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SUMMARY

The incidence of leukemia during 1950-71 in
the fixed mortality sample of atomic bomb
survivors in Hiroshima and Nagasaki has been
analyzed as a function of individual gamma and
neufron kerma and marrow dose. Two dose
response models were tested for each of acute
leukemia, chronic granulocytic leukemia, and all
types of leukemia, respectively. Each model
postulates that leukemia incidence depends upon
the sum of the separate risks imposed by the
gamma ray and neutron doses; in Model I both
are assumed to be directly proportional to the
respective doses, while Model II assumes that
while the risk from neutrons is directly pro-
portional to the dose, the risk from gamma rays
is proportional to dose-squared. Weighted
regression analyses were performed for each
model.

When the two models were fitted to the data for
all types of leukemia, the estimated regression
coefficients corresponding to the neutron and
gamma ray doses both differed significantly
from zero, for each model. However, when
analysis was restricted to acute leukemia, both
the neutron and gamma ray coefficients were
significant only for Model II, and with respect to
chronic granulocytic leukemia, only the co-
efficient of the neutron dose was significant,
using either Model I or Model II. It appeared
that the responses of the ifwo leukemia types
differed by type of radiation. If the chronic
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granulocytic and acute leukemias are considered
together, the Model II appears to fit the data
slightly better than Model I, but neither model is
rejected by the data. .

On the basis of Model I, the risk of all forms of
leukemia was 1.08 cases per million person-years
per rad (PYR) for gamma radiation (kerma) and
6.13 cases per million PYR for neutrons; the
Relative Biological Effectiveness of Neutrons
(RBE), therefore, was 5.7. In terms of dose to
the bone marrow, the corresponding risks were
1.96 and 23.06 cases per million PYR, and the
RBE was 11.8.

Based on Model II, the estimated risk from
gamma rays of all types of leukemia was 0.00364
cases per million PYR squared (PYR2) for
kerma and 0.0119 cases per million PYR? for
marrow dose. The corresponding risks for
neutrons were 7.37 cases per million PYR for
kerma and 27.76 cases per million PYR for
marrow dose.

From Model II, RBE was estimated to be
approximately 45.0 [~/ Dn for kerma and
484 [~/Dn for marrow dose for all types of
leukemia. The RBE for acute leukemia was
estimated to be approximately 30.4 /+/ Dn for
kerma and 32.2 [+/Dn  for marrow dose
(Dn = neutron dose).

INTRODUCTION

Utilizing the improved dosimetry system (T65D
system),! in 1971 Ishimaru et al® in their
analysis of the dose response curve for leukemia
among A-bomb survivors in Hiroshima and
Nagasaki reported that the RBE of neutrons for
leukemia induction was approximately 5 using a
model independently linear with respect to the
neutron and gamma doses, and that no significant
excess risk of leukemia was observable in the
low dose region (below 100 rad kerma) among
Nagasaki A-bomb survivors. These results have
stimulated much discussion®™® and a number of
reanalyses of the leukemia experience of A-bonib
survivors have been made in attempts to decide
whether the leukemia dose response in man to
gamma radiation, delivered at a very high dose
rate,* is linear or not.5? Mays et al,s Rossi and

PFEhbuTEZNE, EFLIFEFALI LD RS
FCEMIIETREREIICRAGHY, FLEE5MT
FLOBELTEENL» » 2.

TFNI EECLBE, 2RO MAEOEERER,
A8 (kerma #2E) (2207, 100 F A rad
(PYR) $7401.08T, fHFHRI2VTIZIN0FA
Frad b7206.13ThH /. L LT, HHEFHED
P ER TSR (RBE) 25.7 Ch o/ Bl
BRIV TANE, ZRFNOMBERIE 100 T AE
rad $7=91.965 X 123.06 ¢, RBE(111.8Td 7.

