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LEUKEMIA IN HUMANS FOLLOWING EXPOSURE TO IONIZING RADIATION
BEAGEE2ROIAABLRET 2BLA

{NTRODUCTION

From time to time in the past fourteen
years the results of surveys c¢onducted
on the rate of oceurrence of leukemia
in survivors of the atomic bombings
of Hiroshima and Nagasaki have been
published.l_12 Because of differences in
continuity of case collecting and radiation

dose curves 1n the two eltles, the most

recent presentations have dealt with the
two cltles as separate experilences.
These interval reports on the studies
in progress in Japan along with studies
on other irradiated population513_15 have
established heyond reasonable doubt the
leukemogenic effect of exposure of human
populations to large doses of lonizing
radiation. A comparilson of the data from
the two clitles and the wvarious other
sources such as the British seriles of
leukemiea cases following therapeutilc
1rradiation is desirable. The necessity
for long term follow up of these various
populations and the need for new approaches
to the problems posed by human radiation
exposure will be apparent.

RATERTALS AND METHODS

The detalils of methodology, along with
an evaluation of the completeness of case
finding and the principles whieh guided
classification of the various types of
leukemia have been presented elsewhere. 2212
During the past ten years, a routine
search has been made for all cases of
leukemia or possibly related disorders
occurring in surviveors of the atomic
bombings. For the last two years there
has been an intensive effort to reduce
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deficiencies in case finding. A1l avail-
able materials have been reviewed and
classified without knowledge of exposure.
The findings through 1958 in the lliroshima
survivors are summarized in accordance with
the most recent information available.

The characteristics of the atomic bomb
survivors which pertain to this study will
be reviewed briefly. The bombs exploded in
Hiroshima and Nagasaki early in August 1945
during the morning hours of a working day.
The size and characteristiecs of the
respective populations at that time are not
well known. The first large censuses
during which detailed data were obtained
on the survivors of the bombings were
conducted in 1949 and 1950. The Atomic
Bomb Casualty Commisslon (ABCC) has used
information derived from the 1950 National
Census and from other sources teo construect
the Master Sample. The Master Sample
Proper Part is composed of individuals of
Japanese ancestry living in liiroshime or
Nagasakl on 1 October 1950 whose honaseki
(place of family registration) is located
in the city or specified adjacent areas.,
The group with honseki outside this area
is called Master Sample Reserve Part.
Data on individuals in the Master Sample
are still being accumulated. At the time
of these analyses, data gathering on the
exposed portion of the Master Sample was
regarded as 98 per ecent complete, and the
nonexposed portion approximately RO per
cent complete. Since the exposed group of
this sample is essentially complete it has
provided the most accurate population base
for the estimation of leukemia rates as a
funetlon of age, sex, distance, etc.
Table 1 shows the number of reported cases
in Hiroshima and Nagasaki according to
exposure distance, residence at onset, and
acceptability of diagnosis. A total of
166 leukemia cases occurred in exposed
persons who were resident in Hiroshima or
Nagasaki at the onset of their disease,
Limitation of the cases to those included
in the Master Sample diminishes the number
to 80, or about 50 per cent of the total.
In previous analysesg results obtained by
using the estimated population of the two
cities have not differed greatly from those
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using only the Master Sample. For this
reason these analyses willl be based upon
resident population of the cities whenever
possible.

Although some survivors located between
1500 and 2000 meters received significant
amounts of radiation, others received
l1ittle or none. At present, 1t is impos-
sible to identify which of the cases
were radiation induced and whieh were
spontaneous. To facilitate comparisons
designed to identify possible differences,
many of the analyses contrast the findings
in survivors exposed under 1500 meters with
those in people who had been located more
distally. Since there were relatively few
cases 1n persons between 1500 and 2000
meters,9’12 the distal comparison group for

15007 52000m QM CHE L 2 EHF 0PI
i, HE4LHGHRR 22 ELETH B, %
NLIETRA &, HEVITRBREMEZ T L L 5
foo BlEED EZ A, KBATRERA M & BAREE
HlmE s KNI 523 TkTds. R
HRFEME LALRERD 2T 34812, 1500m
RMOWBEFEONTRE L » & HEBTHER
LA REMBLTRITLAEED £ 0.,
15004 52000m DR CHHEE LA AL 0diziZAM
3 AR D o T, B BRATICE W S A #EER
B HE 0 FERE (1500—999%m ) I3 ATERIC & »
T s A AMKRENEEL (b2 s E

TABLE 1 LEUKEMIA CASES 1945-58 8Y ACCEPTABILITY OF DIAGNOS!S, RESIDENCE AT ONSET,
. . CITY OF EXPOSURE, AND DISTANCE FROM HYPOCENTER
#£1 1945 S8EMAMBER OB OMEERD, HEBEHN, HEHREEART
FLURLOHAS S O RBER SR
CITY OF EXPOSURE ANOD RESIDENGE AT ONSET
DISTARCE FROM R & & IR ok
LEUKEMIA CASES “IYNPOMGEETNELESR HIROSHIMA EES NAGASAKI J%iF BOTH CITIES Wit
A I H54E 7 mﬁmbeoﬁ%|ncnvuvﬁf'rmu|nctw°%ﬂ$'7mu mc|n°%ng'fmu
(m) Wi | owsh | oar | omm | wsk | omt | we | wme | o#
‘ 0-1499 59 26 85 23 10 33 82 16 118
CONF | RMED 1500-99g9 30 12 42 37 11 5B 67 23 90
_ LEUKEMIA - Higr  unknoww
BWHEE & M MR B B A< B - - - - ! ! - ! !
TOTAL 3 sof ag 127 80 22 82 149 60 209
0-1499 1 1 H 2 1 3 3 2 5
PROBASLE 1500-0948 3 1 g 4 - 4 7 1 8
LEUKEMIA
. DIST. UNKKOWN
BWITIERER & 96 Pt A B - - - - - - iy
B i Totat  # 4 z B 5 1 7 10 3 13
0-1493 1 - 1 - - - 1 . |
POSSIBLE 1500-94999 - i 2 5 - 5 5 2 7
LEUKEMIA
DIST. UNKNDWR
BMAREE L S i 7 B - - - 1 - 1 1 - 1
A L7 ToTAL 1 2 3 8 - 6 7 2 q
0-1489 61 27 88 28 1 36 B6 38 124
ALL LEUKEMEAS 1500-9999 33 13 48 48 11 97 79 28 105
37 4 A DIST. UNKNOWN
EEEE;FHH " - 1 1 2 1 1 2
TatalL i 24 42 138 12 23 05 166 6§ 231

*tncludes cases for whom residence at onset was unknown.

SR OEN O L ER L B,

tincludes four cases of

leukemia with onset in 1958 not listed

in TR 02-59.

1958412365 LAB C C MG ro2—moic g 2 h T v o WA MK 4 fEH 2 & .



these analyses (1500-9999 meters) probably
contains few cases of radiation-etiology.
In any event the findings using these
distence groupings do not differ appre-
ciably from those obtained by comparing the
rates under 1500 meters with those over
2000 meters or those under 2000 meters with
those over 2000 meters.

DATA
Incidence of Leukemia

The incidence of leukemia has increased
significantly in the closely exposed
survivors in both eities. Table 2 shows
the relation of exposure distance to
average annual leukemia rates through
1958 for residents of the two citles. The
leukemia incildence 1s greatly increased
in the survivors exposed under 1500
meters from the hypocenter. Beyond
2000 meters the incidence in Hiroshima 1is
not significantly greater than expected
in Japan, where leukemia rates are reported
in the range of 20-30 per million persons
The elevated rates in that
distance in Nagasaki are not explained.
The estimated rates for nonexposed persons
resliding in the two cltles are not shown
in the table, but are lower than expected.
This may be due to any of several reasons:
primarily it is possible that the informa-
tlon has not been as carefully cataloged
for the nonexposed. Also, they are an
unusual group generally composed of
younger people whe were absent from the
city at the time of the bombing and who
returned to partieilpate in its subsequent
rebuilding and growth. This migration is
still evident and both citles are larger
than they were at sny time pre-hbomb.
Available blographical data on nonexposed
residents lndicate that the total migration
rates are higher for these people than for
the exposed residents of the citiles.
Health may be & factor in the migration
of the nonexposed. Should these people
migrate from the elity when they become 111,
before being diagnosed and cataloged, they
would not be inecluded in this series.

per year.
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i, 1500m Kif§ £ 2000m LA ECOREED K,
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TABLE 2 AVERAGE INCIDENGE OF CONFIRMED LEUKEMIA 1847-58 BY CITY OF EXPOSURE
AND DISTANCE FROM HYPOCENTER

