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SUMMARY

Five hundred and fifty-six subjects exposed while
in utero to the Hiroshima and Nagasaki A-bombs,
and comparison subjects were observed by postero-
anterior hand and wrist roentgenograms for epiphy-
seal closure. There were delays in closure of 6-7
and 8-9 months for males and females respectively,
as compared with published results for Japanese and
American children. These findings did not correlate
with the A-bomb exposure doses of the mothers of
these children. Brachymesophalangia occurred in
11% of males and 19% of females in Hiroshima.
Possible contributory factors to the relative delay in
maturation are discussed,

BACKGROUND

During the course of investigations by ABCC for
late radiation effects among survivors of the
Hiroshima and Nagasaki A-bombs, several studies
have elucidated growth and development.'™ Three
of these!™ have included roentgenographic assess-
ments of bone maturation and two of these reflect-
ed delayed skeletal maturation among Japanese in
comparison to American children."* The third, a
study of Nagasaki children exposed in utero, attri-
buted an apparent delay in epiphyseal center closure
to fetal exposure to the ionizing radiation from the
A-bombs.> That report was based on a cross-
sectional analysis with fewer observation points in
fewer subjects during only three examination.

The present study established the time of closure of
the epiphyseal centers in the left hands and wrists of
in utero survivors who were in various stages of
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gestation at the time of the bombs (ATB), taking
into consideration the location and A-bomb dose
of their mothers. The data were analyzed to detect
any delay of maturation attributable to exposure to
ionizing radiation from the A-bombs, and to estab-
lish norms for comparison with results of other
investigators.

MATERIALS AND METHODS

Selection of Sample. The ABCC in utero exposed
sample (PE86) consists of 1613 Hiroshima and
Nagasaki subjects in three major comparison groups
by the mother’s distance from the hypocenter
(0-1999 m, 3000-4999 m, and not in the city).
The children were born between August 1945 and
May 1946.7 Radiation dose estimates based on
shielding information were available for the exposed
mothers.®

The subjects in the present study were selected
from those undergoing examination in the PES86
program. Included in these examinations were
posteroanterior (PA) roentgenograms of the feft
hand and wrist within 1 month of their birthdays.
Selection of index subjects was restricted to those
within 2000 m from the hypocenter ATB and
already having on file a minimum of five routine
hand-wrist roentgenograms. Control subjects,
matching on sex and trimester of gestation ATB
and with a minimum of four roentgenograms were
from the 3000-4999 m group (too distant to have
experienced significant radiation but within the
region of blast effect), and the not-in-city group
who experienced neither radiation nor blast. At the
time of selection, there was a potential of nine
films per control subject. In the event that two or
motre subjects met the criteria for selection, the
ones with the maximum number of X-ray films on
file were selected.

Based on medical chart reviews, four cases of mental
deficiency, and one each with metabolic or endo-
crine imbalance, congenital syphilis, infantile
cerebral palsy, renal rickets with delay of skeletal
maturation, and epilepsy were excluded from the
study, Replacements were selected for 3000-4999 m
and not-in-city subjects, but not for the “index”
(under 2000 m) subjects. The sample as ultimately
defined is shown in Table 1.

The study subjects with greater number of examina-
tions prior to age 17 years might conceivably have
differed from those with fewer examinations, result-
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TABLE 1 NUMBER OF IN UTERO CHILDREN IN BONE MATURATION STUDY, BY SEX, TRIMESTER OF GESTATION
ATB, AND DISTANCE FROM HYPOCENTER, HIROSHIMA AND NAGASAKI

#1 CEEBEE I B S BB P I

o RRIRARIREE - RO S 5 D FREER, KB - R

5 Trimester of _— Hiroshima Nagasaki

ex Gestation ATB o ——
ISR 02000m 30004999 m NotinCity 0-2000m 30004999 m  Not in City

Total 556 147 75 150 73 36 75

Male 331 87 45 90 43 21 45
1st Trimester 109 27 15 30 15 7 15
2nd 112 30 15 30 15 7 15
3rd 110 30 15 30 13 7 15

Female 225 60 30 60 30 15 30
1st Trimester 15 20 10 20 10 5 10
2nd 75 20 10 20 10 5 10
3rd 75 20 10 20 10 5 10

There were too few eligible children in the 3000-4999 m group to match on a one to one basis. This group was limited fo half-

size to retain proportionate balance.
000 -4999mBETIE, 141 ORETHHSEI 2L, FETS
Mok E EIZEIEE A

ing in bias. It would be difficult to disprove this by
comparing closure rates because roentgenograms are
necessary to determine such rates. However,
comparison of head circumferences at various ages
for subjects who were examined at 17 years of age
and for those not clinically examined at 17% did not
indicate that the availability of an examination was
related to the past or future physical development
or maturation of the subject. Further analysis for
possible bias is presented in the Appendix 1.

Roentgenography and Interpretation. An epiphysis
is an osseous body which in early life is separated
from a large body of bone by cartilage. Growth of
the length of the bone occurs at the location of this
cartilage, and the epiphysis later unites with and
becomes a part of the larger body of bone.
Throughout the body, epiphyses form, develop, and
eventually unite with other bodies of bone from
birth to about 30 years of age. The time of
appearance of epiphyseal centers and the time at
which they unite with the main portion of a bone
can be readily determined roentgenographically.
The time of appearance and closure can be altered
by factors such as disease, malnutrition, and in
relatively heavy exposure to ionizing radiation.”"*?

Ideally, roentgenographic assessment of epiphyseal
centers should be made semiannually or quarterly,
especially to observe the rapidly occurring develop-
ments when centers appear (from birth to 6 years),
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and close (from 13 to 21 years). However, the
design of the investigation of the in utero exposed
sample did not permit more frequent than annual
examinations.

The left hand and wrist was selected for observing
skeletal maturation because of its accessibility and
ease of examination. It is the generally accepted
body site used for this purpose. There is no
significant difference in the rate or pattern of bone
maturation between the left and the right hands
and wrists.!) Those of the left hand reportedly
mature somewhat faster than those of the right, the
difference being more prevalent among boys, but it
is not statistically significant, and any such dif-
ferences are too small to limit the usefulness of
assessments based on one hand and wrist area.'

More consideration has reportedly been given the
ages at which centers ossify than those when fusion
of epiphyses and diaphyses occur.'? There are 19
short, 8 round, and 2 long bones for observation in
the hand and wrist,!® and these three types of bones
can vary widely in their development pattems.
There are greater variations in time of appearance
of carpal bones than in the long bones of the
hand."® In 1954 Dreizen reported that the middle
and distal phalanges were more often retarded in
chronic nutritive failure.!> In 1958 he reported
that acrpal bones not only are more variable in
time of appearance, but more vulnerable to retarding
influences of protracted undernutrition.’®  We
restricted our observations to the epiphyses of the
long bones of the left hand and wrist.

Roentgenologic methods of observing developing
skeletal structures have included planimetry for
area measurement,1"‘T the measurement of bone
dialrnf:ters,la and the overall appearance of carpals,
metacarpals and phalanges.!® The latter has proved
satisfactory for most investigators.?® Some have
also documented the times of appearance of the
sesamoid bones. We did not do so; epiphyseal
fusion can be more clearly and objectively assessed.

The children in this study routinely received PA
roentgenograms of the left hand and wrist within
1 month of their birthdays, between the ages of 9
and 21 years. The maturity indicators of Greulich
and Pyle were used as criteria for closure.
Complete closure consisted of fusion of the epi-
physis with the main body of bone, with or without
a residual epiphyseal line. The stages of closure in a
phalanx are illustrated in Figure 1. The epiphyses
so observed are indicated by numbers in Figure 2.
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FIGURE 1 MATURITY INDICATOR
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Pseudoepiphyses have been reporied indicative of
ossification disturbances.?!  Their presence was
therefore recorded. Anticipating that brachymeso-
phalangia might interfere with the closure of res-
pective centers, the presence of this anomaly was
noted. The form used to record observations for
each roentgenogram is shown in the Appendix 2.

Interpretations were made by five observers (YI,
FH, TK, KI, WR), without knowledge of the
subject’s radiation exposure status. To insure
uniformity in interpretation the five observers
jointly and in consultation checked each other’s
observations in the initial approximately 30 cases.
Any discrepancies were mutually resolved. Upon
completion of the recording of data from the serial
films, a consistency check was made and the films
for a subject were re-read if any center was coded
open after having been recorded as closed at an
earlier observation.