EFAMIEREIILAES £REOANLBOT v
12k B HEE fEM L, kerma BEIZOVTIE, 100 F
Afrad? 7= 0 0.00364 ¢, Hmiizow T,
1005 Afrad?2 2 00.0119¢H - . shiEFEIc
DPUVTENRTNOBEERE T kerma M IOV T
00F AFrad 407377, HigiizonTid
00F Afrad /20 2776 Th - 1.

EFNTIICEAE, 2HEOCALNHEIZH L TRBER
FEE kerma BRIZOWTL.0,/ [ Da, BRI
DonT48.4 [py EHE S, BEADFKBEZL
TRBE X & & £ kerma B8 ¢30.4,7 /D, B
BT32.2//py EEFENL (Dr =i FHA).

# 5

BRENLAGRWEE(THEDE)! 28T, BA
52 1F, VO7LECES - BWEdHORBRHESEE s
FALMMOEREEHESHTL, PErais
FUPHFyvHBBUI2OVT I AThORKEFHTH
SEFMERAGEEG, OMMHERCHT 5 hiET
DA AEFHHREIL (RBE ) 1145 Th - 1 47
BB ERENVEERE (kerma #1100 rad
LR tswTEAMEOREROEFRE LR
HohhhoeWELE, ZoBRBRELIRES
REEBEL, > FECBCERROV Y v ¥ 1:
HTY 3 ORANFEREREFBRETCHIIE L&
HEST A0, HRHEREIETZAMHII>W
TEELDEREAFTTHN. 5 Mays 5,° Rossi

*Since the acute radiation doses received by the survivors were delivered within q period of 10 seconds or less, our
data are not pertinent to the issue of the influence of dose-rate upon the biological effectiveness of gamma, or X-rays.
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Kellerer,® Mole,” Jablon,® and the authors of
the NCRP Report® have reported that evidence
derived from animal experimentation supports a
quadratic dose-response curve for gamma radia-
tion with regard to various biological effects and
that the leukemia data in Nagasaki A-bomb
survivors in the low dose range are more in
accord with a quadratic than a linear dependence.

In this study we use the Jeukemia experience of
A-bomb survivors in Hiroshima and Nagasaki
during 1950-71 to evaluate the goodness of fit
of the two dose response models for acute and
for chronic granulocytic leukemia separately and
for all types of leukemia, the two models being
a linear dependence on both gamma rays and
neutrons (Model I) and a linear dependence on
neutrons but a quadratic dependence on gamma
rays (Model II) for kerma or for marrow dose.

MATERIAL AND METHODS

Used in this study were the leukemia cases,
identified by the Leukemia Registry, that
occurred in the fixed cohort of A-bomb survivors
during the period 1950-71, for whom the
incidence of leukemia in relation to total dose,
years after exposure, age and type of leukemia
was repor’te:d.10 The present analysis was based
on the experience among the 60,533 A-bomb
survivors in Hiroshima and 19,277 in Nagasaki
who are included in the Extended Life Span
Study (LSS) sample.!* Survivors whose doses
have not been estimated, those in the not-in-city
(NIC) group, and leukemia cases whose onset
was before October 1950 were excluded, since
the study cohort was established in October
1950. This is essentially a methodological study;
therefore, no special effort was made to update
the data. The dosimetry system. employed in
this analysis was T65D for kerma dose.!

Jones'? of the Health Physics Division, Oak Ridge
National Laboratory has reported the bone
marrow dosefkerma conversion factors for
Japanese A-bomb survivors as (Dy/K7v) = 0.55,
(Dn,P{Kn) = 0.26, and (Dn,y/Kn) = 0.07. The
bone marrow doses of each kind of radiation
were calculated for each group using Jones’
factors.

The data have been examined by partition into
12 different cells, that is, by city and 6 total
kerma categories (less than 1 rad, 1-49, 50-99,
100-199, 200-399, and 400-600 rad). Weighted
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regression analyses of the incidence of acute
leukemia, chronic granulocytic leukemia and all
types of leukemia were performed for each of
two simple models: .