#2 1947 SBE@BMHIEOMBOBEBIEN & L CBLOHD & @ BN T4 R

DISTANGE EROM HIROSHIMA 1.5 NAGASAKI g
HYFOCENTER PERSON YEARS AT|COMFIRMED |ANNUAL RATE |[PERSON YEARS AT|CONFIRMED|ANNUAL RATE
‘IP;I’JE‘E:I’%:SE% g;l‘sjg;‘pnlpg;)?;\:ga* LEUKEM!AT;\E‘; T{;QL%Z':) 5%’3};}'{"";9;)?};::* LEUKEMIA iELRI T(I)(I)-%;m:)

B e |emaezm | L B o+ | e | N7

D-9889 14,638 20 1,366 5,330 3 563

1000-1499 126,445 19 308 a7,7488 20 530
1500-1999 214,629 9 42 44,187 3 B8
2000-994919 747,827 21 28 925,653 34 37
TOTAL 3 1,103, 540 89 B1 1,012,938 60 58

*Estimated number of person years a2t risk, 1847-58, fer city residents,

1947—B8E T MEER I T3 MEMM b o e A E.
leukemia with anset in 1958 not iisted in TR D2-5%.

tincludes four cases af

VWSSFE LB LABCCHAIMEFCZ—B-EFI AT LIVALK 4 EH4*5C.

In Japan, vital statisties records are
filed at the individual's honseki; for
nonexposed residents of Hiroshima and
Nagasaki this is most frequently outside
the ecity area. Death certificates of those
who die away from their honseki
temporarily (for at least three years)
filed at the place of death, as well as at
the honseki, Thus, regardless of the
place of death, it is possible to get
information on all exposed persons whose
honseki is Hiroshima or Nagasaki. However,
this procedure is not effective for the
nonexposed not inecluded in the Master
Sample. This point is stressed because
it i1s very important to establish and
characterize the base line with which the
observations following radiation exposure
will be econtrasted.

are

Perhaps the best comparison group
ineludes survivors located more distally
than 2000 meters where radiation exposure
was minimal, and beyond which leukemia
incidence was probably not inereased, The
people are comparable in terms of origin,
post—-bomb experience, ﬁge, and sex.
Similar medical facllities are available
to them. It does not seem reasonable that
the great frequency of leukemia in the
proximal exposed could possibly be due
to more intensive case finding efforts in
this group. The incidence in the innermost
zone of exposure (under 1000 meters) is
increased fifty-fold in Hiroshima and

BT, ADBEEITEKIFAORET
REENE, LB &R EHBETEE CIE
AWM THSLZ EHEEIZEZ 0. FELT
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T&H. AL, ZoFAGEAEACIRELTY
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WA T A OB IRAE O BB R L ol
BT MABEMIL, AOoEH TSI LT
WILBETHB-DTH 5.

2000m &k 0 L EERETCH B LAEBREIES
et BNt BBETH S 5. T 0B TIE AR
MIEMBCTAMBREREGIFFLHMLTVEZY
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fifteen times in Nagasakl above the
respective rates for the survivors located
beyond 2000 meters. These increases are
highly significant in both cases.

Differences in incidence under 1000
meters in the two citles could arise for a
variety of reasons. The Nagasaki bomb was
nominally rated at 20 kilotons and the
Hiroshima bomb had the same nominal rating.
Nevertheless, the present estimates of air
~dose by distance have much uncertainty
about them and the amount of error may
differ between the two cities.l6 The
radiation spectra from the two bombs were
roughly comparable.17 However, the dose-
distance curves Indicate that, at all
distances, the estimated gamma dose was
higher for the Nagasakl bomb than for the
Hirecshima bomb, while the neutron component
was greatly higher for the Hiroshima bomh.
In drawing any conclusions regarding
differences between clties one alsoc has to
consider that the Nagasakil sample is
smaller and there is a large sampling
error.

Distribution of types of shielding which
protected survivors in the two cities is
also of prime significance. Although the
total radiation air dose 1in the two cities
was comparable, the British mission, which
had great experience in evaluating the
forces expended in bhombings estimated after
careful studies that the Nagasakl bomb had
about 1.5 times the destructive force of
the Hiroshima bomb.1% This woula suggest
that individuals surviving close exposure
to the Nagasaki bomb would have required
greater protection from the blast force and
consequently greater shielding than was
required in Hiroshima.
Hiroshima bomb, 74 per cent exposed under
1000 meters were in the open or only
lightly shlelded, while in Nagasaki
this figure 1s about 22 per cent; the
great majority of the rest were in concrete
buildings or in air raid shelters.12
Thus, the average dose of radiation
received by the survivors exposed under
1000 meters in Iliroshima is greater than in
Nagasaki (Dose Response Relation page 14).
This probably accounts for the disparity

Of survivors of the
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observed between the two citles in the
leukemia rates for persons exposed under
1000 meters.

One may question whether leukemia has
occurred in individuals particularly
prone to this disease and who might
have developed 1t without the. radiation
stimulus. Table 3 shows the number of
cases of leukemla expected in the lifetime
of the most closely exposed portion of the
Master Sample, based upon current age-
specific leukemia rates. In the nine years
since 1950, the number of leukemia cases
already observed 1s significantly greater
than could be expected during the entire
lifetime of the sample.
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TABLE 3 CONFIRMED LEUKEMIA CASES 1950-58 COMPARED WITH LIFETIME LEUKEMIA EXPECTANCY
EXPOSED UNDER 1500 METERS, BY AGE ATB AND SEX - MASTER SAMPLE PRGPER PART

%3 1500m i T L A ERE A A 01950 — 584 oo 2 Wi e 35 O I 55 SE ) B &
FORWHEO FEFEEE O & & O R 5
HIRDSHIMA £ & NAGASAKI £ W
GONF IRMED LIFETIME CONFFRMED LIFETIME
SEX AGE ATB | LEUKEMIA® EXPECTANCY LEGKEMIA EXPECTANCY
% FEipekip gy | 1950-58 TS 1950- 58 TANSR M
B BUTHER
15 1 HE $%
0- 9 4 1. 18 g 0.37
10-19 3 0. 71 1 0.53
MALE 20-39 7 0.55 1 0,29
% 40- 50 1 0. 57 at B9
5“'1;5? 2 0.05 0 0.01
TOTAL 7 3,04 1 .39
0- 9 3 D. 89 1 0.26
10-19 1 0.65 3 0. 56
- FEMALE 20-39 7 0,88 0 0.32
E: 40- 59 5 0.63 ] 0.10
ﬁ"'ijjf 0 0.04 0 8.0t
TOTAL 3 16 3.10 4 1.25
BOTH SEXES | TOTAL
g a3 .14 15 2.684
*In¢ludes three ceses of leukemia with anset in 1958 naot listed in TR 02-50.

1958 1T 8 LAB C C Mg J2—S0ln g Eht v VEMG 3 ERE 5.

tincludes one case with unknown date of onset, diagnaosed in 1954.

1954 12 B WF & h RN O & L ERH % & tr.

The relationship of acute radiation
symptoms to subsequent occurrence of
leukemia is examined in Table 4. The data
show that leukemla incidence in the closely
exposed 1s significantly higher in persons
wh o had'experienced acute radiation
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sickness than in those who did not.
However among the proximal exposed the
leukemia rates for those with symptoms and
those without symptoms are both 1In excess
In both cities the group
with radiation symptoms was closer to the
hypocenter, and had a significantly
increased ineidence over the group without
radiation symptoms. In Hiroshima the mean
year of onset occurs earlier in the group
without symptoms. In Nagasakl the group
with symptohs had the earlier mean onset.
The latter differences could well be due to
chance.

of expectation,
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TABLE 4 AVERAGE INEIDENCE OF CONF |[RMED LEUKEMIA 1950-58 RELATED TO ACUTE RABIATION SYNDROME
EXPOSED UNDER 1500 METERS MASTER SAMPLE PROPER PART