Duration of Observation. Observations of a child
spanned his earliest and most recent roentgenograms.
Special efforts were made to assure that roentgeno-
grams from ages 18 through 20 years were obtained
for each individual, but some had moved from the
contacting area and others refused the examinations.

The number of persons observed at each year of age
and the number lost from observation by age is
shown in Table 2.

A child was considered lost to the study as of the
date of his last available roentgenogram because
subsequent changes could not be determined.
Losses occurred at ages 12 and over, necessitating
the use of a Life-Table Technique. The probabilities
were computed that centers open at age X years
would remain open at least 1 additional yvear. The
cumulative product of these probabilities provided
an estimate of the probabilities that the centers
which were all open at the start of observation
would still be open at each succeeding year of age.

When one or more films were missing immediately
prior to the first observation of a closure, a
conservative assumption (that closure occurred at
the age when the closure was first demonstrated)
was used in computing closure rates. Closure rates
for centers were recomputed assuming that closure
occurred at the age of the first missing observation
in the interval to determine the maximum bias in
age at closure resulting from missing observations.
This second assumption resulted in median ages at
closure Y% to 1% year earlier than when the conserva-

BT R EHORELTRALO T LHEEENT
ogul  lpdt e ﬁ’%’”ﬁ*s‘#‘%fﬁ‘)%’q"“ﬁ“‘DH’C%J“ﬁ'i‘ﬁ'
o, §REHESA 2 W FhoSEBEoRM2HE+
5ZELEBLIOSNZOT, IORFOAEBIIODLTLHE
Fe Tk, XERETREEST 2200811

#2isRT.

ot
P?"H

5 HOF B ERRHE (BRTF, AREB, A, 44 & LU Russell)
i, MREORBREMERREBIREZEET, 20
IMEBEORES T Ak, 205 A0S MBEL,
MEOH—MEEES S, BRPOH05EL &2, B
OEERRIovwTh#Er LaFoBigsmars, A
CHETZHERHECOMTRELA., Mo XH7 (LA
EOBEHOESGFFRETLAR, —HECou A
fTaw, B NNOBEC Lo THliE sk
LOFRICHBEE - FERAEEEGIZE, 208D
T AL OWTHERBETE -7,

M. 1 A0 FHoBsEMEEETOXEE RN
W Eshialr o B LOXBER YA
TOMIIHZE2EDTH-7, FAIIDNTISHE S 5 208
ETOMOXHBERE AFET S L9 ‘F??ill(bﬁ“ FARIIEIN SR gl
A, MEgHEACBELEZY, BERETLEEL

& .,

SEMIEOZLEN L UVEBIREE L, £212
e

MBEOREEOXMERLEOZ{LIHRAT 20T
ELNOT, TOEHROHFHEL-T, ZOFHRIEH
EHrLSBELLZLOE LA, BERIELFZRIZKZ ST
HD, ZOOEGRICLAHEILEE L, Tl
X Tllw o BREMED, P2 EL 551016
PRI L 2% £ DIRIE A 8T ARER P E s, =
NEOMERORBA 6, REMGRECHEL TV AEE
BTSTHAZOROEERH IV T KL 2 00k
BAEROTHA I EVIEROHEEEIFL N

TR A R IO AEMOXHE R #UL LR

ML TWABEGICE, MEIND THREE LB
BRIZBHSIASE Z o 2 2w 3 ¥ 2 O I % BT 0 §HE
w7, F /2, BEORINIC LS BB O S0 A
DY ERET S0, KIMLABSEO S 5RO
OEMICHBIP R At 00 LT
ORFHELETE -k, ZOH20ETHE, FiH iR
EARGLRARGED LMD EERO M- K



TABLE 2 NUMBER OF IN UTERO CHILDREN UNDER OBSERVATION* AND NUMBER WITHDRAWN FROM
OBSERVATIONS BY AGE, SEX, AND DISTANCE FROM HYPOCENTER, HIROSHIMA AND NAGASAKI

F#2 BEDOFEBIEEARBRENFLUBEREY>C ORES M
HER - LA S DIRER, RE S L URE

Total Subjects 0-2000 m 3000-4999 m Not-in-City

City, Sex, Age

Observed Witi}g:irawn Ohderved \Ngthdmwn Observed Withdrawn Observed \\éit?drawn
Sanw ween at age X etween dtare X between at age X etween
alap X and X+1 X and X+1 g X and X+1 X and X+1

Hiroshima Male

9-13 yrs. 222 87 45 90
14 222 2 87 1 45 90 1
15 220 6 86 3 45 89 3
16 214 15 83 9 45 2 86 4
17 199 85 74 33 43 16 82 36
18 114 45 41 19 27 10 46 16
19 69 59 22 16 17 16 30 27
20 10 10 6 6 1 1 3 3
Hiroshima Female
9-13 150 60 30 60
14 150 3 60 1 30 1 60 1
15 147 59 = 29 59
16 147 29 59 29 29 7 59 13
17 118 73 50 28 22 13 46 32
18 45 20 22 10 9 4 14 6
19 25 24 12 12 5 4 8 8
20 1 1 1 1
Nagasaki Male
9-11 109 43 21 45
12 109 1 43 21 45 1
13 108 1 43 21 44 1
14 107 3 43 1 21 1 43 1
15 104 8 42 6 20 42 2
16 96 4 36 1 20 1 40 2
17 92 41 is 14 19 10 38 17
18 51 39 21 13 9 7 21 19
19 12 11 8 8 2 1 2 2
20 1 1 1 1
Nagasaki Female
9-13 715 30 15 30
14 5 3 30 1 15 2 30
15 72 ) 29 2 13 2 30 1
16 67 15 27 8 11 2 29 5
17 52 24 19 11 9 i 24 8
18 28 18 8 6 4 4 16 8
19 10 7 2 1 8 6
20 3 3 1 1 2 2
*Examined at age X, or before and after age X. T Tab, 1633-1 & 2-C, Center 20
FERXET, tLIFEMXENBRTRESIRILLD T IR R



tive assumption was used. Bias from the true
median age at closure with the conservative assump-
tion would be one-half the above differences or a
1/8 to 1/4 year delay. Similar bias estimates were
obtained for ages at which 10% and 90% of centers
were closed. Bias was similar for each of the four
distance comparison groups.

Radiation Exposure. Revised individual whole-body
radiation dose estimates (T65D)® are the most
accurate measure of degree of exposure to radiation
from the Hiroshima and Nagasaki bombs. Efforts
are currently being directed to estimating fetal dose
for in utero exposed subjects, but such dose
estimates are not yet available. The whole-body
doses of the mothers are available and have been
used in the search for the effect of fetal exposure
upon subsequent skeletal maturation. The analysis
for an exposure effect was limited to the 331
children who were within 5000 m from the hypo-
center ATB. While subjects beyond 10,000 m
received no radiation from the bombs,® these
subjects were excluded from the analysis to avoid
possible confounding of dose effects with differences
in maturation related to migration and the comse-
quent nutritional differences. T65 dose information
used in the analysis is summarized in Table 3.

About one-third of the sample in each city is in the
less than 1 rad group, while 8% and 13% respectively
of Hiroshima and Nagasaki children were born to
mothers whose whole-body exposure exceeded 100
rad. Exposure to neutrons was largely confined to
Hiroshima, radiation in Nagasaki having been pri-
marily gamma rays.

RESULTS

Mean age at closure, by center, for children in the
less than 1 rad group, one-third of those used in the
dose analysis, were compared with the mean age at
closure for subjects exposed to 100 or more rad
and with those exposed to 40 rad or more.
While the contrast involving the 100 or more rad
group provided a more satisfactory dose differential,
the ability to establish statistical significance was
impaired due to the small number of children (32
or 10% for the combined cities) with this high
level of exposure. The 40 rad or more group
provided a smaller difference in doses, but the
group included 78 children, nearly 25% of those
exposed within 5000 m of hypocenter. The
differences between means were tested using
Student’s “t”* test, Table 4.

BERLC o, BADORETIIHAEBROEORME
wBhsnmEDIE, ERoFzEoKtTa4bb - UEDENR
EGS. BIEOY% 5 L U0% CHSAED 5 h g
il onTLEMOREETEFIAFTsNL, UoD ik
BRI DOV TLREBZHEULALALDTH - 2.