Model I:

ETFNI
Tabsb,
Model II:
EFNI of the gamma ray dose, i.e,,

THRIFLAE. Z20FTFLIIownT, a¥aN0AE,
BEFHEALFRF L ULBEEOAMFBORER L
BEOMEC>VTHNERBRITEZIT > 2.

Incidence linearly dependent on the gamma and neutron doses, i.e.,
RERRF  vHRSIPRETHRECHL THEMZRETS.

Pjy=0;+ By Dy + f,Dny

Incidence dependent linearly on the neutron dose, but on the square

RERIPEFERECH L THUMIKREL, Fregiticdl g

BOZ®RIIERMTS. T4bb,
Pi] =0 + BID'}'!-ZJ- + ﬁ?.D”ff

where the subscript i = 1, 2 denotes Hiroshima
or Nagasaki, and the subscript j denotes the
dose category. Thus, @, is the basal incidence
in Nagasaki and Dn, ; is the mean neutron
dose in Hiroshima survivors in the group with
5099 rad exposure dose. If the total Te5D
kerma for a survivor was estimated to be 600
rad or more, in Hiroshima the gamma dose for
that survivor was set arbitrarily at 428 rad, and
the neutron dose at 172 rad; in Nagasaki the
gamma dose was set at 587 rad and the neutron
dose at 13 rad, as in the mortality report of
Tablon and Kato'® in order to avoid distortions
arising from a small number of impossibly large,
presumably erroneous estimates.

The parameters were estimated by the method
of maximum likelihood, treating the observed
number in each cell as the realized value of a
Poisson variate having expected value given by
the model equation. The advantages of maximum
likelihood estimation are: 1) it is an asymptoti-
cally efficient procedure in the sense of Fisher,
and 2) the standard errors of the estimates can
be calculated.

RESULTS

Anmnual Incidence of Two Types of Leukemia
in Relation to Kerma

Table 1 and Figure 1 show the crude annual
incidence rates for all types, acute, and chronic
granulocytic leukemia by kerma class and city.
Hiroshima survivors received mixed gamma and
neutron radiation at all dose levels. Nagasaki
survivors, however, received almost exclusively
gamma radiation below 100 rad total kerma and
relatively small amounts of neutrons at the higher

ZEL, WMarFi=1, 2RIEBETLAESERL,
JEREESET . LEN-T, api&lo iR
BB SREE, Dn) 3 XEBON0—99 rad HHE
BEBCEG OB FRETHS. HBREOS
TE5D kerma St A 60 rad Ll LLEEENLEBE
ik, EBOEBRES WL TGy vHit» 428 rad,
P FEEN1T2rad, —FH, REBOBBFIHL
THH v HERH 587 rad, FHEFHEH 1S rad &
FEEICED 2. ZhiE, Jablon & KU 2 FEC
HIDBTAHETCHOR RSB, PHEOBEIZK
EEBOoLEELUIPLSBEILIEAZTRISADT
HbH.

Ay —FRAEICLE->THREL A ZHEFE
TV YEROERBATFMCHE-TO WAL
BLLTRENOBBEHEL2B - TRd . NAHEE
OFEIL, 1) Fisher 12k 5 &, ZHITHEATH 2
HEBRTHEILE, 2 HOREROFHEREN G
BTEB52ETH5.

w R
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FIGURE 1 CRUDE ANNUAL INCIDENCE RATE FOR LEUKEMIA AMONG A-BOMB SURVIVORS IN THE
EXTENDED LSS SAMPLE BY TYPE OF LEUKEMIA, DOSE, & CITY, WITH 90% CONFIDENCE LIMITS, 1950-71
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TABLE 1 NUMBER OF CASES & CRUDE ANNUAL INCIDENCE RATE OF ACUTE LEUKEMIA
& CHRONIC GRANULOCYTIC LEUKEMIA IN A-BOMB SURVIVORS IN THE EXTENDED
LIFE SPAN STUDY SAMPLE BY DOSE & CITY, OCTOBER 1950-DECEMBER 1971