Fd  1500m il TR L2 A EA B A D 01950 —584F o 22 BT B K B LS SEF 0
FigsE R L AERSERERROFTELONE
MEAN i)y
HISTORY OF ACUTE |GONFIRMED|PERSON YEARS AT[ANNUAL RATE
CITY YEAR OF | DISTANGE | RADIATION
RADIATION SYNDROME quKEﬂ’f nlsn~l1950-53 PER MILLIOR | gherr IN METERS |DOSE (RADS)
it otk B G A R a’z‘ltﬂfé_-k BEMMDOAFE AD 10770 | T H%5H| fake SE ) gy
1AL HE R 1950 —584E o) T ] 9 o 2 i BBt (m) | &ht (rad )
PRESENT 1i 22 21,114 1042 1954.05 823 878
”'f”i”'”“ ABSENT e 11 53,145 207 1953, 59 1292 195
1 T
TOTAL fis st 74,258 444 1653, 889 1072 628
PRESENT 17 8 ] 11,870 723 1852.75 1075 286
"‘;ﬂ;‘“' AGSENT 11 17,901 389 [1954.50| 1221 177
i
TOTAL it 15 28,061 516 1953, 56 1143 232
*Multiplies 1950 population by 9.
1950 AIT2 9 LA d o,
Includes three ¢ases of leukemia with onset! in 1958 not Ilisted in TR 07?-59

HOBBEIZ3EHI L A B C C AN NR2-Budsht v rmy 3 A+ &,

Yincludes one case of

195458 12 22 3 REERGIE O I 4 1 45 £ & T,

It is difficult to evaluate the minimum
time from radlaticon exposure to the onset
of an increased incidence of radiation
induced leukemia. The first cases of
leukemia detected in persons exposed under
1500 meters in liiroshima had their onset
in May and July of 1947. These people
resided in the suburbs of Hiroshima. The
diapnoses were confirmed subsequently. In
Nagasakil the first probahble case of
leukemia had 1ts onset in October of 1945.
It is difficult to attribute this case to
radiation. The next cases whieh were
confirmed were noted in January and
November 1947, in persons resident in the
city at onset. The people had beern exposed
under 1500 meters.
known exactly how many survivors were at

leukemia with unknown date of cnset diagnosed

Although 1t is not

in 1954,
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risk in these years, the number would have
to be considerably higher than the number
known to be alive and resident in 1950 to
alter the statistical significance of
the elevated rates estimated for the
early years. . Accordingly, the increased
incidence probably started about eighteen
months after radiation exposure. Figure 1
shows the number of cases observed annually
in closely exposed survivors for the years
that follow. The largest number of
cases was seen between 1950 and 1952 in
Hiroshima and Nagasaki. Since that time,
the ease rate has dropped below what may
have been a peak though it is still
considerably above expectation. The case
counts for each clty by year are shown in
Table 5. These counts are based upon new
cases and are significantly higher than the
expected incidence through 1958.

131950fE 12 TE L, AORAWEEEL TV AEM
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FIGURE 1 NUMBER OF CASES CONFIRMED LEUKEMIA BY YEAR OF ONSET EXPOSED UNDER 1500 METERS
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TABLE § CONFIRMED LEUKEMIA CASES IN CITY RESIDENTS AT TIME OF ONSET
BY YEAR OF ONSET, CITY OF EXPOSURE AND DISTANCE FROM HYPOCENTER
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Relation between Sex and Leukemia Incidence

In Table 3 it is shown that the number
of leukemias observed in males and females
from 1950 through 1958 was approximately
five times greater than that expected in
the population's lifetime. In Nagasaki
females the incidence was approximately
three times expectation, while in males
it was five to six times expectation.
In a previous reportg’lg it was suggested
that in those males who had been closely
exposed to the bomb the inerement in
leukemia incidence was greater than in
females. in Hiroshima the
increase in leukemia over lifetime expec-

However,

tation is approximately the same in males
and females (Table 3). The disparity
between the findings in the two clties is
apparently the result of differences 1in
shielding. Table 6 illustrates that in
Hiroshima the more closely exposed females
had less shielding than did the males.
This is related to the different patterns
of activity of males and females on a
the distribution

working day. In Nagasaki,
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of available shlelding did not show this
strong relation to sex. This may have
occurred because of the relatively few
residential dwellings in the region of the
hypoecenter. The females who were located
in that region would likely have been
employed in and shielded by industrial
plants, along with the men. It 1s probable
that the Hiroshima female dose at the
various distances exceeded the male dose,
resulting in fallaciously increased
incidence in females 1n that city.

WG RO 5N L bo B Z AR
EEF NGl RO THE2EBELN S .
BCHEIZ O AKELBME L & L ICER &
n, #2022 CHEishTVWATHES . KBED
TSGR I A RRIE 2 6 CBIE LA
TE<, 20N E LTEBORE I E MR
RAESMNLTWE LV o AEEFELTY
BDTHABS.

TABLE & COMPARISON OF LIGHT AND HEAVY SHIELDING BY SEX; CITY OF EXPOSURE, AND DISTANCE
FROM HYPOCENTER - MASTER SAMPLE PROPER PART PLUS RESERVE PART

#6 BEAFEFAFOERASLUTPHERDBRRED G, BRBHIN S L CBRLOE» 5 O BRI ILE

b 1STANCE LIGHT SHIELDING® HEAVY SHIELDINGT RATIO LIGHT/HEAVY
CITY IN METERS i ik 0 M
#B i BLMA 5| MALE | FEMALE | TOTAL | MALE | FEMALE | TOTAL | MALE | FEMALE | TOTAL
DM 5 i it 5B &% At 5 ES it
0- 489 7 3 10 15 15 31 0.4 0.2 0.3
500- 89| 167 175 3438 51 119 180 2.7 1.5 1.8
000- 2¢g| 147 234 381 15 12 27 5.8 t9. 5 14,1
HIROSHIMA 1000-1088 326 404 730 49 35 84 6.1 1.8 8.7
COER 1100-1102] 471 743 1214 43 35 18 .o | 21.2 15. 6
1200-1299| 704 1029 1733 20 | 14 34 35.2 73. 5 51.0
1300-1399 azi 1328 2150 34 458 79 24,1 29.§ 21.2
1400-1490 q35 1389 2324 28 25 53 33.4 95. 6 43.8
ToTAL @ | 3578 5310 8688 226 300 566 13, 5 17,7 15.7
0- 4889 1 - 1 12 19 31 0.1 - 0.0
590~ 899 21 17 18 1m0 134 234 0.2 0,1 0.2
ann- 98¢ 16 28 44 28 45 13 0.6 0.8 0.8
NAGASAKI |E000-1088 49 51 100 68 178 147 0.7 0.8 0.7
Rt 1100-1199| 118 168 283 52 X 113 2.3 2.1 2.5
1200-1288 | 248 287 535 32 48 80 7.8 5.0 6.7
1300-13088 | 324 355 678 129 129 250 2.5 2.8 2.6
1400-1498 | 297 g2 578 87 87 174 3.4 4.4 3.4
TOTAL 3 | 1074 1285 2359 508 502 1110 2.1 2.1 2.1

*In ovpen, partially shielded, or

in Japanese style house.

SSiiw A d, HoMIIERIATVAESZ VRARRBAIC L ASE,

In congrete building ar air raid shelter.

Ty~ FREHAS L VIRBFEENIZG AL,

Relation between Age at Exposure and
Lexkemia Incidence*

The sample in each city 1s relatively
small. In the previous separate reports
from Hiroshima and Nagasakl 1t was not
possible to consider adequately the
relation between age at time of exposure
and leukemia sensitivity. When the two

BRFOEREENFRRELOME™

Wiz &HIT 3 2R FOEMEIT Rty b ¥
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*See Appendix I for additional pertinent tables.
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series are amalgamated the indications from
previous reports of increased sensitivity
in young persons seem more probable,
Table 7 shows the number of confirmed
leukemias in residents of the two cities
from 1947 through 1958 by ten year age
groups and exposure distance. Incidence
abeve expectation in the most closely
exposed survivors is shown by age in the
column headed 'Ratio..'. The survivors
who were under ten years at time of
exposure manifested the greatest increase
in ineidence of leukemia following close
This differs
markedly from the remaining age categories,
and statistical significance is suggested
by & chi-square test. It is assumed that
the distribution of diagnostie medical
facilities to the various age groups is
Independent of exposure history. It may be
that the elosely exposed survivers do
receive more medical attention than those
more distally located. However, only
if thils increased attention focuses
disproportionately on the children in the
0-1499 meter group as compared to those
in the 1500-9999 meter group would the
interpretation of the findings be jeopar-
dized, It is not likely that this possible
discrepancy in distribution of faeilities
is a significant factor,

exposure to the bomb.
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TABLE 7 AVERAGE INCIDENCE OF CONFIRMED LEUKEMIA 1947-58 HIROSHIMA* PLUS NAGASAK!
BY AGE ATB AND DISTANCE FROM HYPOCENTER
FT 19T IER Y, KW B ITRER O I 0 FURIEEMI B & O
BRLott 2 & O BRRE T2 58 A 52
< 1500 METERS 1500-5989 METERS
AGE ATB |COMFIRMED |ANNUAL RATE {CONFIRMED |ANNUAL RATE RéTII:OUD/FI;DHUE_IQD:HN;E
FTHANS LEUK.EMIA PER MILLLEIN LEUK_E-MIA PER MILL‘I‘DN .
4 p E3 1l 54 5 {7 AEIM?gU Em%ﬁ%.kqlmﬁfb
SR ook 58tk
D- g 20 673 12 26 25,8
10-19 17 397 9 22 18.0
20-2§ ) 452 11 45 9.8
30-38 12 4238 . 6 23 8.6
40- 48 10 344 18 70 4.8
50- 59 B 344 7 kR 9.3
so-irif s 4872 3 28 18.5
TOTAL #if 82 445 87 a5 12,7
*Includes four cases wilh enset in 1958 in Hiroshima series not Ilsted in TR G2-59.
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Relation between Type of Leukemia and Age*

