima and 6 in Nagasaki.
Estimated dose has not been calculated for 26
individuals due either to inadequate information
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on their shielding or its complex nature. These
26 persons with unknown dose were excluded
from the analysis, Thus, the present analysis
deals with 358 individuals in Hiroshima and 270
in Nagasaki,

In the statistical analysis, to ascertain the relation-
ship of stature to radiation exposure differences
of average height were examined in relation to
kerma total dose, city, sex, and age ATB. To
ascertain the relationship of stature to kerma
gamma and neutron doses three dose-response
models were used:

Model 1. Linear dependence on both gamma
and neutron doses;

Model II. Squared gamma dose dependence
and linear dependence on neutrons; and

Model III. Linear and squared gamma dose
dependence and linear dependence on
neutrons.

The present analysis treats stature asa continuous
phenomenon using a stepwise regression analysis.*
The following three formulas for dose-response
models were applied to the data to determine
their fitness.

Model I:

Model II:
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Y=a+b;X; +b2X; + by X3 +b3Dy+bsgDn

Y=a+b;X; +baXy +b3X3 +byDy? + bsDn

ModelIII: Y=a+b;X; +by;X; + b3 X3 + by Dy + bsDy? + bg Dn

where Y = stature (cm), a = constant, X; = city,
X, = sex, X3 = age ATB, Dy = gamma dose,
Dy? = squared gamma dose, and Dn = neutron
dose.

RESULTS

Mean and Standard Deviation of Height by City,
Sex, and Total Dose

Table 1 gives the mean and standard deviation of
height in A-bomb survivors aged less than 10 ATB
in the AHS sample by city, sex, and dose. It also
shows the resuits of homogeneity tests of
variance® for four dose groups by city and sex.
Average height tends to be lower as exposure
increases, except among Nagasaki males, Variance
of height does not differ significantly by dose.
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TABLE 1 MEAN AND STANDARD DEVIATION OF HEIGHT OF AHS SUBJECTS
AGED LESS THAN 10 ATB BY CITY, SEX, AND KERMA DOSE

£1 ERBIOERBETH - ARABREAEHNRESOSEOTHERY
MRS SR, R, -~ HER

Kerma Dose in rad Male Female
Dose Rnge Mean Subjects thfga}'a S.D Subjects th?gift s.D.
Dy Dn in cm in cm
Hiroshimé
300-600 340.9 1204 20 161.0 5.18 20 149.9 6.90
100-299 150.7 43.2 20 1644 5.55 25 151.1 5.34
1- 99 23.3 59 56 166.4 6.18 91 153.6 5.84
<1 6.0 0.0 52 164.9 6.02 74 153.0 5.54
Total - - 148 164.9 6.11 210 152.7 5.87
‘ Nagasaki
300-600 446.0 8.1 18 164.3 6.64 19 149.8 5.33
100-299 188.7 2.7 3 165.1 5.04 32 151.5 5.26
1- 99 38.2 0.2 31 1644 543 38 152.1 4,25
<1 0.0 0.0 48 163.3 5.72 53 152.8 4.81
Total — - 128 164.1 5.61 142 1519 4.89
Homogeneity test of variance for four dose groups: -2 ORI #1315 FH -0 RE
Hiroshima Male x*=1.04,df=3, P>.05 Female x*=2.00, df=3, P> .05
Nugasaki Male x*=1.90,df=3, P>.05 Female x*=2.00, df=3, P> .05
TABLE 2 TWO-WAY ANALYSIS OF VARIANCE OF HEIGHT IN AHS SUBJECTS
AGED LESS THAN 10 ATB IN RELATION TO DOSE AND SEX BY CITY
#2 HWHICHAFREBIOERBTHZHRABRREAEHEESOSELC
SWTOHEREUCHEO T
Class Sum of Squares D;ifgof; Mean Square F-Test Probability
Hiroshima
Sex 13264 1 13264 388.78 P < .01 **
Dose 698.1 3 232.7 6.82° P < .01%*
Interaction 39.35 3 13.12 0.38 P> .05 NS
Between 13620 7 1945.7 57.03 P < .01 **
Within 11941 350
Total 25561 357
Nagasaki
Sex 10063 1 10063 367.51 P <.01**
Dose 47.18 3 15.73 0.57 P> .05 NS
Interaction 150.89 3 50.30 1.84 P> .05 NS
Between 10295 7 1465.6 53.52 P < .01 **
Within 7174.4 262 27.38
Total 17469 269