AR R, 96 CHT TN AZEAO LSBT
FHivdRi (TeoME) #EMEE, B - BOEEL S
DEHBICLAMBEEORLEHELMERTH S, B
#E, BNEREOZ ZBEOHEI>WTE NP EE
SNTWVAH, ZOBRBHEEHEIEZAFEATL E L,
BHOZT-2BHREAFEATEY, BEOTHER
BIZHTAHBORELHETI20IHsATE L,
HEHR 0 SA 30 00 BRAT I, JELABREE LA D Hl A 5 5000 m K O
PREE I B AR 331 & I2BRE L 2. 10,000 m LR
WL RELEREHBRE R AL 2OT; Y BE
BELUZNILARBOELPSET A RNEOE &S
DEFILLE2 TN LOREAETZLH, 2hoOE
HILHN 2 BB L 22, R IZ M A TeSEE 2R+
AERE, B3I ZEHNEATW A,

MHiZsET288EOH KL, 1 rad RGO BRI IZE
LTED, i, ERLEBOMRFO I FTAIY L
13% 47100 rad Ml EO & SHBORRL LT M. RS
CHETAHEBREESREEE LThETFTHEY, RBICH
BEMEREIFEELTH Y TBTH- .

B 2

HEMFCIBEVYS N THOKIZHY T 5 1 rad RHEE
O 5 A% B 2 P8 I 4E % % 100 rad L) k¥ K 1040 rad
DI B kR R E ORI SRS T A E M & L 2. 100 rad
DIEOHBRICI ST 22RIBRIILAZEL LD LR
L7, CORBRREBRHROAZI DL, BB - B#
WMt FHTRE, TabbEHOLT PG TH-
OHRHIE B AT T2 2R TE bk, BOM
P H5000 m ARG DB THEL 2HEDIRITBY Iz LB
TBEDOFUAD 6 % 240 rad L) OB T, MEBIZE
BEZEAEdok, THHEMOBUERELIRTEIC
Student @ " fiE & o T L 2.



TABLE 3 WHOLE-BODY GAMMA AND NEUTRON RAD DOSE (T65D) TO MOTHERS OF IN UTERO
CHILDREN WITHIN 5000 m FROM HYPOCENTER IN BONE MATURATION STUDY, HIROSHIMA AND NAGASAKI

%3  HHRBREEGCET A0S 55000 m KO ERFRNEREOBE O
eBH v IURETHRBE (T6D), LR - kg

Mother’s Whole-body Hiroshima Nagasaki
T65 Dose

No. % No. %o
Number of Subjects 222 100.0 109 100.0
Total dose <1 rad 76 34.2 41 37.6
1-19 76 34.2 13 11.9
20-39 24 10.8 21 19.3
40-59 11 5.0 10 9.2
60-79 9 4.1 5 4.6
80-99 6 2 5 4.6
100 + 18 8.1 14 12.8
Unknown 2 0.9 0 0.0
Gamma radiation <1 rad 76 34.2 41 37.6
1-19 86 38.7 13 11.9
20-39 17 1.7 22 20.2
40-59 13 5.9 9 8.3
60-79 9 4.1 5 4.6
80-99 11 5.0 5 4.6
100 + 8 3.6 14 12.8
Unknown s mi 0.9 (4] 0.0
Neutrons <1 rad 79 35.6 94 86.2
1-19 126 56.8 14 12.8
20-39 9 4.1 1 0.9
40-59 3 14 0 0.0
60-79 2 0.9 0 0.0
80-99 0 0.0 0 0.0
100 + 1 0.5 0 0.0
Unknown 2 0.9 0 0.0

The observed differences in mean ages at which the
various epiphyseal centers closed revealed no consis-
tent evidence of a radiation effect. The most
heavily exposed males (the 100 rad or more group)
tended toward earlier closure (19 of a total of 21
centers), compared with the less than 1 rad group.
In females, 20 of the 21 centers analyzed by dose
closed at an older age in the most heavily exposed
group. The observed differences were 6.8 months
earlier to 1.5 months later in males in the 100 rad
and over group compared with 0.4 months earlier to
10.4 months later for females. Two of the 42
differences (female, centers 10 and 13) were signifi-
cant in the direction of delayed development with
exposure. Considering the number of tests of
significance performed and the similarity of results
expected when each of 21 observations on the
same children are analyzed, the observed differences
are attributable to chance.

2296 Test Tables 1 A, B, C

HEMBEOMMT 2 FHERII T AHEETE, —H
LRSS EDBIIRD S h i o, BGREHE
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TABLE 4 DIFFERENCE IN MEAN AGES (MONTHS) AT CLOSURE OF EPIPHYSEAL CENTERS OF IN UTERO
CHILDREN, HIGH DOSE GROUPS (40+ RAD AND 100+ RAD TO MOTHER) COMPARED WITH LOWER DOSE
GROUP (<1 RAD), BY SEX — CITIES COMBINED

F4 FEREFRAREBEN (BEoMEBHEEO rad D EH LU 100rad UL EDE) EEEEE (1 rad L FOE) @
TR BT 2 PR (H) £ Badl, LS - BWRESH
Male Female
40+ rad 100+ rad 40+ rad 100+ rad
Center — —
Closed Closed Closed Closed
Earlier than Later than  Earlier than Later than  Earlier than Later than  Earlier than Later than
 <lrad <lrad <1 rad <1 rad <1 rad <1 rad <1 rad <1 rad

1 1.4 month 3.8 1.1 2.9

2 1.1 6.0 <0.05 0.7

3 0.1 4.5 1.6 3.7

4 0.7 2.6 1.7 3.3

5 1.8 4.1 2.3 0.4

6 0.8 4.8 0.5 249

7 2.4 4.2 2.4 6.4

8 2.5 4.8 0.3 21

9 0.8 31 0.3 1.6
10 2.4 6.6 Sugg 1.0 10.4*
11 1.8 26 . 1.1 0.1
12 0.6 5.2 0.3 1.2
13 1.7 2.8 3.4 7.5%
14 0.7 1.0 1.3 0.2
15 2.7 6.8 Sugg 3.4 4.1
16 1.1 3.4 3.8 6.3
17 1.4 3.7 2.3 4.2
18 2.7 4.6 0.5 1.6
19 1.1 3.9 4.7 4.7
28 1.3 1.5 7.1 Sugg 8.7 Sugg
29 3.6 1.1 0.3 0.6

Sugg =.1 2P > .05 (Statistically suggestive); * = .05 2P 2> .01 (Statistically significant)

A more detailed analysis of centers 10 and 13
(those for which the observed differences were
significant) and for centers 16 and 28 (generally the
first and last centers to close) directed to quantifying
the effect of dose upon age at closure supports this
conclusion. No expousre effect appeared when
trimester of gestation ATB and gamma and neutron
doses were considered in the analysis.

The ages at which each epiphyseal center was
closed for 50% of the children are shown by sex for
each city in Table 5. Six to 7 years elapsed from
the earliest age at which closure was observed and
the age when the last clousre occurred for a given
center. This range was considerably greater than
the difference between centers and sexes. In
general, the maturation of centers in the female

10
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TABLE 5 MEDIAN AGE AT CLOSURE OF EPIPHYSEAL CENTERS OF HAND
AND WRIST BY SEX, HIROSHIMA AND NAGASAKI

£5 FHIUVFEHOTHZBSESO D AEE . Bahl, EE - £iF
Male Female
Center
Hiroshima Nagasaki Hiroshima Nagasaki
1 16 1/4 16 172 14 1/2 14 172
2 16 3/4 17 15 15
3 16 1/2 16 3/4 15 15
4 16 1/4 16 1/2 14 3/4 14 3/4
5 17 17 1/4 15 1/2 15 172
6 16 3/4 17 15 1/4 15
7 16 1/4 16 12 14 1/2 14 3/4
8 5 17 1/4 15 172 15 142
9 16 3/4 16 3/4 15 1/4 15
10 16 1/4 16 1/4 14 1/2 14 1/2
11 16 3/4 17 15 12 15
12 16 3/4 16 3/4 15 1/4 15
13 16 16 1/4 14 1/4 14 1/2
14 16 3/4 16 3/4 15 1/4 15
15 17 17 1/4 15 3/4 15 1/2
16 16 3/4 17 15 12 15 1/4
17 16 3/4 £ 15 1/2 15 1/4
18 16 3/4 17 15 1/2 15 1/2
19 16 1/2 16 1/4 14 3/4 14 3/4
28 18 1/4 18 1/2 17 1/2 17 142
29 18 3/4 18 1/2 17 3/4 18

Tab 1633-1 & 2-C

50th percentile age — earliest age to nearest 1/4 year interval at which at least 50%
closure is reached. Age within year intervals interpolated graphically using normal

probability paper.