Table 8 presents the combined Hiroshima
and Nagasakil material relating to type
of leukemia., Since the same group of
investigators categorized the materliel from
the two cities, difficulties in dilagnostic
criteria should not be significant.
The total flgures indlcate that in the
closely exposed survivors there was a

B IR E &k OME ™

#8112, ARBHRECMLTER L URH
OB EEGHLTRLTHS. WHoHBOS5HE
m L, TR A4 PERF 2T 20T, M
WRW oL W L THRNOBER 2T TH
3. AT &3 LAane, EEMEREY

TABLE 8 AVERAGE INCIDENCE OF CONFIRMED LEUKEMIA 1947-58 HIROSHIMA* PLUS NAGASAK!
BY SPECIFIED TYPE, AGE ATB, AND DISTANGE FROM HYPOCENTER

#8 1947—SBEERT, RGO BRIHESILFORY, FBEERN & & RO 5 DMBERITHREER

ANNUAL RATE PER MILLION
TYPE OF LEUKEMIA AGE ATSH Al 100ﬁ£(UfFﬂﬂ§§fE$ Rg::gg[-‘:];:uc.';;:;:;
[ 0 R JFEARF [EXPOSED<{1500m |EXPOSED 1500-9899m
g | R WipE REH
0- g 101 13 7.8
10-19 140 10 14,0
20-29 104 21 . 5.0
AGUTE GRANULOCYTIC LEUKEMIA 10-38 143 12 11,89
2B O R 40-49 206 33 6.2
50- 58 - 11 0.0
g0- T4t g 26,8
TOTAL F 130 18 8.1
0- 9 168 - -
10-19 47 5 9.4
20-29 244 17 14. 4
CHRONIC SRANULOGYTIC LEUKEMIA | 30-39 285 4 71.3
8 15 A 1 B AR 40-49 137 7 19.6
50- 58 287 22 13.0
§0- . 241 - .
TOTAL # 170 7 25.6
0- 8 269 8 44.8
10-19 93 2 46. 5
20-29 - - -
AGUTE LYMPHOCYTIC LEUKEMIA 30-28 - - -
Sk ) v ek B AR 40-48 - 4 0.0
50- 59 - - -
60- - - -
TOTAL # 65 3 21,7
0- 8 505 28 19. 4
10-18 327 17 ‘ 19.2
20-29 209 an 7.0
ALL ACUTE LEUKEMWIA 30-38 143 20 7.2
B A MR 2 hE R 40-48 206 82 1.3
50- 59 57 186 3.6
60- 24% 17 14,2
TOTAL 8 261 27 g7

#lncludes four cases with onset in 1958 in Hiioshima series nat listed In TR 02-58.

ERod, BHFIIBETABCCRANETR—HIIATIATLLVIENE ST

*See Appendix I for additional pertinent tables.
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disproportionate increase in the incidence
of chronic granulocytic leukemia. Like-
wise, there was a striking inerease in
incidence of acute lymphocytic leukemia in
the youngest closely exposed survivors.
The 1necidence in each age group in the
closely exposed survivors 1s higher than
expected for all types of leukemia in
Japan (20-30 per million per year)19 and
this increase 1s greatest in. the youngest
survivors. This reflects the marked
increased incidence 1n acute lymphocytic
leukemia in the younger age group, as well
as the unusual finding of five cases of
chroniec granuloeytic leukemia in the 0-9
age fange. This latter finding is excep-
tional because 1t suggests that the age
predilection of at least one of the types
of leukemia may be shifted following
radiation exposure.

Dose Response Relation

Dose response curves for the various
bilological systems have been reported20
based upon experimental observations in
plants and animals. The date in man are
limited and the extrapolations to man of
the results observed in lower animals are
of'ten challenged.

An accurate appraisal of the leukemia
risk following a given radiation dose
requires knowledge of the number of
leukemia cases in a group receiving a
known dose of radiation in a fixed time
period. It would be essentlal to know
absorbed doses of radiation of the leukemia
sensltive site, and the neutron relative
biologicael effectiveness (RBE)}). The
necessary Information is not yet available
to permit this type of caleculation. A
satisfactory alternatlive approach relies
upon knowledge of distance and shielding
of survivors located in the distance range
where a significant air dose of radiation
was present. The number of cases of
leukemia per unit time in this group
1s known and the leukemlia rate can be
computed.

The size of the sample lnown to have been
alive and resident in Hiroshima or Nagasaki
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on 1 October 1950 is shown by exposure
distance in Table 9. The persons who were
exposed in houses of light Japanese style
construction are shown separately from
those exposed in other 1lightly shielded
and unshielded situations. Table 9 also
shows the number of leukemla cases observed
in these 1ndividuals.

BT, ROUHBEBMNIRLTHS, BHEE
DHERBATHERLAEZAL, oEElE» 3
VIR TR L A AL LIRBICRLT H
5. ZoltRchbnAs DI bitHEE A
MR EGHHE R Eh TV 3,

TABLE 9 MASTER SAMPLE PROPER PART PLUS RESERVE PART AND GONFIRMED LEUKEMIA CASES 1950-58
BY SHIELDING CATEGORY, CITY, AND D{STANCE FROM HYPOCENTER

%9 190—BEQEFREEPOERF L CPHEERL L I B WFREE S NKER O,
) OSSO B & ERENS S
DIHSYTPADNCCEENTFERROM IN OPEN s:?:::};n s*rJvALPEMHEusuESE sglrgﬁglus TOTAL
ey IN HETERS 5 5 W AAER DB B
L L 5 DIERE mst eud Ms oL MS cL MS oL MS tL
(m}
0- 889 az 1 87 - 237 4 258 2 15 7
800-1099 B7 1 235 3 789 6 158 - 1,270 | 10
1100-1299 256 1 561 4 2,100 B 277 1 3,224 | 12
HIROSHIMA | 1300-14989 132 1 868 - 3,274 7 388 . 1,862 | 8.
5B 1500-1699 703 1| 1,024 - 3,505 2 566 - 5,088 3
1700-1889 B34 1| 1,032° 1 3,512 - 414 - 5,792 2
1900-1908 446 - 537 - 1,305 - a4 . 2,628 -
TOTAL #f 2,780 6 | 4,374 8 | 14,822 | 25 | 2,404 3 | 24,380 | 42
2000-9989 - . - - - - - - | 58,583 | 12
TOTAL & - . - - - .- - | 82,883 | 54
0- 888 g - 12 - 22 - 279 1 322 1
800-1099 18 - s 1 98 2 241 2 " 390 5
1100-12¢8 50 - 170 2 g10 4 211 - 1,048 '8
1300- 1489 102 - 255 1 1,033 5. 518 - 1,908 6
NAGASAK| 1500- 16949 121 - 734 - 825 - 184 * 1,464 -
t=1: 1700-1699 128 - 245 - 788 - 221 - 1,382 -
1800- 1099 74 1 146 - 4938 - 148 - 867 i
TOTAL 3 505 .| 1 1,098 4 3,075 | 11 1,803 3 7,381 | 19
20600-99498 - - - - - - - - 23, 654 9
TOTAL & - - - - - - - - | 30,935 | 28
*Includes four cases of leukemia with onset inm 1958 not listed in TR 02-58.
I9SBEIREFLABC CEMBEHR—N0EEEhTu d VENK4ERL &0,
TMS - MASTER SAMLE 5% FCL - CONFIRMED LEUKEMIA B ITREZE & MARER

For individuals who had been located in
the open, no attenuation factor for passage
through shielding material is applied, For
those who were partly shielded, 15 per cent
attenuation of the air dose is assumed for
the gamma radiation and 25 per cent for the
neutrons. For the persons who were
inside houses of light Japanese style
cons truction, an attenuation of 30 per eent
of the air dose 1is assumed for the gamma
radiation and 50 per cent for the neutrons.
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These figures are based upon the average
attenuation factors observed during test
explosions in the Nevada desert.? To
obtaln the total tentative dose the gamma
and neutron estimates were added in a
1:1 ratio. The persons who were located
in other shielding categories, which
include air raid shelters and cencrete
buildings, ean not be used since the
corresponding attenuation factors are not
known. The air dose as estimated at the
center of each of the distance intervals,
was assigned to each person exposed in
that interval after belng diminished in
accordance with the size of the respective
attenuation factors.