Dose <1, 1-99, 100-299, 300-600 rad
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TABLE 3 TWO-WAY ANALYSIS OF VARIANCE OF HEIGHT IN AHS SUBJECTS
AGED LESS THAN 10 ATB IN RELATION TO DOSE AND AGE ATB BY CITY AND SEX

#3 R, RN A BB RE T s AR ARENENREORELC
VT DIERRUEBRIFLEO Ty

Sex Class Sum of Squares I]);:ggfﬁ)z'f Shgzz?e F-Test  Probability
Hiroshima

Male Age ATB 17.82 1 17.82 0.50 P> 05NS
Dose 45922 3 153.07 4.28 P < .01 **
Interaction 21.02 3 7.01 0.20 P> .05NS
Between 482.05 7 68.86 1.93 P> .05 NS
Within 5006.6 140 35.76
Total 5488.7 147

Female Age ATB 3.92 1 3.99 0.12 P> .05 NS
Dose 296.26 98.75 291 P> .05 NS
Interaction 40.15 3 13.38 0.40 P > .05 NS
Between 33841 1 48.34 143 P> .05 NS
Within 6851.6 202 33.92
Total 7190.0 209

Nagasaki

Male Age ATB 0.08 1 0.08 0.00 P> .05 NS
Dose 65.19 3 21.73 0.69 P> .05 NS
Interaction 152.84 3 50.95 1.62 P> .05NS
Between 218.61 7 31.23 0.99 P> 05 NS
Within 3780.9 120 31.51
Total 3999.5 127

Female Age ATB 23.16 1 23.16 0.97 P> .05 NS
Daose 132.80 3 4427 1.86 P> .05 NS
Interaction 21.70¢ 3 7.23 0.30 P> 05 NS
Between 177.24 25.32 1.06 P> .05 NS
Within 2195.7 134 23.85
Total 2373.0 141

Age ATB 0-4, 5-9

Dose < 1, 1-99, 100-299, 3G0-600 rad

Table 2 reveals the results of a two-way analysis
of variance of height in relation to sex and dose
by city. Height is significantly different by sex
and kerma total dose in Hiroshima, whereas in
Nagasaki, it is significantly different by sex, but
not by kerma total dose.

Table 3 shows the results of a two-way analysis
of variance of height in relation to age ATB and
dose by city and sex. Height is significantly
different by dose, but not by age ATB in
Hiroshima males, whereas it is not different by
age ATB or dose in Hiroshima females and in
Nagasaki subjects. Therefore, the analysis
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TABLE 4 STEPWISE REGRESSION ANALYSIS OF HEIGHT AMONG A-BOMB SURVIVORS AGED

LESS THAN 10 ATB IN RELATION TO CITY, SEX, AGE ATB, GAMMA DOSE,

F#d4 FHBERMETS > -HBEORRLET, £, BEERER, Y vHERT

AND NEUTRON DOSE BY THREE MODELS (628 SUBJECTS)

ik F R L OME T 3 BENEREN; Zo0TF LG (HRE 6288)

Variables in Equation Regression Coefficient Standard Error Partial F-Test P
Modet [ Y=a+b,X, #b,X, +b,X; +b,Dy+b,Dn
Age ATB (X;) —0.1418 0.0840 2.85 P> .05 NS
Gamma dose (D) —0.0068 0.0016 17.30 P < .01 **
Sex (X)) 12,2217 0.4502 737.06 P<.01**
Constant (a) 1536
Percentage of variation explained (R?) = 54.6%
Variables not in regression: Neutron dose (Dn) and city (X,)
Modelll  Y=a+b,X, +b,X, +b,X, +b,Dy* +b,Dn
Age ATB (X,) —(.1313 0.08448 242 P> .05 NS
Neutron dose {Dn) —-0.0172 0.00834 4.25 P<.05*%
City (X,) 0.8570 0.50631 2.86 P > .05 NS
Sex (X,) 12.2286 0.45014 737.99 P < .01 **
Squared gamma dose {Dy?) ~0.00000927 0.00000425 4.75 P<.0O5*
Constant (a) 152.9
Percentage of variation explained (R?) = 54.8%
Covariance Dy Pn = —0.18247 x 1077
RBE =43.1/ /DA (95% confidence limits : 19.3/+/Dn ~96.5/+/Dn )
MadelIlI Y=a+b,X, +b,X, +b,X, +b,Dy+b,Dy* +b,Dn
Age ATB (X,) —0.1418 0.0840 2.85 P> .05 NS
Gamma dose (D) -0.0068 0.0016 17.30 P < .01 **
Sex (X,) 12.2217 0.4502 737.06 P < .01 **
Constant (a) 153.6

Percentage of variation explained (R?) = 54.6%

Variables not in regression: Neutron dose (Dn), city (X, ), and squared gamma dose (Dy?)