#1 Ea#ETRAEMoEBRERECIT MO 0K L 5 CICBEBEEALED
R e MEMEER: RiEs L UM, 19504100 —1971£12H
T65 Total Average Cases Rate / 10°
kerma dose Person-years
ad) Kf‘)‘ K/H AL CGL AL CGL All types
Hiroshima
400-600 381 144 9535 10 2 104.9 21.0 125.9
200-399 211 70 19614 8 7 40.8 35.7 76.5
100-199 109 30 32384 9 3 27.8 9.3 37.1
50- 9% 57 13 51456 3 4 5.8 7.8 13.6
1- 49 g 2 469060 11 14 23 3.0 5.3
<1 0 0 569266 16 4 2.8 0.7 3.5
Total - - 1151315 57 34 5.0 3.0 7.9
Nagasaki
400-600 514 il 6981 6 1 859 14.3 100.3
200-399 264 4 20151 7 1 34.7 5.0 39.9
100-199 143 1 27355 4 0 14.6 0.0 14.6
50- 99 71 0 25643 0 0 0.0 0.0 0.0
1- 49 10 0 200417 6 3 3.0 1.5 4.5
<1 0 0 90944 2 0 2.2 0.0 3.3%
Total - - 371491 25 5 6.7 1.3 8.3%

*1 case of chronic lymphocytic leukemia was included.

dose levels. The rates for each type of leukemia
increased with dose in both cities.

The incidence of acute leukemia in Hiroshima
was modestly larger than that in Nagasaki in
every dose group except one (1-49 rad kerma).
In Hiroshima, the rate among survivors in the
50-99 rad kerma group was about twice that
among the controls (less than 1 rad) although
based on only three cases; but in Nagasaki acute
leukemia occurred excessively only among those
with kerma doses over 100 rad. Chronic
granulocytic leukemia, however, in Hiroshima
showed increased incidence over controls in
every dose class, even 1-49 rad; while in Nagasaki
it was increased only among those with more
than 200 rad kerma, and there were but two
high dose cases. The data suggest that the dose
response curves for the two types of leukemia
differ and also differ with respect to gamma and
neutron radiation. )

Acute Leukemiz
Table 2 shows an analysis of the goodness of fit
and Table 3 a summary of a weighted regression

BEFHEARE LA TN T3,

2, BE - BEWMETIZ &0 CHETEO MM EV Y
me .

RSt 28MEa0RmoEESRIE, 1 —49rad
kerma B ER T NTOERBI LT, EH
&b gbEmbot, EETIE, 50— rad kerma

 REROBEEELISUIRERIIEMILETOT

VSIBE v A, HIBEEE (1 rad RiG) 12y
2ETH-7 Lo L BEClE, BEAMKER kerma
BRI rad L EOBEOXAEICEELL EE
CHWTE, BEABEALROREREILHLRS
BEBICIEOUT(]l —OradBlisnTErd) 8
BENHBML VA, BEETE, 20radll ko
kerma HE A F AL DOH TN A E S N,
BEMoSERAI AL e, L. 202 ELE
HT, Zo0RBEOgAROBRREREIRETY,
Ky e L UPEFRIEE>TERELE 2 EHFR
®E

LB MmE
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TABLE 2 OBSERVED & PREDICTED NUMBER OF LEUKEMIA. INCIDENCE CASES
AMONG A-BOMB SURVIVORS IN THE EXTENDED LIFE SPAN STUDY SAMPLE
BY TWO MODELS AND TYPE OF LEUKEMIA, 1950-71
#2 HHHBLEREMAORBHERECSITIANFREVEERE 5 MK =570
R UERR, 1960—T714E

Chronic

Acute leukemia i e‘r}:ll;:llocytic All types of leukemia

T6S total
kerma dose Obs Pred. Obs Pred. Obs Pred.