" The number of survivors (multiplied by
nine, for the number of years at risk) who
were exposed to given intervals of dose are
shown in Table 10, along with the number
of leukemia cases observed in these
individuals, and the corresponding rates.
These results are shown graphically in
Figure 2.
for each éxposed survivor, the decrease in
the population due to death and migration
is neglected, and hence the incidence
estimates are minimum. There 1s no
correction possible for deficliencles in
case Tinding. Correction for all of these
factors could only serve to Increase the

In assuming nine years at risk

WTWB. Y WENZBREE IS0, Y
PrUvhiEFEEREREE ZATRL: 10HET
Mz, BEE VI 7Y — FEBEYE
FOMOBERSTEOAN 2L, FoBiM Iz 3
HHFRRATEHETHS P oEHTE LW, iR
BUEEEKBobRATHE LT EZA T OiE
BB THE L2, 2oXMTERLA
EAIHTIED .

F1002 13, MERCHEBETERE (BEEK
YETHIZOTIBLTHS) 2RLTAHD, %
DI Bl -OMRENEE S UFERIcH
TAEELRLA. ORI, M2 cEHRL
. BEBEGFE INLTIFEOBREHE L NE
TAIILY, ECHIUBINICLZHBEAD DR
SHEB LTV 2O THEBLREEFEIRETIR
DEELS. EFRZEROPMIIT SWERAT
BTHE., TRETNTORFIIHNTIME X,

TABLE 10 AVERABE INCIDENCE OF CONFIRMED LEUKEMIA CASES 1950-58, LIGHT SHIELDING, BY RADIATION DOSE
AND CITY OF ONSET - MASTER SAMPLE PROPER PART PLUS RESERYE PART

10 195058 £ oy M ML 32 W7 HE 92 A IS IR 7 o0 SR SRR BB B K UPSERRFER TITRY O
‘ FHgE AR RO EE A & UTHEAR

RADIATION DOSE HIROSHIMA BB NAGASAKI B
IN RADS PERSON YEARS AT|GONFIRMED |ANNUAL RATE [PERSON YEARS ATI[CONF IRMED|ANNUAL RATE
RISK 1950-58 |LEUKEMIA* |PER MILLION| RISK '950-58 | LEUKEMIA [PER MILLEON
it (rad ) BB OAS | gy g AD 100550 WEMBHOAE | g s | AD LOFLY
1950—58 4 MR 1950— 584 EMHRE
1281 + 3,204 5 1,581 387 0 -
B41-1280 8,999 10 1,000 1,341 3 2,231
321- G40 7.623 5 656 2,043 2 979
161~ az0 21,888 7 3z0 6,408 4 624
Bt- 150 31,278 7 188 12,681 8 473
41- 80 48,7948 3 61 1,585 0 -
21- 40 48,402 2 4 9,981 1 100
p- 20t 547,839 12 22 217,702 9 41
TOTAL @ 725,031 51 70 262,188 25 85

*ingludes four cases of leukemia with onset in 1958, not [Isted in TR 02-58.
198EIZHMLABC CEMBEHR~ITFERT VIV AEREE .
fincludes A-bomb survivors exposed 2000-9589% meters., 2000299%m GMCHB LAETFHELET.
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calculated rates. To emphasize the
uncertainty in dosimetry, the estimated
doses are shown in Figure 2 as relative
dose, which is the air dose following
attenuation by shielding calculated in
rads, and divided by 100. The number of
.cases is small upon which to base an
estimate of the shape of the dose response
curve and hence there are potentially large
sampling errors assoclated with each
incidence estimate. In addition to the
uncertainty associated with the absolute
value of the air dose at the varilous
distances, the choice of the .midpoint of
the interval also adds some diffieculty.
Sinece the radiation field, neglecting
attenuation in passage through alr,
diminishes inversely with the square of the
distance, it would seem best to choose a
weighted distance in the interval other
than the midpoint. When the distribution
of survivors within the various intervals
is inspected, however, the center of
moments of the population distribution is
not as would be expected based upon
the rate at which the radiation field
decreases, and in fact 1s very close to
the center of the distance interval. With
the cholce of relatively narrow distance
intervals the error should not be severe,
and should not affect an assessment of. the
shape of the relation. The quantitation on
a per rad basis of the risk of radiation
induction of leukemisa is not precise at the
present time. In Figure 2 the background
or spontaheous incidende, shown as a
straight line parallel to the X axis,
represents a population value subject to
quite small sampling variation. Although
the points appear to be compatible with a
linear model, the errors are such that the
data are consistent with a variety of
mathematlcal forms,

Leukemia incidence at every level of
dose, including the lowest, appears to have
been higher in Nagasaki than in Hiroshima.
A completely satisfactory explanation of
the differences in incidence between
Hiroshima and Nagasaki is not apparent.
The discrepancies could arise artifactually
for a variety of reasons.: For instance,
there may have been differences in the
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FIGURE 2 AVERAGE INCIDENGE (MILLION PER YEAR) GOMFIRMED LEUKEMIA 1950-58, LIGHT SHIELDING,
BY RELATIVYE RADIATION DOSE MASTER SAMPLE PROPER PART PLUS RESERVE PART

2 1950—58%E oA AN OEERE L UFHEAOEEHSIREQLRERNO
M Rt E e R (FMAO00FAYD) e
RATE
Fek fdm
2400 r T T T T T T T T 2400
1800 4 1800
NAGASAKI
i £ W\
1200 | g 1Zéﬂ
i - ]
HIROSHIMA . .
600 | E S - 800
0 EEST z : = : : X - 0
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RELATIVE RADIATION DOSE
A B LR

*Spontaneous Incidence an/tus/vsnn
BR%ERN,10° sumyy

intensity of case~finding efforts between
the cities. TUncertalnties iIn dosimetry
also cause. concern. Less 1s known re-
garding gamma and fast neutron yleld of a
uranium bomb as used in Hiroshima than of
the plutonium bomb used 1n Nagasaki. The
bombs had differing amounts of gamma rays
and neutrons, the effectiveness of which
may differ for leukemlia induction.

Broad confidence limits should surround
each of the dose and incldence estimates.
The estimates of the uncertainiy 1in dose
are not independent. If the air dose were
known at any one distance, 1t would be
defined for all distances, since the slope
of the regression of dose on distance is
well established. The error in dose leads
to an unecertainty in the position of the
curve but does not affect 1ts shape. This
1s verified by the fact that a plot of the
logarithm of leukemia incidence i1s linearly
related to exposure distance, using this
same data.

18

BREICEDY B L UHMPETRIIO VT IREE
CHTFTERAATL P 2BRBOBELY 3 EH
ALhv, 2O0FBRERY BF L UHEFEIN
BLTHY, 2AFhoARARYRLERT
ZhsEmhnn.

HHEME & & VB MREER IR VEERX
MERTILEF 55, BROTEERIZ>VWT
O|EFWHIMILESOTIHEY. b L, 53
SR A EhBBR b, A u 5, REMEIC
AT 2EBRoNBOHEMEITIEEE L TVS A
b, FTATOEMEICH T 52 hRR AL S,
BRIIETI2RZOLDEHROMBIEIAHETS
35, BRRGHGEOBIIREsh 2L, ALY
BEHWTHRHELERT S &, QMRIEER
EHIBIEHE L FERMNEARF AL W HEHEICL
o, ZOZLRATLEINS.