WA MR — 02 L LB RENBENS RS S WA RLPOERT IR LT
Mk FHEREZACTEREZ L FUTOMBEIRU-TF 7 7108 0MML L.

was about 1% years in advance of that in males. The
first center to close (13) preceded the last closing
center (29) by 2% years for males and 3%z years for
females. No difference in ages at closure in the
two cities was seen.

A short middle phalanx for the fifth digit was seen
in Hiroshima in 24 males (11%) and 29 females
(19%), but occurred rarely in Nagasaki. Suspecting
that this abnormality might be accompanied by
earlier maturation, average ages at closure were
recalculated for normal and short phalanx subjects
as shown in Table 6. Although variation in age at
closure was seen, there is no strong evidence that
the true ages at closure differ by sex. In males,
closure in subjects with short phalanx occurred 3
months earlier to 3 months later, depending upon
the center. In females, the range was 17 months
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TABLE 6 AGE IN YEARS OF IN UTERO CHILDREN AT WHICH 10% AND 50% CLOSURE OF
EACH EPIPHYSEAL IS ATTAINED, NORMAL AND SHORT PHALANX, HIROSHIMA

#6 EEHSLIUVHBHEIETIEETRO0%E &£ U50% A L 2o B RIS N1

DEEE, TR

10% Closure

50% Closure

Center

Male Female Male Female
Normal  Short Normal Short Normal  Short Normal  Short
1 15 14 3/4 123/4 121/4 161/4 161/4 141/2 141/4
2 151/2  151/4 131/2  121/4 163/4 161/2 151/4 14
3 151/4 151/4 131/2 13 161/2 1612 151/4 14 3/4
4 15 15 123/4 121/2 161/4 161/4 143/4 141/4
5 151/2 1512 141/4 13 16 3/4 16 3/4 151/2 15
6 151/4 151/4 131/2 13 161/2 161/2 151/4 141/2
7 15 15 123/4 121/2 l61/4 16 141/2 141/4
8 151/2 16 1/2 141/4 13 153/4 16 3/4 153/4 151/4
9 1I51/4 151/4 133/4 13 161/2 161/2 151/4 14 3/4
10 15 15 123/4 123/4 161/4 161/4 141/2 141/4
11 151/2 1512 141/4 13 16 3/4 16 3/4 151/2 151/4
12 151/2 151/4 133/4 13 16 3/4 1612 151/4 14 3/4
13 141/2 141/2 121/2 121/4 16 16 141/2 13 3/4
14 151/2 151/4 133/4 13 16 3/4 16 3/4 151/4 15
15 153/4 153/4 14 1/4° 14 17 16 3/4 153/4 153/4
16 151/2 151/2 141/4 131/2 16 3/4 16 3/4 1512 1512
17 151/2 151/2 141/4 13 16 3/4 16 3/4 151/2 15
18 151/2 151/2 141/4 131i/2 16 3/4 16 3/4 151/2 151/4
19 15 151/4 131/4 121/2 161/2 161/2 14 3/4 141/2
28 171/4 171/4 161/4 153/4 181/4 181/2 171/2 171/4
29 171/4 171/2 16 1/4 153/4 183/4 183/4 173/4 17172

Tab 1633-1, 3-C

Percentile age determined graphically by interpolation to nearest 1[4 years using normal probability paper.
BT R, ERERELMOT, FEEVMEEMAHMECEY ¥ I 7R .

early to 0.2 month late, but the difference was
significant for only one of the 21 centers studied.
The consistency with which earlier maturation
occurred is a reflection of the correlation expected
between the occurrence of related events in the
same individual.

The closure data are reported in two ways besides
mean age at closure:

1. The percentage of centers closed at successive
years of age (birth anniversaries), and

2. the estimated ages in % year intervals at
which 10%, 50%, and 90% closure occurred for
each center.

The percentages of centers closed at successive
birth anniversaries were recorded directly from the
computation worksheets, and are shown in Table 7.
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TABLE 7 PERCENTAGE OF EPIPHYSEAL CENTERS CLOSED AT STATED AGES BY SEX,
HIROSHIMA AND NAGASAKI

#T OAEMEFC BT ATIREMEEBOESE: Bahl, EEdHEURR

Age in Years

Sex Center —
0 0 O 14 15 16 17 18 19 20 21
Hiroshima
Male 1 0.0 1.8 10.8 39.8 81.2 97.0 98.8  100.0
2 00 09 3.6 227 670 92.1 97.8 98.9  100.0
3 d0re Tidce 456072 73l 95.1 98.6  100.0
4 0.0 1.8 95 39.8 816 96.9 98.8  100.0
5 000 090 27 177, 586 89.3 97.0 98.8  100.0
6 0.0 14 45 259 722 95.5 98.9  100.0
7 0.0 2.2 108 432 845 97.0 98.8  100.0
8 0.0 09 27 17.7 586 89.8 96.6 98.9  100.0
9 Difire Ldds 50 2540 712 95.5 98.9  100.0
10 0.0 1.8 11.7 40.7 84.5 97.0 98.8  100.0
11 0.0 09 36 21.8 642 91.7 97.2 98.9  100.0
12 0.0 09 36 245 708 94.6 984  100.0
13 0.0 22 185 523 874 97.0 98.8  100.0
14 0.0 09 4.0 268 707 94.5 97.8  100.0
15 0.0 09 27 163 549 88.2 96.3 98.8  100.0
16 00 09 36 21.8 614 93.2 98.4 99.5  100.0
17 0.0 09 32 245 61.8 93.1 98.4 99.5  100.0
18 00 09 45 241 613 92.2 97.8 994  100.0
19 00 04 1.8 95 368 796 96.5 98.3  100.0
28 0.0 23 9.3 46.8 69.8 91.0  100.0
29 00 04 6.0 32.3 58.8 89.0  100.0
Female o 07 200 1TiBse3ad a9l 987 3000

1
2 0.0 0.7 1.3 109 200 500 794 945 100.0
3 0.0 0.7 6.7 18.0 48.7 81.5 952 100.0
&4 0.0 07 20 127R529:% 0631 9050 1 986 100.0
5 0.0 4.0 10.7 34.7 66.7 925 100.0
6 0.0 0.7 7.3 187 47.3 836 959 100.0
7 0.0 07 20 149 307 733 920 987 100.0
8 0.0 2.7 87 34.7 694 925 100.0
9 0.0 0.7 5.3 153 447 829 96.6 100.0
10 0.0 07 20 14.0 327 76.0 547 98.7 100.0

11 0.0 0.7 4.0 10.0 38.7 748 939 100.0

12 0.0 0.7 6.0 16.7 48.0 822 96.6 100.0

13 0.0 0.7 2.0 233 407 813 953 987 100.0

14 0.0 0.7 53 153 44.0 809 96.6 100.0

15 0.0 20 6.7 247 606 83.7 96.5 100.0

16 0.0 20 B.0 353 694 905 100.0

17 0.0 I3CELEBT 42100720 925 100.0

18 0.0 2.7 100 36.7 714 91.2 100.0

19 0.0 120 27.3 613 885 973 99.3 100.0

28 0.0 109 388 72.3 86.2 99.2 100.0
29 0.0 10.2 320 66.0 81.7 97.3 100.0

Tab 1633-1-C
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TABLE 7 Continued