Note: Criteria for in and out: 2.0

Y = height (em), X, =city, X, =sex, X, =age ATB, D+ =gamma dose, Dn = neutron dose,

D~* = squared gamma dose (rad)

suggests that any radiation insult before the
adolescent growth spurt has not a specific effect
in Hiroshima males for disturbance of statural
development.

Relationship of Stature as Continuous Variables
to Gamma and Neutron Exposure

Table 4 summarizes a stepwise regression
analysis of the relationship of height to gamma
and neutron doses in conjunction with con-
comitant factors such as city, sex, and age ATB
for three dose-response models. The first model
assumes a linear dependence of stature on both
gamma and neutron doses (Model I); the second
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assumes a squared term dependence on gamma
rays and a linear dependence on neutrons (Model
II); and the third assumes a linear and squared
term dependence on gamma rays and a linear
dependence on neutrons (Model III). According
to Model I, height varies significantly with sex
and gamma dose, but is not significantly related
to neutron dose, city, nor age ATB. According
‘to Model II, height changes significantly with
sex, squared gamma dose, and neuiron dose, but
is not related to city nor age ATB. According to
Model III, height depends significantly upon sex
and gamma dose, but is not significantly related
to city, squared gamma dose, nor neutron dose.
Thus, it appears that if height is related to both
gamma and neutron doses, Model II provides
_ a better explanation of the data. The regression
coefficient associated with the squared pamma
dose is —0.00000927 and the coefficient as-
sociated with neutron dose is —0.0172, The
RBE of neutrons in relation to gamma radiation
with respect to the effect for diminished develop-
ment of stature is calculated as 43.1 /\[ﬁrr (95%
confidence limits: 19.3 / v/Dn~96.5 /+/Dn) in
kerma under Model II. The similarity in the
percentages of variation explained (R*)} under
the three models is somewhat surprising, and
suggests that dose itself contributes little to
variation in height.

DISCUSSION
Studies of growth and development among
A-bomb survivors have shown the average attained

height of the survivors who received 100 rad or _

more during childhood to be significantly shorter
than control subjects in Hiroshima.! The effect
is different between the two cities. The report
ascribes this difference at least in part to the
different quality of radiation in the two cities.
Children in the Marshall Islands exposed to
fallout radiation in 1954 were also noted to have
a significant reduction in height.*? These two
observations suggest that exposure to radiation in
childhood produces a disturbance in growth and
development of stature.

The present analysis is restricted, of course, to
measurements of height on individuals alive in
1970-72 (25 vyears after exposure). We assume
that attrition in the study subjects did not vary
by dose, development of stature, or mortality.
It is also clear that growth and development of
stature depends upon nutrition, socioeconomic
conditions, and possibly other factors. We must
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also assume that such concomitant factors
affected equally all young survivors in Hiroshima
and Nagasaki regardless of dose. We also assume
that the diminution in attained stature of those
individuals aged less than 10 ATB depends upon
the quality and quantity of radiation they
teceived. Three simple dose-response models
were selected from among those commonly
proposed to examine the dose effect for diminish-
ed stature to gamma and neutron dose. However,
any dose-response model is conjectural. The
present analysis was performed for stature as a
continuous variable in relation to gamma and
neutron doses. The analysis clearly demonstrates
that the height of survivors aged less than 10
ATB decreases as a function of the squared
gamma dose and neutron dose under Model II if
both kinds of radiation are related to height. The
estimated RBE is around 43 / v/Dnand is similar
to the RBE values seen for certain other late
biological effects among A-bomb survivors8-il
and in animal experiences by Rossi.’?

The mechanism of the effect is not clear, but it
probably involves a dysfunction of certain
hormonal organs related to growth and develop-
ment. Sutow et al® and Robbins et al’
reported that the short stature in Marshall Islands
children exposed to fallout radiation was probably
due to radiation-induced thyroid dysfunction.

Contrary to the previous report,! the present
analysis suggests that dose effect for diminished
stature is not significantly related to age ATB for
individuals exposed before the adolescent growth
spurt, which was probably caused by the small
sample size. A similar analysis was also conducted
for body weight, however, there was no statistical-
ly significant relationship between body weight
and either gamma or neutron doses.
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