DISCUSSION

The data presented in the preceding
section constitute the largest body
of information available at this date
concerning the relation of leukemia to
ionizing radiation. There are several
other studies in which the data are of
sufficient size and where statistical
control of the material is such that &
comparison of findings is worthwhile.
These are the studies of Court-Brown and
Doll in England on leukemia in persons
given therapeutic radiation for ankylosing
Spondylitis,13 those in the United States
of Simpson and Hempelmann on x~ray therapy
in ehildhood for thymie enlargement,14
and a more recent study by Hempelmann
et a115 on radiatlion exposure as related
to childhood leukemia in Monroe County,
New York. Perhaps the most controversial
studies have been those of Stewart et ar??
in England which relate fetal radiation
exposure during x-ray pelvimetry to
increased risk of childhood malignancies.
Similar studies have been done by'Ford

et a1,22 and Moses et af.=9

These various studies are all epidemi-
ologie approaches to malignant disease
done in retrospect, and each has certain
deficiencies and limitations. Examination
of conslstencles and inconsistencies
in the findings of the various studies
must take Into account that the series
ere not directly comparable. Differing
age groups have been examined. In the
spondyllitles the question of the influence
of the patient's original disease and
therapy other than x-ray in the subsequent
development of leukemia must be considered.
Thymic¢ enlargement in childhood may 1in
itself be preleukemic. It is possible
that pelvimetry is related to a maternal or
fetal condition which may also predispose
to a higher leukemia rate. It is slgnifi-
cant that lack of & suitable control group,
because of difficulties 1n selection and
follow-up, could introduce misleading data.
Most pelvimetry, however, is done for
placental implantation abnormalities or
maternal bony abnormalities of structural
nature, and it is difficult to relate
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these factors to an increased leukemia
rate in the children of mothers whe had
undergone pelvimetry.

The Japanese studies are unique in that
they cover a wide range of ages, bhoth
sexes, and there was a single intense
exposure to whole body radiation of varying
amounts.
the population should have a rate of
leukemia occurrence higher than that in the
general Japanese population other than that
it has been exposed to lonizing radiation.
Turther, the Japanese studies are at least
in part prospective in design. The
intensity of effort in case finding
has probably varied from year to year.
Unquestionably the great amount of interest
in leukemia as 'A-bomb disease' in the two
cities has resulted 1n much heavier
reporting of leukemia than 1if there had
been no suspicion of a causal relationship.
it seems unreasonable that the
great increase in the observed rates in
the ekposed reflects scientiflc 1lnterest
rather than radlation effect.

There is no apparent reason that

HHowever,

These comparisons will indicate what
is felt to be the probable validity of
various findings. Both written and
verbal suggestions from many of the
~major contributors toe thHe field of human
leukemogenesis have been lncorporated into
these discussions.

Incidence and Dose Response Relation

From previous reports there could be
little doubt that the increased incidence
of leukemia in the Japanese survivors
was large and was dose dependent. The
currently available well defined population
samples furnish ineidence estimates which
_strengthen these findings. 1In the distance
intervals below 1500 meters a statistically
significant increase in incidence has been
demonstrated. There is a suggestive
increase between 1500-1700 meters where
the dose in rads (gamma plus neutrons,
uncorrected for attenuation by shielding)
is between 32 and 200 in Hiroshima and 30
and 250 in Nagasaki. The very wide range
in estimated dose between 1500 and 1700
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meters results in part from the high degree

of uncertainty in the currently available

dose calibratlon curves.

From these data 1t seems certain that the
increase in leukemia resulis from new
cases of the disease. The number of
observed cases in persons exposed at less
than 1500 meters already exceeds the
. estimated number of cases of leukemia which
would have occurred in the entire lifetime
of the population. The British series of
x-irradiated patients with spondilitis in
which good estimates of dose are avallable,
support the dose dependency of leukemia
induction. ’

An estimate of the dose response curve
based on presently available desimetry
has been made. Evidence derived from
those who were exposed in lightly shielded
locations has been plotted against relative
dose. The curve, based on (51425) = 76
leukemia cases from the two cilties,
uses only lightly shielded individuals
and appears to best fit a linear relation.
Considerable confidence can be placed in
the curve from 100 rads up to 1000 rads.
‘Below 100 rads the eurve extrapolates to
the well established point corresponding
to the normal incidence 1n nonexposed
individuals, It is apparent that if a
threshold exists, most likely it would be
found at a dose lower than 80 rads.

Age Sensitivity

‘A gross approximation of the per roentgen
risk of leukemia for a populaticn from the
Japanese data does not differ greatly from
that of Court-Brown and Dolll® and Lewis,?*
if one assumes linearity. The problem 1s
confused by a number of factors, one of
which is the apparent difference in age
sensitlvity for the induction of leukemia.
The present data suggest that young
people may be more sensitive to radiation
induétion of leukemia than the older apge
groups. The only other information
regarding possible differences in age
sensitivity of humans comes from therapy
series. The British find that the most
sensitive portion of the spondylitie
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irradiated group is in the older age range,
but there are no very young individuals in
this series. The data of Hempelmann et al
show a very high incidence of leukemia in
individuals exposed to radiation therapy in
the early years of life for enlarged thymus
glands. The studies of Stewart et al
suggest a doubled rate of leukemia for
doses to the fetus of five rads or less.
When compared to the estimated ineidence
followlng low doses, based upon a linear
extrapolation of the dose-response curve
herein presented, this rate 1s five to ten
times higher than that following radiation
exposure later in 1life.

In the survivors exposed in utero, no
case of leukemia has been identified to
‘date. However, the size of the group at
risk is small due to high stillbirth,
abortion, and neonatal death rates. There
are fewer than 500 in utero survivors
known who were exposed at distances under
2000 meters. Many of these had been
heavily shielded. Desplite these problems
the absence of detected cases is certalnly
of interest.

If the studies by Stewart, Ford et al
detect a real correlation between small
doses to the fetus and increased leukemia
rate, then this must be considered in
computing any per.roentgen risk for a
population. It should be noted, however,
that the various studies are not definitive
in this regard, and inconsistencies are
numer ous. Sinee the numbers involved
in the various studies are small, the
selection of controls is of utmost im-
portance. Moses' series,23 which includes
a sibling control and a playmate control
provides the most satisfactory group so
far available. Thelr tentative findings
to date suggest a strong association
between in utero abdominal radiation and
leukemia. In addition, they find that the
leukemie children have more often than
expected been subjected to radiation
therapy.

The wisdom of including a playmate
control 1n this study becomes clear when

the data are inspected. In certain areas
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diserepancies between the sibling and
playmate suggest that the sibling is
'underexposed' to a varlety of agents. It
seems 1likely that the mother of the
leukemic child intently considered the
various factors that she conceived might
predispose to the disease. The lack of
comparable attention by the mother to the
sibling's history may artificially create
apparent differences. The presence of a
playmate control group greatly enhances the
value of the study by Moses et 21 which 1is
designed to elucidate some of the factors,
in addition to radiation, which may be
important in leukemogenesis in childhood.
It is clear that effects of low doses and
exposure age are unsettled. The high
leukemia rate observed in childhood would
imply either a greater susceptibility or
greater exposure to leukemogenic agents in
the environment in the early years of life.
Wi th
regard to ionizing radiation the studies
available at present do not allow us to
distinguish with certainty which factor is
most important. It is not unreasonable to
presume that greater susceptibility i1s at
least influential.

Perhaps both factors are operative.

Latent Period

The problem posed by the peak incidence
in childhood has been examined in detail
by 81ir Macfarlane Burnet® with regard to
environmental factors either fetal or in
the first year of life. He has pointed
out that if one wished to conduct a search
for faectors responsible for induction of
leukemia, the relatively uncomplicated
short period of time during a child's
first three to four years deserves close
scrutiny. In this regard it is of special
Interest to note the time of oecurrence of
leukemia post-irradiation.

The first inerease 1n ineidence among the
Japanese survivors occurred eighteen
menths to two years followlng exposure.
The small number of cases and uncertain
sjize of the population at risk make any
estimate of rate in these early years
quite uncertain. The number of cases,

however, is above what can be expected
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to have occurred 'spontaneously' in the
estimated upper 1limits of population size
in these years. By four years and six
months to seven years and six months
following exposure, the observed annual
incidence was apparently greatest. The
rates in 1957 and 1958 are apparently
greater than between 1954 and 1957. At
both times when the rate was estimated to
be highest (between 1950-54 and 1957-58)
an intense effort to find cases and
review the older accumulated material was
This fact suggests that
temporal interest may be important in
interpreting the way in which the rates
change with time. Alternatively it is
possible that the peaks are real and the
population may be composed of subgroups
of varying leukemla susceptibility with
associated differences in latent period.
At present there is no way to test this
hypothesis. However, 1t 1s apparent from
the data that the risk of leukemia has
continued 1n the population as late as
thirteen years post-exposure. There is no
convinelng evidence of an apparent waning
of the effect.

in process.

There 1s good agreement with other data,
particularly that of Court-Brown and Doll,
that during the eighteen months to two
years following radiation exposure leukemia
incidence begins to rise. A peak in the
British series occurred approximately four
years following radiation. This figure
was based on only twelve cases who had
received a single course of therapy.
Estimations from the data of Hempelmann and
Simpson also falirly well support this
figure of approximately four years for
maximal ineidence. One difference 1s that
the increased leukemia risk in the Japanese
atomlic bomb survivors continues as late
as thirteen years following radiation. In
the British series a definite waning had
cccurred eight years post-exposure.