(rad) Model Model I1* Model 1 Model I+ Model I Model IT*

Hiroshima

400-600 10 7.7 10.3(190.6) 2 5.3 - 5.5(5.5) 12 12.7 15.6(15.8)
200-399 8 8.3 8.6( 8.6) 7 5.4 5.5( 5.5) 15 13.5 14.0¢14.0)
100-199 9 6.9 57( 5.6) 3 4.2 4.1( 4.1) 12 10.9 9.8( 9.7)
50- 99 3 6.0 4.3( 4.2) 4 33 3.2( 3.2) 7 9.1 7.6( 7.5)

1- 49 11 17.3 14.9(14.8) 14 9.6 9.5( 9.5) 25 26.8 24.8(24.8)
<1 16 12.1 13.3(13.4) 4 6.6 6.7( 6.7} 20 18.8 20.3(20.4)
Total 57 58.3 57.1457.2} 34 344 34.5(34.5) 91 91.8 92.1(92.2)

Nagasaki

400-600 6 3.9 7.6( 1.5) 1 0.6 0.7¢ 0.7} 7 4.6 7.7( 7.6)
200-399 7 59 6.1( 6.1) 1 0.9 0.8( 0.8) 8 6.9 6.5( 6.4)
100-199 4 4.5 3.0( 3.0) 0 0.7 0.5( 0.5) 4 53 34( 3.4)
50- 99 0 2.3 1.2( 1.2} 0 0.4 0.3 0.3) 0 2.8 1.5( 1.5)

1- 49 6 5.9 5.3( 5.3) 3 1.8 1.8( L.9) 9 8.3 79( 1.9
<1 2 1.8 2.4( 2.4) 0 0.8 0.9 0.9) 3 28 3.6( 3.6)
Total 25 24.3 25.6(25.5) 5 52 5.0( 5.1) 31 30.7 30.6(30.4)

Goodness of fit test :

)(2 {df=8) 16.176 6.138(6.160) 8935 8.958(8.981) 5.695 3.736(3.878)
P: 0.253  0.632(0.629) 0.348 0.346(0.344) 0.681 0.880(0.868)

*The predicted values based on the kerma dose were usually identical with those based on the marrow dose for
Model I. For Model II, there were occasional small discrepancies between the sets of predicted values; those
based on the estimates of marrow dose are shown in parentheses.

EFLIT TR, kerma HRILETOALBSHEE, FHERCEITOLMBFELIELFLro L. EFLDTH,
“HEOHFHADTATCHINF—BL VI LRS00 4. BHBEOREECET (IEFHIZERAIZ

mL A

analysis for dose response Model I and Model II
with respect to kerma and marrow dose. The
numbers predicted by each model were almost
identical whether kerma or marrow dose was
used. According to the ¥ statistics testing
goodness of fit, Model I satisfactorily explains
the observed values as, indeed, Model II does
also. However, although the regression co-
efficients for gamma radiation differed sig-
nificantly from zero on either model, the
coefficients estimated for the neutron doses did
not for Model I (Table 3).

The estimated risk of acute leukemia associated
with gamma rays (Model II) was 0.0038 cases

kerma ERE L CBRHEER ST I3HEERKGE 7L
I(E$)EEFAN{TH) OMAEREFOED
ThbH. ZOOEFNICLBMFMA, kerma 51
FLAUBMEROBE LI ERLTh -~ BEE
HEO X HEHRIIES L, TFLVI LEMLZEFL
ITTebECBBEE~FHLE LAL, VYo
M SERENE, wFhoEFAIZO2>VTEHE0 R
COHEBLZEZZRDH LY, PETERICHL THE
LEERGRREFVI (3oL TRERLS
EREAEMI.

FrvBirkaptEgniB(erLrl ) ofERBES
&, kerma MBTHET 2L 100 H AHrad? 5120
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TABLE 3 SUMMARY OF REGRESSION ANALYSIS FOR DOSE RESPONSE BY TWO MODELS
AND TYPE OF LEUKEMIA