it &

Age in Years
Sex Center
10 11 12 13 14 15 16 17 18 19 20 21
Nagasaki

Male 1 0.0 09 150 401 679 934 98.7 100.0

2 0.0 09 9.3 296 559 88.2 97.6 100.0

3 0.0 09 9.3 325 57.8 90.3 98.8 100.0

4 0.0 09 16.8 41.0 67.8 94.4 98.9 100.0

5 0.0 5.6 26.8 48.0 87.0 97.6 100.0

6 0.0 11.2 31.5 54.7 91.4 98.8 100.0

7 0.0 09 196 429 69.8 94.4 98.9 100.0

8 0.0 4.7 26.8 44.8 88.1 97.6 100.0

9 0.0 11.2 334 57.7 92.4 1 98.7 100.0

10 0.0 0.9 16.8 439 71.4 95.6  100.0

11 0.0 4.7 26.8 53.0 88.2 97.6 100.0

12 0.0 09 93 354 58.7 89.1 98.6 100.0

13 0.0 09 196 496 759 95.4 100.0

14 0.0 09 65 316 579 92.4 98.7 100.0

15 0.0 3.7 201 414 82.6 96.0 100.0

16 0.0 56 258 513 84.8 96.2 100.0

17 0:0; 4.9 287 532 86.9 96.1 100.0

18 00 4.7 26.8 52.3 88.1 96.0 100.0

19 0.0 09 14.0 459 719 94.4 98.9 100.0

28 0.0 5.2 326 78.5 100.0

29 0.0 4.2 28.7 4.2 97.7 100.0
Female 1 0.0 12.0 240 77.3 97.0 985 100.0

2 0.0 8.0 13.3 533 84.0 94.2 98.5 100.0

3 0.0 5.3 10.7 57.3 80.1 95.7 97.2 98.6 100.0

4 0.0 9.3 18.7 72.0 97.0 985 100.0

5 0.0 1.3 53 360 716 87.2 94.3 97.2 100.0

6 0.0 53 10.7 54.7 85.8 97.2 98.6 100.0

7 0.0 9.3 22.7 76.0 984 100.0

8 0.0 4.0 373 71.5 886 95.7 98.6 100.0

9 0.0 53 93 60.0 882 97.0 98.5 100.0

10 0.0 13 27 16.0 293 81.3 969 934 98.4 100.0

11 0.0 4.0 6.7 50.7 79.7 92.8 97.1 98.6 100.0

12 0.0 6.7 10.7 58.7 86.7 97.0 98.5 100.0

13 0.0 14.7 26.7 84.0 98.4 100.0

14 0.0 6.7 10.7 52.0 84.0 95.6 98.6 100.0

15 0.0 2.7 373 67.2 829 91.5 . 949 100.0

16 0.0 4.0 427 728 871 92.8 96.4 100.0

17 0.0 4.0 453 741 871 97.1 98.6 100.0

18 0.0 2.7 40.0 70.0 87.1 95.7 97.1 100.0

19 0.0 1.3 133 240 73.3 92.6 100.0

28 0.0 9.3 17.7 39.8 69.9 84.0 93.2 100.0

29 0.0 2.7 11.0 25.8 53.1 80.9 93.6 100.0

Tab 1633-2-C
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TABLE 7 Continued % <

Age in Years

Sex Center
10 11 12 13 14 15 16 17 18 19 20 21
Hiroshima and Nagasaki

Male 1 00 15122 39910971 958 98.8 100.0
2 0.0 09 55 249 636 909 97.7 99.1 100.0

3 0.0 1.2 6.1 289 684 93.6 98.7 100.0

4 0.0 1.5 11.8 40.2 775 96.2 98.8 100.0
5 0.0 0.6 3.7 206 554 886 97.3 99.1 100.0

6 0.0 09 6.7 27.7 668 94.2 98.8 100.0

7 0.0 1.8 13.7 432 801 96.2 98.9 100.0
8 00 06 33 206 5345 893 96.9 99.1 100.0

9 0.0 09 7.0 280 671 946 98.8 100.0

10 0.0 1.5 134 41.7 80.5 96.6 99.1 100.0
11 0.0 06 4.0 234 60.7 906 97.4 99.1 100.0

12 0.0 09 55 280 671 929 98.4 100.0

13 00 1.8 188 514 B39 96.5 99.2 100.0

14 00 09 49 283 668 939 98.1 100.0
15 0.0 06 31 176 508 86.5 96.2 98.9 100.0
16 0.0 06 43 231 583 90.6 97.7 99.4 100.0
17 0.0 06 36 259 59.2 912 97.7 99.4 100.0
18 00 06 467250 586 909 97.2 99.5 100.0

19 0.0 0.3 1.5 109 397 773 959 98.5 100.0
28 0.0 15 80 423 72.2 93.1 100.0
29 Q.00 03 455 312 63.2 21.2 100.0

Female 0.0 04 13 156 298 74.2 93.6 986 100.0

1
2 0.0 04 09 9.8 17.8 51.1 809 944 99.5 100.0
3 0.0 04 6.2 155 516 81.1 954 99.1 99.5 100.0
4 00 04 13 11.6 258 69.7 92.8 986 100.0
5 0.0 31 89 351 68.2 90.8 98.2 99.1 100.0
6 00 04 6.7 16.0 49.8 84.3 963 99.5 100.0
7 0.0 04 1.3 129 28.0 742 939 99.1 100.0
8 0.0 1.8 7.1 356 70.1 91.3 98.6 99.5 100.0
9 0.0 04 53 133 49.8 B84.7 96.7 995 100.0

10 00 09 22 147 316 77.8 954 986 99.5 100.0

11 0.0 04 4.0 89 427 764 935 99.1 99.5 100.0

12 0.0 04 6.2 14.7 516 837 96.7 995 100.0

13 00 04 1.3 204 36.0 822 96.3 99.1 100.0

14 0.0 04 5.8 13.8 46.7 819 963 995 100.0

15 0.0 1.3 53 289 62.8 835 94.8 98.4 100.0

16 0.0 1.3 6.7 37.8 70.5 894 976 98.8 100.0

17 0.0 2.2 89 431 727 90.8 99.1 99.5 100.0

18 0.0 1.8 7.6 37.8 71.0 899 986 99.0 100.0

19 0.0 04 124 26.2 653 89.8 982 995 100.0

28 0.0 31 13.2 392 71.6 85.5 97.6 100.0
29 0.0 09 105 301 619 81.5 96.2 100.0

Tab 1633-1 & 2-C
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TABLE 8 AGE IN YEARS OF IN UTERO CHILDREN AT WHICH 10%, 50% AND 90% CLOSURE
OF EACH EPIPHYSEAL CENTER IS ATTAINED BY SEX, HIROSHIMA AND NAGASAKI

%8 P

FPHE110%, 50% 35 L U9909% 125% L 228 o0 IR BRI G Py RE IR L 0 11

R, BEE LU R
Hiroshima Nagasaki
Sex Center :

10th P 50th P 90th P 10th P 50th P 90th P

Male 1 15 16 1/4 171/2 14 3/4 16 1/2 18
2 151/4 16 3/4 18 15 16 3/4 181/4

3 151/4 16 1/2 17 3/4 15 16 3/4 18
4 15 16 1/4 171/2 14 1/2 16 1/4 17 3/4
5 151/2 16 3/4 18 1/4 151/4 17 18 1/4

6 151/4 16 1/2 17 3/4 15 16 3/4 18
) 15 16 1/4 171/2 141/2 16 1/4 17 3/4
8 151/2 16 3/4 18 1/4 151/4 17 1/4 181/4

9 151/4 16 1/2 17 3/4 15 16 3/4 18
10 14 3/4 16 1/4 171/2 14 1/2 16 1/4 17 3/4
11 151/2 16 3/4 18 151/4 17 181/4
12 151/4 16 1/2 17 3/4 15 16 3/4 18 1/4
13 14 172 16 171/2 14 1/2 16 17 3/4

14 151/4 16 1/2 17 3/4 151/4 16 3/4 18
15 151/2 17 18 1/4 151/2 17 1/4 181/2
16 151/2 16 3/4 18 151/4 17 181/2
17 151/4 16314 18 151/4 17 181/2
18 151/4 16 3/4 18 151/4 17 181/4
19 15 16 1/4 17 3/4 14 3/4 16 1/4 17 3/4
28 17 18 20 171/4 181/2 191/2
29 171/4 183/4 20 171/4 181/2 19 3/4
Female 1 121/2 14 1/2 16 12 3/4 14 1/2 153/4
2 13 15 16 3/4 131/2 15 16 1/2
3 131/4 15 16 3/4 14 14 3/4 16 3/4
4 123/4 14 1/2 16 13 141/2 153/4
5 14 15 17 14 1/4 151/2 171/2
6 13 1/4 15 16 1/2 14 15 16 1/2
7 123/4 141/2 16 13 14 1/2 153/4
8 14 151/2 17 14 1/4 151/2 17 3/4
9 131/2 151/4 161/2 14 14 3/4 16 1/4
10 123/4 151/2 153/4 121/2 14 1/2 151/2
11 14 151/4 16 3/4 14 15 16 3/4
12 131/2 15 16 1/2 14 14 3/4 16 1/2
13 121/2 14 1/4 153/4 12 3/4 14 1/2 151/2
14 131/2 151/4 16 1/2 14 15 16 1/2

15 14 1/4 151/2 171/2 14 1/4 151/2 18
16 14 15142 17 14 1/4 151/4 171/2
17 13 3/4 151/4 17 14 1/4 151/4 171/4
18 14 151/2 17 14 1/4 151/4 17 1/4