The correlation of latent period for
radiation induced leukemia and the peak
incidence of leukemia in childhood is
striking. This does not mean, of course,
that childhood leukemia 1s necessarily
radiation induced in all or any part, but
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it suggests the possibility that it takes
approximately four years followlng the
application of a stimulus to & population
These
various studies would seem to substantiate
Burnet's point of looking for a 'cause’ in
fetal 1ife or early childhood. The
studies, particularly in Japan, also would
imply that radiation exposure as remote
as thirteen years previously may be
etiologically significant to subsequently
occeurring leukemia.

for a maximum effect to be seen.

The relation of the length of Tatent
period to dose of radiation received
cannot be definitely determined. In
both Hiroshima and Nagasakl there is a
moderate correlation between year of onset
and exposure distance. Dose information is
" not yet available on a sufficiently large
fraction of the population to test this
point. The data also differ between the
two cities; when the population in Nagasaki
is subdivided into three groups. according
to exposure distance there is an orderly
increase in length of latent period from
those most closely exposed to those
most distally exposed. In Hiroshima an
inversion exists. It is possible that
latent period is related to the size of the
dose, but no conclusive evidence on this
point is available from any series.

Relation Between Acute Radiation Symptoms
and Subsequent Leukemia :

Brues®% nas suggested that the risk of
leukemlia following radiation exposure was

dependent upon the presence of severe bone

marrow destruection. There are no data
available on which to estimate the severity
of bone marrow damage among the survivors
o ther than the presence of purpura or
other bleeding manifestations occurring
in a reasonable length of time after
irradiation. The ineidence of leukemia was
highest in persons who manifested the
symptoms of acute radiation injury, but was
also significantly elevated in those
exposed gpréons who did not have these
symptoms.  From the British studies and

those of Hempelmann it is apparent that
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severe injury to the total volume of marrow
is not a necessity. Since the Japanese
had .ex tensive total body irradiation with
highly penetrating gamma radiation and
fast neutrons, 1t is not 1ikely that marrow
damage in various sites was appreclably
different; however, this possibility exists
in view of the varying depth beneath the
skin of the various marrow-containing
bones. It is apparent that leukemia can
occur fellowing whole-body radiation
without clinical symptoms of marrow damage.
Relation Between Leukemia Sensitivity
and Sex

The reported rates of leukemia occurring
'spontaneously’ consistently show a
‘higher rate in males than in females,
The figures from Japan for radiation
sensitivity to leukemia inductien in
general, show a higher rate for males than
females. The difficulties 1n estimating
dose distribution have so far precluded
the full use of the shielding information
which is available. Inconsistencies may
reflect differences in shielding factors
afforded to males and females or may be an
indication of the tenuous nature of this
finding. The other series furnish no

estimates for comparison.
Types of Leukemia Observed Post-Irradiation

The types of leukemlia which have been
observed to be most increased In the

Japanese survivors under 1500 meters are

chronie granulocytic and acute lymphocytic
leukemia. Although chronie granulocytic
leukemia has occurred predominantly in the
middle age groups, it has also been seen
with unusual frequency in children. Acute
granulocy tie leukemia, acute leukemia in
which a type classification was not
possible, and acute myelomonceytic or
'Naegeli' type monocytle leukemia have
ocecurred with Increased frequeney to a
lesser extent than the first two named
types. Chronic Iymphoeytie and the
'Schilling' type acute monocytie leukemia
have been seen with such rarity in both
exposed and nonexposed indlviduals that
it is impossible to find a relation of
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radiation to these diseases. In this
series and in Hempelmann's the acute
lymphocytic variety of leukemia occurred
predominantly in the group under age
ten at the time of exposure, which is
not surprising considering the strong
predileetion of this type of leukemia for
the young. In the Briltish ser19527
granuloecytic leukemia occurred most
commonly and was temporally closer to the
radiation exposure than In the Japanese.
Court-Brown and Doll have suggested that
this difference In the two series may
indicate that persons exposed to high doses
delivered at high dose rates from the
atomic bomb expired acutely, whereas
patients who received high therapeutlc
doses of irradiation given chronically
survived comparable doses and developed
acute leukemia. This implies that dose
rate and total dose affects the type of
leukemisa. From our series no analyses
of this are possible. An acceptable
hypothesis is that ankylosing spondylitis
or the drugs used in its therapy pre-
disposes to acute granulocytic leukemia or
at least toward differentiation of the
leukemia which occurs along thls line.
. Differences 1ln age composition may be
involved also. As pointed out earlier,
in the British serles the greatest increase
was seen in the older age group. The
atomic bomb survivors are relatively
deficient in these age groups. If acute
and chronie granuleocytic leukemia are
simply extreme manifestations of the same
process, then the difference is indeed
slight and could be accounted for by a
variety of sampling artifacts as well as
differences in the host populations.

acute

Clinical Characteristics of Radiation
Induced Leukemia

Leukemia following therapeutiec radiation
for ankylosing spondylitis was character-
ized by a peripheral blood picture strongly
resembling that in bone marrow aplasia.
Bone marrow examination often was required
to- establish the diagnosis of acute
leukemia. Recently Moloney28 reported six
patients who received therapeutie radiation
and subsequently developed leukemia. Four
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of these patients also had a pancytopenic
In this series this peculiarity of
radiation induced leukemia has not been
noted. A possible but unlikely explanation
is that this reflects either a simple
difference in avallable medical facilities
resulting in earlier diagnosis in Britain
and the United States than in Japan. Such
an onset is muech more likely to he noticed
in the patients with acute leukemia,
than in those with chronic granulocytid
Jeukemia., In the two series a difference

cnset.

of mode of onset in the acute granulocytie
leukemias is unexplained. With regard to
differences in response to therapy, autopsy
findings, or c¢linical appearance, the
findings in the exposed Japanese have
shown no apparent variation from those
seen during the course of the disease in
the nonexposed.

SUMMARY

A review of the Hiroshima-Nagasaki
leukemia experience thirteen years after
the atomic bomb explosion in those two
cities, and comparisons with other col-
lected series of leukemia cases following
radiation has again demonstrated heyond
reasonable doubt{ the leukemogenic effect
of ionizing radiation on humans. In spite
of the heterogeneity of the various study
groups there are surprisingly consistent
findings. An inereased risk of leukemia
following doses probably as low as 50~100
rads (air-entry dose) whole body radiation
Above this dose the
increase 1n ineidence of leukemla may be
related linearly to dose of radiation.
When extrapolated to zero dose this line
Intersects the expected spontaneous
incidence. In the lower range it is
impossible to be certain regarding the
presence or absence of a threshold. Future
revision of the estimated dose response
relation will be necessary when better
estimates of dose become avallable.

has been demonstrated.

As in other serles the acute lymphocytic
varlety of leukemia in the very young is
mo§t increased. Chronic granulocytice
leukemia was seen most commonly among the
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Japanese in the older age groups. The
predilection of the various types of
leukemia for specific age groups does not
appear to be markedly altered although
possibly the incidence of chronie granu-
locytic leukemia has been shifted to
younger ages. The rarity of chronte
lymphocytic leukemia in Japan has been
reconfirmed, and ionizing radiation does
not appréeciably alter this finding. All
types of leukemia with the exception of
this latter type and acute monocytic
leukemia of the 'Schilling' type are
inereased in varying degrees.