#3 BRERRESEROME: T7VELCAMKORER

Regression Coefficients Estimated

Items ~ ~ ~ ~
oy N By : )
(Hiroshima) (Nagasaki}

Model I: Py X 1076 = a;+ gDy + 6,Dny

Acute leukemia .
Kerma dose 21.255 19.045 0.979 ok 2.815 ‘NS
(4.843) - (9.220) (0.283) (1.474)
Marrow dose 21.255 19.045 1.780 *kk 10.346 NS
(4.843) (9.220) 0.514) (5.75T
Chronic granulocytic leukemia
Kerma dose 11.530 8.173 0.075 NS 3.531 **
4.239) (5.476) (0.127) (1.165)
Marrow dose 11.529 8.173 0.136 NS 13.543 *x
4.239) (5.476) 0.231) 4.513)
All types of leukemia
Kerma dose 32,950 30.376 1.078 ok 6.132 Hokx
(6.335) (11.254) (0.318) (1.870)
Marrow dose 32950 30.376 1.961 Fkk 23.057 F
(6.335) (11.254) 0577 ~ (7.288)

Model I1: Py X 1076 = o+ 61D 2+ fpDnyg

Acute leukemia
Kerma dose 23.273 25.898 0.00377 * ok 3.493 **
(5.097) (9.180) (0.00106) (1.336)
Marrow dose 23.397 25.936 0.01236 ko 12.798 *
(5.114) (9.190) (0.00347) (5.208)
Chronic granulocytic leukemia
Kerma dose 11.747 8.960 0.00019 NS 3.670 ok
. ‘ (4.298) (5.169) (0.00032) (1.066)
Marrow dose 11.748 8.973 0.00061 NS 14.109. HH R
{4.300) (5.176) (0.00103)- (4.119)
All types of leukemia .
Kerma dose 35.592 38.750 0.00364 ok 7.366 wE
(6.617) (11.146) (0.00107) {1.690)
Marrow dose 35.731 38.818 0.01187 e 27.760 H
(6.634) (11.161) (0.00349) 6.574)

{ ) shows the standard error of each paramerer. ( )X F /45 4 — ¥ — OB

Test of significance for regression coefficients *** P <.001, **P < 01, * P<.05,NSP> .05
EEFEDEREEORE

per million PYR? measured in kerma dose and 0.0038, BHERTHETZL 100 HAErad? 5
0.0124 cases per million PYR? with respect to 2000124 H » . piEFHEIIHE L AfEREFER

marrow dose. The corresponding risks for kerma ST 14 100 7T AZE rad & 7 1 3.49, B Him
neutrons were 3.49 cases per million PYR kerma

’ +13 100 d&Hrn12.80Ch - 1.
and 12.80 cases per million PYR, marrow dose. ' BAE ra ?

Chronic Granulocytic Leukemia iR et Emﬁ_ _ _ X
Both models, again, fit the data well (Table 2),  EPTEFELL, ZoNEFLARKMCLCGREL

However, for neither model, and for mneither (£2). L2L, WFhDEFLEHETY, kerma



kerma nor marrow dose, were the coefficients
associated with gamma radiation significantly
different from zero (Table 3). The neutron dose
coefficients, however, were all highly significant
suggesting that the incidence of chronic granulo-
cytic leukemia depended almost exclusively upon
the neutron dose.

All Types of Leukemia

Both models fitted the data very well and
significant regression coefficients were obtained
for both neutron and gamma ray doses (or
dose-squared) for kerma or marrow dose. Again,
although, of course, the numerical coefficients
to be applied to the marrow doses differed from
those applicable to kerma, the number of cases
predicted in each cell by either Model T or
Model II depended little upon whether kerma or
marrow dose was used.

From Model I, the estimated risk following
gamma radiation was 1.08 cases per million PYR
in terms of kerma and 1.96 cases per million
PYR in terms of marrow dose (Table 3). The
corresponding risks for neutrons were 6.13 cases
per million PYR in kerma and 23.06 cases per
million PYR in marrow dose.

From Model II, the estimated risk from gamma
radiation was 0.00364 cases per million PYR?
for kerma, and 0.0119 cases per miilion PYR?
for marrow dose. The corresponding neutron
risks were 7.37 cases per million PYR kerma, and
27.76 cases per million PYR, marrow dose.
Both risk estimates for neutrons were about 20%
larger using Model II than using Model 1.