19 123/4 14 3/4 161/4 12 3/4 14 1/2 16
28 16 171/2 191/4 15 171/2 19 3/4
29 16 171/2 191/2 16 18 19 3/4

Percentile age determined graphically by interpolation to nearest 1/4 years using

normal probability paper.
Bt ERMESLLA T,

RbUEwNEMEMBECILID Y77 TR L,
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TABLE 9 AGE IN YEARS OF IN UTERO CHILDREN AT WHICH 10%, 50% AND 90% CLOSURE
OF EACH EPIPHYSEAL CENTER IS ATTAINED BY SEX, CITIES COMBINED

#9 BHHHEOI0%, 50% & L U00% A EE U A= REo) R IE NG PN A1 R 0D TR0
PR, JRE - Bl A A
10% Closure 50% Closure 90% Closure
Center =
Male Female Male Female Male Female

1 15 13 161/2 14 1/2 17 3/4 153/4
2 151/2 131/4 16 3/4 15 18 16 3/4
3 151/2 131/2 16 3/4 15 18 16 3/4

4 15 13 16 1/2 14 3/4 17 3/4 16

5 151/2 14 1/4 17 151/2 181/4 17
6 151/4 13 1/2 16 3/4 151/4 17 3/4 16 1/2
7 15 13 16 1/4 14 1/2 17 142 153/4

8 15 3/4 14 1/4 17 151/2 18 1/4 17
9 151/4 133/4 16 3/4 15 17 3/4 16 1/2
10 15 12 3/4 16 1/4 14 1/2 171/2 153/4
11 151/2 14 1/4 16 3/4 151/4 18 16 3/4
12 151/2 13 3/4 16 3/4 15 18 16 1/2
13 14 3/4 123/4 16 14 1/2 17142 151/2
14 151/2 133/4 16 3/4 151/4 18 16 1/2
15 15 3/4 14 1/2 17 15 3/4 18 1/4 1712
16 151/2 14 1/4 17 151/2 18 17 1/4

17 151/2 14 1/4 16 3/4 151/4 18 17
18 151/2 14 1/4 16 3/4 151/2 18 17 1/4
19 15 13 16 1/4 14 3/4 17 3/4 16 1/4
28 171/4 153/4 181/4 171/2 20 191/4
29 171/2 16 183/4 17 3/4 20 191/2

Tab 1633-1 & 2-C

Percentile age determined graphically by interpolation to nearest 1/4 years using normal probability paper.
TR, TARMBERLAVT, BN EHEMBZR-ILY 737 TRk,

The interpolation of percentile ages was facilitated
by the fact that age at closure appears to be normal-
ly distributed and a straight line results when the
percentages of centers closed are plotted by age on
normal probability paper (Figure 3).

When the data were plotted, the successive points
were connected with straight lines and the nearest
completed % vyear of age with at least 10%, 50%,
and 90% of centers closed was read by inspection.
The results are shown by city in Table 8, and for
both cities combined in Table 9 and Figure 4.
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FIGURE 3 EXAMPLE OF INTERPOLATION TO ESTIMATE PERCENTILE AGES
HIROSHIMA MALE, CENTER NO. 1
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FIGURE 4 MEDIAN AGES OF CHILDREN AT CLOSURE OF EPIPHYSEAL CENTERS OF HAND AND WRIST,
HIROSHIMA AND NAGASAKI
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DISCUSSION

Hand and Wrist Roentgenograms in Assessing Bone
Maturation. Hand and wrist roentgenograms are
easily obtained, incur small radiation doses, and are
most widely used for assessing bone maturation.
Variations occur in the beginning and final phases
of maturation according to whether the long, short,
or round carpal bones of the hand and wrist are
observed.'® The long and short bones vary less in
development than the carpal bones.

Skeletal age is best assessed by roentgenograms
throughout their development period. The begin-
ning and terminal events occur in relatively rapid
sequence — from birth to 6, and from 13 to 20
years. Only the terminal stages of skeletal matura-
tion could be observed in the study subjects. The
serial roentgenograms of the hand and wrist com-
menced at the age of 9 years.

Epiphyseal ossification is a delicate objective indi-
cator of the health of the subject, more so than his
height or We:ight.22 Infants with gastrointestinal
upsets, though not retarded in body length, exhibit
delays in epiphyseal ossification, the earliest and
often the only indicators of a metabolic or constitu-
tional disturbance.?®

The final shapes and dimensions of bones, as well as
epiphyseal closure, are reportedly under separate
endocrine control,® and genetic factors are also
involved.?® Even in the absence of major growth-
retarding conditions, atypical ossification patterns

can occur.?®

Comparison by Norms and Atlases. Takamori®’
reported earlier bone maturation among his Japanese
subjects in 1955 than in U.S. children studied
through 19421 In 1966, Suzuki?® reported
maturation of carpal bones among Japanese to be
slower than that in U.S. children, by Greulich and
Pyle standards. Eto® found hand centers of Tokyo
students to close earlier than those of U.S. children
by the Greulich and Pyle atlas.

Though all subjects in a study may not have
“balanced” hands with proportional development
of the three types of bones, use of atlases of the
Greulich and Pyle type for comparisons of series is
a justifiable procedure.18 Sugiura and Nakazawa®>"
assessed closure of hand epiphyseal centers for the
Japanese subjects according to the method of
Greulich and Pyle. The 50th percentile values for
ages at which each of the 21 hand and wrist centers
were found to close in the Greulich and Pyle, the
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Sugiura and Nakazawa, and the present study are
shown in Table 10. While the Greulich and Pyle
data were collected in 1942, and while some altera-
tions in rate of development may have resulted from
dietary changes, the Greulich and Pyle atlas, never-
theless, remains the authoritative reference. Without
access to the original statistical data of the other
studies, such as standard deviations, it was impos-
sible to compare more accurately their results
with ours.

The average of median ages at closure of a uniform
set of 18 hand centers for males was 1 month later
in the Sugiura and Nakazawa than the Greulich and
Pyle study. Sugiura and Nakazawa’s female subjects
showed closure 2 months later than those of
Greulich and Pyle. Epiphyseal closure in the
present study occurred later than in the Greulich
and Pyle study by 7 and 9 months for males and
females, and later than in the Sugiura and Nakazawa
study by 6 and 8 months for males and females,
respectively.

Earlier Bone Maturation Studies in Hiroshima apd
Nagasaki. Greulich! studied hand and wrist roent-
genograms and body measurements of Hiroshima
and Nagasaki school children and Kure and Sasebo
comparisons in 1946 and 1947, including some
follow-up cases. Some of the index subjects were in
the cities ATB. The skeletal maturation of the
Japanese was delayed compared to U.S. children
according to Greulich and Pyle standards. The
Hiroshima boys were skeletally retarded compared
to those of Kure, and were more retarded than
Hiroshima girls. = The Hiroshima and Nagasaki
children in the cities ATB were reported to have
been adversely affected in growth and development
and skeletal maturation. By 1946 and 1947, their
heights and weights were still below National
standards. As in other studies,®’ the boys did not
withstand the adverse environment as well as the
girls, but it was impossible to attribute the results
clearly to ionizing radiation though the degree to
which it may have influenced this cannot be
determined. Physical and psychic trauma, and
poverty and malnutrition were very likely
responsible.