Males and children in the age grouﬁ

below ten appear to be most sensitive to
induction of leukemia by irradiation. The
increased occurrence of leukemia in an
irradiated population appears to start
about eighteen months after the event. In
Japan the increased risk has persisted for
thirteen years with the time of maximum
risk approximately four to eight years
following radiation. There is tenuous
evidence for a waning radiation effect
in the last several years.,
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APPENDIX - 1
ft # I

RELATION BETWEEN AGE, INCIDENCE, AND TYPE OF LEUKEMIA
Fip, RESIUTRLFEREROMEFE

TABLE 11 CONFIRMED LEUKEMIA CASES 1047-58 BY TYPE, SEX, CITY OF ONSET, AND DISTANCE FROM HYPOCENTER
1l 1947 -BFORWHELMBORER, &5, MR &L CRLOH A5 0BRSS

CONFYRMED LEUKEMIA CASES B
CITY TYPE OF LEUKEMIA TOTAL EXPOSED*
<1500 METERS 1500-96899 METERS | -
Eini B I i B L3 3ok
MALE |FEMALE |TOTAL!MALE |FEMALE |TOTAL |MALE |FEMALE|TOTAL
5 ES At 5 * # B = i
ACUTE GRANULOCYTIG
o BB 3 T 9 6 15 B 8 i | 15 14 28
MYELOKONOCYTIC R . . | . i ) )
DHEFMAE RS A
ACUTE LYMPHATIC ‘
Y DRRAIE) : i 1 ‘ e s
HIROSHIMA |ACUTE MONDCYTIC . . . 2 . 2 | 2 )
5B SOk ML ERE MR
ACUTE, TYPE UNSPECIFIED _
AEE IR, S WA ! 5 6] 2 ! 81 9 6 g
CHRONIC BRANULOCYTIC
WYE T B4 1 055 17 11 28 5 3 8 | 22 14 3B
CHRONIC LYMPHATIC 1 _ . | . . ) _ )
%) v H MR
CHRONIC, TYPE UNSPEGIFIED ) ) . X ) X ) ) i
BB, FELH .
TOTAL 3t 31 78 59 | 18 14 30 | 47 42 89
ACUTE BRANULOGYTEC
a 1 1 1
S P LA 5 8 8 8 8 2 3 25
MYELOMONOCYTIC
5 B LR £ 58 3| 2 5 8 2 10 | 11 4 15
AGUTE LYMPHATIC
Y S L 3 1 4 3 1 4 B 2 8
RAGASAK! [ACUTE MONOCYTIC i i . i . ; . }
B | BMENEREENE
ACUTE, TYPE UNSPECIFIED i i i . . } . . |
2EAMAE, FHAN
CHRONIC GRANULDCYTIC
1 1
i At 2 9 4 s|® z S 3 o
CHRONIC LYMPHATIC R } ) ) ) }
WY AR MR
CHRONIC, TYPE UNSPECIFIED . _ i i _ _ _ i _
BEAnK, 2EFH
TOTAL 3t 14 8 23 | 24 13 ar | 38 22 60

*Includes four cases of leukemia with onset in 19%8, not listed in TR 0Z-359.
IS8E TR M LABC CEMPEIRZ—IzgThTwivANK 4 ERE L.
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TABLE 12 ESTIMATED PERSON YEARS AT RISK 1947-58 BY AGE ATB, SEX, CITY OF EXPOSURE,
AND DISTANCE FROM HYPOCENTER

S #12 1947—SBEOBRBHMP OB EATORBNEEHD, EH, $HNs LU

BOH>SORBENSTH
PERSON YEARS AT RISK sEmuho A E
1 -

- AEE ATE < 1500 METERS 500-9998 METERS

#h Al FTIRESIEMG] MALE FEMALE | TOTAL MALE | FEMALE | TOTAL
5 " i - B % it
0- 8 | 11,428 | 11,504 | 22,833 |111,011 [1o9,021 |220,032
10-19 | 10,490 | 16,481 | 25,871 | 87,318 | 98,120 |185,439
20-29 5,566 | ©6,325 | 21,891 | 31,228 | 93,115 |124,344
HIRDSHIMA| 30-3¢ 8,801 | 14,128 | 22,930 | 49,256 | 598,387 |138.643
iy 40-48 | 11,288 | 12,948 | 24,234 | 62,124 | 77,415 |139, 539
50- 59 7,505 7,304 | 14,800 | 43,459 | 47,172 | 90,641
, §6- .| 3,235 4,001 7,316 | 26,438 | 37,380 | 63,818
TU;AL 58,312 82,772 141,084 410, 848 551,610 962,456
fa

0- 9 3,330 3,445 6,775 124,163 ]123,469 |247,632
10-19 6,371 09,4819 15,860 98,288 116,312 214,601
20-29 7,492 4,349 B,841 | 24,750 | 88,123 117,882
NAGASAKI | 30-238 2,857 2,277 5,134 | 39,483 | 77,296 |116,778
e 40-49 2,374 1,998 4,870 | 60,571 | 73,258 1133,827
50- 59 1,611 1,008 Z,819 45,417 47,3473 92,762
50- 433 558 988 | 21,721 | 30,136 | 351,387
T%ﬁAL 19,868 | 23,120 | 43,088 413,812 |555,038 |98¢, 850

TABLE 13 CONFIRMED LEUKEMIA CASES 1847-58 BY AGE ATB, SEX, CITY OF OMSET,
AND DISTANCE FROM HYPOCENTER

#13 1947 BEOZWMEADFOFIBEFEEE0, 00, #Fhdls ko
BLH A 5 O IERER 5 45

TOTAL EXPOSED®
cl Ty ABE ATE < 1500 METERS 1500-9999 METERS Hegayh
il TR 4E i M%.E FEM#ALE TUI;;-AL Mg}LE FEI\;LE TUﬁTAL MAg;:E FEP;:LE TU;}'I['-AL
0- 9 3 7 12 4. 2 3 5 7 10 17
10-19 i 3 g 1 - 1 7 3 10
20-249 4 7 11 2 4 8 B 11 17
HIRDSHIMA 30-39 [i] 5 11 - 1 1 6 B 12
Iy 40-49 ¢ 3 7 § 4 9 9 7 18
50~ 59 3 2 5 3 2 5 i 4 10
60- 3 1 4 3 - 3 i i 7
TOTAL | 31 28 50 16 14 30 47 42 88
D- 4 § 2 8 4 3 7 10 5 i5
10-19 1 7 8 B F3 4 1 9 18
20-29 2 - 2 2 3 ] 4 3 7
NASASAKI 30-39 ! - 1 2 3 5 3 3 [}
40-49 3 - 3 9 1 10 12 1 13
50- 58 1 - 1 1 1 4 2 1 3
50~ - - - - - - - - -
TOTAL 3| 14 g 23 24 13 37 38 22 BD
*includes four cases of leukemia with onset in 1958, not listed in TR 02-58.

19584124 L, ABCCEMBIATFR—CrETAT I VAMKIEN 5.
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TABLE 14 CONFIRMED LEUKEMIA CASES 1947-58 BY TYPE, AGE ATB, CITY OF ONSET,V
AND DISTANCE FROM HYPDCENTER

#14 194758 D

B 5 o BEBER 3 %

RWIREEC A 0RAT], FReRE M, AN E LU

19BF IR L, ABCCHEMBHEMBRZ—5FE AT VL WHNE I ERS ST,

32

HIRDSHIMA  [hES NAGASAKI b BOTH CITIES @il

TYPE OF LEUKEMIA |AGE ATB (< 1500|1500-9989 <150041500-5984 <1500 1500-9999
BEREE O LEE Gi#es (meter| wmevers | TOTAL |meter| werers | TOTAL [weven METERS | UTAL
G it 7 it
o- 9 10 5 15 5 7 12 15 12 27
1p-14 7 1 B 7 ] 13 14 7 21
20-29 4 4 8 2 3 ] 6 7 13
ALL ACUTE LEUKEMIAS | 30-3% 3 1 F; 3 4 § 4 5 g
B A 5 A 5E 1 40-49 4 7 11 2 10 12 6 17 23
50- 50 - 1 1 1 2 3 1 3 4
60- 2 2 4 - - - 2 2 4
Tﬂ%fL a0 21 51 18 32 50 | 48 53 101
0- 9 3 3 & - 3 a 3 6 9
10-14 1 1 2 5 3 8 & 4 10
20-29 ? 3 5 1 2 3 K| 5 8
_ ACUTYE GRANULOCYTIC 30-39 3 1 4 1 T2 3 4 3 7
B F R B 5 40-49 4 4 8 2 5 7 6 g 15
50- 58 - 1 1 - 1 | - 2 2
60- 2 1 3 - - - 2 1 3
T%%fL 15 14 23 9 5. 25 | 24 30 54
c- 9 2 - 2 3 - 3 5 - 5

10-19 1 - 1 1 2 3 2 2
20-29 7 2 9 - 2 2 7 4 N
CHROKIC SRANULOCYTIC | 30-39 g - 8 - 1 1 a 1 9
B O 40-49 3 2 5 1 - 1 4 2 &
50-589 5 4 g - - - 5 4 9
50- 2 - 2 - - - 2 - 2
Tﬂ%,:"' 28 8 16 5 5 to | 33 13 45
2- 9 5 1 8 3 2 5 8 3 11
10-18 3 - 3 1 1 2 4 1 5
20-20 - - - - - - - - -
ACUTE LYMPHATIC 30-39 - - . - - - - - -
2y A nRE 40-49 - - - - 1 1 - 1 1
50- 59 - - - - - - - - -
60- - - - - - - - - -
T"é.Tf”‘ 8 1 a 4 4 B 12 5 17
*Includes four eases of leukemia with onset in 1958, not listed in TR 02- 58,
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