In 1951 and 1952, Sutow? studied left hand and
wrist roentgenograms made within 1 month of the
birthdays of 2370 nonexposed Hiroshima boys and
girls 6-19 years of age, according to Greulich and
Pyle ratings, and found the Japanese to be con-
sistently slower in skeletal maturation than American
children. Postwar poverty, malnutrition, and racial
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TABLE 10 MEDIAN AGE (YEARS) AT CLOSURE OF EPIPHYSEAL CENTERS BY SEX,
GREULICH-PYLE (AMERICAN), SUGIURA AND NAKAZAWA (JAPANESE),

AND PRESENT STUDY (HIROSHIMA AND NAGASAKI, JAPAN)

#10 SRS o o EE # (88 ): 1B, Greulich-Pyle (k) ##,

Zilip R UPIR () 3, 85ME (REH LU RE)

Sex Center Greulich-Pyle Sugiura & Nakazawa Present Study
Male 1 151/2 151/2 16 1/2
2 16 16 1/2 16 3/4
3 16 16 1/2 16 3/4
4 151/2 151/2 16 1/2
5 17 16 1/2 17
6 16 161/2 16 3/4
7 151/2 151/2 16 1/4
8 17 16 1/2 17
9 16 16 1/2 16 3/4
10 151/2 151/2 161/4
11 16 16 1/2 16 3/4
12 16 16 1/2 16 3/4
13 15 151/2 16
14 16 16 1/2 16 3/4
15 17 - 17
16 17 16 1/2 17
17 17 16 1/2 16 3/4
18 17 16 1/2 16 3/4
19 151/2 151/2 16 1/4
28 18 - 181/4
29 19 = 18 3/4
Female 1 131/2 131/2 14 1/2
2 15 151/2 15
3 14 14 1/2 15
4 131/2 131/2 14 3/4
5 15 151/2 151/2
6 14 141/2 151/4
7 131/2 131/2 14 1/2
8 15 151/2 151/2
9 15 14 1/2 15
10 131/2 131/2 14 1/2
11 14 14 1/2 151/4
12 14 14 12 15
13 131/2 131/2 1412
14 14 14 1/2 151/4
15 15 151/2 153/4
16 15 151/2 151/2
17 15 131/2 151/4
18 15 151/2 151/2
19 14 131/2 14 3/4
28 17 181/2 171/2
29 18 181/2 173/4
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differences were considered possible causes. That
study’s children were from the general school
population, in all parts of Hiroshima, and all
socioeconomic levels. No other Japanese data were
available for comparison, and subsequent studies
were considered important to determine whether
recovery might occur.

Sutow and West*® found no difference in frequency
of skeletal anomalies among 160 Nagasaki males and
females proximally and distally exposed in utero.

Because of improved diets of the Japanese, their
skeletal maturation rate may now be approximating
that for children in the U.8. and elsewhere. The
degree to which the second World War and its
aftermath contributed to Japanese dietary deficien-
cies is not precisely known; the caloric intake of the
Japanese has always been less than that of
Westerners. There may have been a greater disaster
impact in the A-bombed cities than others. How-
ever, the area burned out from fire bombing in
Nagoya, for example, exceeded that of Hiroshima
by a factor of almost three, and Nagova’s widespread
surrounding industrial area with over 1,000,000
population might have coped less well with food
problems than the rural areas surrounding Hiroshima
and I\Iagasaki,33 Nonetheless, nutritional deficiencies
were probably responsible, at least in part, for
maturation delays.

Short Middle Phalanges. In this study, short
middle phalanges of the fifth digits did not influence
closure of the corresponding epiphyseal centers.
Data for these cases were therefore included in the
analyses. Sugiura et al®® reported frequency of
brachymesophalangia of the fifth digit as 14.7%
and 23.4% for females and males. In Pryde and
Kitabatake’s®® Hiroshima study, the corresponding
figures were 14.1% and 21.3%. Its prevalence
according to Caffey36 for the sexes combined in the
United States is 1%. In the present study, it was
found in 11% and 19% of Hiroshima male and
female subjects, respectively, but infrequently
observed in Nagasaki.

The films for both cities were reexamined by one of
the authors (W.R.) and the earlier diagnosis of a
short middle phalanx was largely confirmed. In
Hiroshima, the diagnosis was confirmed for 40
subjects while 13 subjects were considered essential-
ly normal on reevaluation and five subjects changed
from normal to abnormal. The net result was that
45 subjects were considered to have a short middle
phalanx in Hiroshima, (12.1% of study subjects).
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In Nagasaki the initial finding of short middle
phalanx was confirmed in six subjects, not confirmed
for only one subject, and four subjects were
reclassified from normal to abnormal. The net result
was that 10 Nagasaki subjects (5.4%) are considered
to have a short middle phalanx. The difference
between cities, while smaller, is still significant at
the 5% level.

Neither methodology nor radiation was found
responsible for city differences, and there appeared
to be a true difference in prevalence of this anomaly
by city. This is but one of several unexplained
manifestations of differences between the popula-
tions of the two cities.

Nutrition. Bones of laboratory animals are deprived
of nutrients during severe nutritional disturbances,
in favor of other more “critical” organs. The bones
recover completely on restoring normal nuftrition,
with residual scars (growth lines). 3 Ppatients with
nutritive failure have a significantly higher rate of
these scars.>

Protracted undernutrition in infancy, childhood and
adolescence causes asymmetry in maturation of the
hand skeleton, with increased frequency of bone
anomalies, transverse lines in the radius distally, and
delayed fusion of the epiphyses of the hand, wrist,
and ulna.!® Correction of the malnutrition restores
a normal maturation rate and form in develop-
ment,'® and the bone scars resolve.

Minor illnesses and decreased calcium intake in
Australian children 2 to 7 years of age showed no
influence on skeletal maturity.40 Skeletal maturation
progressed regularly in that study, even among
subjects who missed some examinations because of
illness.

Optimum quantities of vitamin D and available
minerals prevent delays in skeletal maturation. On
the other hand, vitamin A intoxication also causes
growth re tardation®® and early epiphyseal closure.*!
Withdrawal of the vitamin can result in some
recovery, but in some cases, permanent bone
changes remain due to irreparable damage to cartilage
cells. Disrupted dietary patterns in postwar
Hiroshima and Nagasaki undoubtedly resulted in
dietary deficiencies.

Tonizing Radiation and Bone Maturation. Nearly all
available reports of effects of ionizing radiation on
bone development deal with large doses,”'® as in
radiotherapy patients and in animal studies. Sutow
et al*? observed retarded skeletal maturation and
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growth in 38 children, 4 of whom were in utero
when exposed to fallout radiation in the Marshall
Islands. His subjects received relatively higher doses
than the mothers of the subjects in the present study.

It was observed that closure of an individual center
in a given sex spanned a period of some 6 years,
from the earliest to last observed closures. This
amount of variation between subjects has an effect
upon the magnitude of the expousre effect that we
can expect to detect. Our sample provided 90%
assurance of detecting a delay in closure at the 5%
level provided the true exposure effect was a delay
of 9 months. Our experience indicated that an
effect, if present was considerably smaller. Un-
fortunately, the size of our experience was some-
what limited by the availability of serial X-rays.

Burrow et al® considered delayed epiphyseal closure
among Nagasaki females proximally exposed in
utero to the A-bomb a radiation effect, having
observed 137 girls an average of 2.6 times each at
13, 14 and 15 years of age (closure in males was
delayed, preventing meaningful exposure compari-
sons). In the present study, 556 boys and girls from
both cities selected according to the number of
roentgenograms they had on file, were observed an
average of 8.4 years each from age 9, and the ages
at closure of each of 21 epiphyseal centers were
observed; not just the total number of centers
closed at each examination as in the Burrow et al

study. We could not demonstrate a difference in

epiphyseal closure rates either by distance from
hypocenter or dose to the mothers.

Pryor®® originally suggested a genetic role as a
cause for differences in rates of skeletal maturation.
Dreizen et al® postulated that protracted under-
nutrition might adversely influence genetic determi-
nents for the postnatal sequence in ossification.
The generally reported differences in skeletal matura-
tion rates between Japanese and American children
are difficult to explain, but may have been
contributed to by nutritional and genetic factors.
The impact of the war, malnutrition, and other
adverse conditions no doubt had a prominent but
transient role in the skeletal maturation delay in
Hiroshima and Nagasaki, and the impact might have
been more severe in these cities than in Japan in
general. There was slower maturation by 6 and 8
months for Nagasaki males and females in the
present study as compared to American children. '
We could demonstrate no radiation effect as respon-
sible, Slower maturation is attributable to nutri-
tional, and possibly genetic factors. The delay
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detected in the present study was considerably less
than that Greulich detected among Hiroshima and
Nagasaki children immediately after World War IL
It is our impression that subjects in the present
study have for the most part recovered from any
transient retarded maturation originally based on
nutritional deficit.

Review of the literature revealed no strong evidence
of delay in skeletal maturation attributable to the
ionizing radiation of the A-bombs. The present
investigation likewise failed to disclose such a
cause-effect relationship for in utero exposed
Survivors.
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APPENDIX 1: ANALYSIS FOR BIAS

fHE |

The object of the study was to use serial X-rays of
the hand and wrist to establish the ages at which the
21 epiphyseal centers close. However, children
were selected for study in 1963 when the youngest
child in the in utero sample was 17 years old and
the majority of centers would already have closed.
Therefore, the selection of children for study was
accomplished to maximize the number of available
examinations between 9 and 17 years of age, raising
the possibility that the study sample did not
represent a cross-section of the skeletal maturation
experience. An attempt was made to measure this
bias in the sample, based on indirect evidence since
the absence of hand and wrist films for unselected
subjects prevented a direct comparison of matura-
tion with the study sample.

The entire in utero sample (revised 1959-60) was
tabulated according to whether the children had
had five or more examinations for ages 9-17 years.
The results showed no bias for Nagasaki since 332
subjects (95.4%) of the in utero sample were
eligible for inclusion in the bone maturation study
(Table A). The reduction to the 184 chlidren
studied was accomplished by controlled selection
procedures, producing a study group of predeter-
mined composition as to sex and trimester ATB for
each exposure group.
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TABLE A. EXAMINATION HISTORY OF THE IN UTERO EXPOSED CLINICAL SAMPLE (PES6) BY AGE
AT EXAMINATION, SEX, AND DISTANCE FROM HYPOCENTER, HIROSHIMA AND NAGASAKI

A TaNEEBREREN (PESGS) O AR

Fr BRAENFO ERS - - RO 5 ORI, EEE L URER

: : 0-2000 m 2000-4999 m Not in City
City, Sex, Exam. History

No. % No. % No. %

Hiroshima male, total 226 100.0 221 100.0 201 100.0
<5 exams, age 9-17 yrs. 95 42.0 147 66.5 45 224
25 exams, age 9-17 yrs. 131 58.0 74 33.5 156 77.6
Hiroshima female, total 209 100.0 211 100.0 197 100.0
<5 exams, age 9-17 yrs. 99 474 146 69.2 66 33.5
=25 exams, age 9-17 yis. 110 52.6 65 30.8 131 66.5
Nagasaki male, total 54 100.0 71 60 100.0
<5 exams, age 9-17 yrs. — = 2 2.8 5 8.3
25 exams, age 9-17 yrs. 54 100.0 69 97.2 55 91.7
Nagasaki female, total 48 100.0 61 100.0 54 100.0
<5 exams, age 9-17 yrs. 3 6.2 1 1.6 5 9.3
25 exams, age 9-17 yrs. 45 93.8 60 98.4 49 90.7

Tab. 1462

-

In Hiroshima, only 667 children (52.7%) of the
in utero sample (revised 1959) had five or more
examinations by 17 years of age. When one
examines the number of subjects with fewer than
five examinations seen at each year of age (Table B),
it is apparent that few of these children were being
examined before age 14.

A review of the development of the in utero sample
for Hiroshima indicated that the composition of the
Hiroshima in utero population was fluid prior to
1959.  Furthermore, efforts to recall in utero
subjects for annual examinations varied somewhat
according to whether or not a research project
involving this group was active at the time. In 1959,
when the in utero sample was revised and fixed to
its present composition, 380 subjects were added as
a result of an extensive search for in utero
ATB children.

The fact that the number of available examinations
on a given child is related to the manner in which the
in utero sample was constructed reduces concern for
possible developmental differences between fre-
quently examined and infrequently examined sub-
Jects. However, since virtually all of the Nagasaki in
utero sample was eligible for the bone maturation
study on the basis of the number of available
examinations, and the reduction to 184 study
subjects was accomplished on an essentially random
basis, the Nagasaki experience can be used as a
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TABLE B. EXAMINED IN UTERQ CLINICAL SAMPLE (PE86) BY AGE AT EXAMINATION
AND NUMBER OF EXAMINATIONS AT AGES 9-17 YEARS INCLUSIVE, HIROSHIMA

#B  ENERERKER (PESS) OZ2H B MERFOFE
BFE 1T E TOREMERN, KEE LU

Number of Exams at Ages 9-17 yrs.

Age at Examination <5 =5
No, % No. %
9 yrs. 33 55 232 34.8
10 99 16.6 581 87.1
11 64 10.7 543 81.4
12 54 9.0 572 85.8
13 67 11.2 616 92.4
14 328 54.8 605 90.7
15 302 50.5 574 86.1
16 277 46.3 545 81.7
17 371 62.0 612 91.8
18 309 7% B 557 83.5
19 221 37.0 423 63.4
Total Subjects 598 100.0 667 100.0

baseline. The median age af closure for Hiroshima
males is generally less than that for Nagasaki
subjects, but not more than % year for any of the
21 centers. The median ages of closure were nearly
identical for Hiroshima and Nagasaki females. For
three centers the Hiroshima age was less than that
for Nagasaki, while in eight centers the median age
at closure for Hiroshima females was higher than
that for Nagasaki; only one difference exceeded
Y% year,

To determine whether rate of maturation was
related to frequency of examination in Hiroshima,
it was assumed that attained height is related to
bone maturity. The mean standing height was
computed at each age for (a) subjects with five or
more examinations by age 17, (b) subjects with
fewer than five examinations who were examined
at 18 or 19 years of age, and (c) subjects with fewer
than five examinations who were not examined at
18 or 19 years of age. Virtually all group “b”
subjects were examined at 18 years of age and a
comparison of mean standing height with group “a”
revealed differences which are well within the
limits of chance.
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rEE, (b)I8FEAIXI9ETRRL, TORER
BIEASELFO5E, (c) 188 F 2119 TE
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Group

Male Female

165.4 cm 153.5 cm
166.3 cm 154.0 cm
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TABLE C MEAN STANDING HEIGHT BY EXAMINATION HISTORY,
AGE, AND SEX, HIROSHIMA

HC THEE: BEE, ShHsL0EY, LS

=5 Exams by age 17

<5 Exams by age 17, and
not Examined at 18 or 19

Sex Age at Exam.
Mean Mean
No. Standing No. Standing
Height Height
Male Total 361 138
9 yrs. 125 123.0 cm 13 119.5 cm
10 315 127.5 32 125.8
11 292 132.3 24 129.7
12 313 137.5 16 138.2
13 337 142.8 21 144.0
14 333 150.6 43 148.4
15 320 157.3 31 154.1
16 310 162.9 22 163.4
17 332 164.9 38 166.8
Female Total 306 136
9 107 121.2 12 120.6
10 266 128.9 41 128.6
11 251 133.2 23 134.3
12 259 140.2 27 140.0
13 279 145.1 25 144.2
14 272 148.4 39 149.4
15 254 149.8 21 149.9
16 235 152.9 21 154.9
17 280 153.3 30 155.1

TP €& 71

Groups ““a” and “c” are compared according to
mean standing height in Table C.

Few of the group “c¢” subjects were examined in
any given year. Furthermore, this group of subjects
appears to have contributed nearly as many exami-
nations annually prior to as after age 14, indicating
that this group was not a result of the in utero
sample revision. It is more likely that group “c”
persons were merely less inclined to accept the
annual examinations offered by ABCC. Of the 274
in utero children in group ‘¢, 72 had not been
examined at 9 years of age or since. Ten of the 72
cases were deceased at age 18 years. However,
insofar as the available standing height information

1P

is representative of group “‘c¢” subjects, there is no
reason to suspect that group ‘¢’ subjects were
maturing at a different rate than their more
frequently examined counterparts. None of the
differences are statistically significant and the
direction of the differences varies from one age to

another.
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During the selection of the bone maturation study B OBEER S BRT SBET, —EOXBRER

sample, it was correctly decided that it was impor- FEN SR Ao TNEEERRT 22 L FRETH
tant to select the cases who had the more complete

series of roentgenograms. The alternative would BLHBLAZERELY 2. OHETE, BEL
have resulted in large gaps between observations, HE ORIz ks A MBEAE L, BENFELATHASI.

and would have strained methodology.

APPENDIX 2
oo

OSSEQUS GROWTH AND DEVELOPMENT IN
THE HAND AND WRIST OF A PE-86 SUBSAMPLE

X-RAY DATA FORM

M.F. NUMBER:
DATE OF BIRTH: DATE OF FILM:
BIRTH ANNIVERSARY: . DATE READ:
AGE THIS ANNIVERSARY: OBSERVER:
PHALANGES
1] s ] - N 0[] B[]
- ] s 1 s[ | 1
s3] 6] 1 | 2] 7 |
_B:I'I.ETACARPAL.S
1s[] 6] 7| ) 9l ]
CARPALS

0[] a[ ] 2 7<) |
4[] 25 4 8 -, |

ULNA-RADIUS

B ] oL |

CODE: 0 - CENTER NOT FRESENT
1 - CENTER PRESENT, NOT CLOSED
2 - CENTER PRESENT, CLOSED
dpX -~ ABNORMALITY PRESENT
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