Clearly the dataza do not point strongly to
either model as being more appropriate than the
other in explanation of the induction of leukemia
of all types.

Relative Biological Effectiveness of Neutrons

The RBE of neutrons in relation to gamma
radiation is defined as the ratio Dvy/Dn where
the gamma dose (D7) and neutron dose (Dn)
produce the same degree of g stipulated biologic
effect.” When the dose response model employ-
ed is linear in both the gamma and neutron doses
(Model I) the RBE is simple 3, /8, . If the model
is quadratic in the gamma dose but linear in the
neutron dose (Model II) the RBE depends upon

the dose, and is /3, /8, [~/ Dr.
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LI VIEEHSRIC>VWTE, FArvBiodT
SERFEHII0O PS5 NERLEFHEDL L o1 (£3).
LALHHETRE0EBREHEIED THETH>T,
BEFEEONRORERFE LA ST EFHED
BIIMFL TR FRIEEsNEL.

2RO /MR

HEFNE IR EHEDT L GES L, kerma 8
Bz BHaRronwthdragilbh LU A
vHEB(HIVEEROZE) T AHEBLERE
HEEs LHAA, BHERICERA S A ENER
Flrerma SREICEASh S EHMBEIRE LN, £
FAIAEFLIOVTREHAVEBETLEES
DI, kerma R E £ X BFHHBO T hH
HushTUuarllFEASKEL Eh o1k

ETFLIEHETOLEE, FrvBCLBRERKR
Ei}, kerma MAIZHL T, 10 FAHrad B2
1.08¢a&by, BHHEBIZxL T, 100 HAErad b
W19 ThH-A(£3). PETHICHGL -/EER
ElI kerma HETE 10 FAFE rad 52 06.13TH
D, EHHAETIL23.06TH -1

EFALTIHESTOAERSE, FrvRBICL3HEERR
#t, kerma S IZHWT, 100 FAErad2 H4H
0.00364CH 1, HHIEEIZH VT 100 FAF rad?
Hrn0.0119TH -7~ PHEFBIIHEL AEHRE
i3, kerma @ ETIE, 100 FAFE rad 572-07.377
Hn, BHHRTE, 100 FAF rad b0 27.76 T
hof, HEFHICLIMMBBHEHEERED, 27
LI EFLIEAVIBED A BB A E
o,

IOWEY, 2FRMAMACEREHMTLILT,
WERA—FOETLIRIEAT S HmEL > TY
TWILEALLPTHDS.

AT OB MWENFNBRELLE (RBE)
Herwgizdt 5P EFHORBE X, FCEEOR
EEMENSREET GO L wHBIE(Dy) &
S URETHRE(Da) OB Dy /Db LTEHE
ha 't BEREEFLEF B LU0 ETFH
DOTFRHLTLEB(EFLI)THEHEIIE,
RBEIZHI LA, /By Thaehd. fbhH, EFLH,
Fowiica LT ke, dHEEREICHL
TREM(EFLVI)CRET 3% 61213, RBEW
BBUCKEL, JB, /B ./ Dn THINE.
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The values of RBE corresponding to the iwo
models, for kerma and marrow dose are:

kerma & L U EHBRRAIIDVWTOZ20ET N
12351 5 RBE @i, TERDFENTH 5.

* Model I Model IT
Type of Leukemia
B o HE Kerma Marrow Kerma Marrow
dose dose
Acute - —-  3047/Dn 322R/Dn
Chronic granulocytic - - - —
All Types 5.7 118 45.0n/Dn  48.4A/Dn

RBE has not been calculated because one of the regression coefficients was not

significant,

— o OERER ISR ER T, 20T, RBERIEL Tu i,

DISCUSSION

Characterization of the shape of the dose
response curve for radiation leukemogenesis is
an essential prerequisite in predicting and quanti-
fying the effects of radiation exposure.

Several reports have been published on the dose
response relative to human leukemogenesis. In
1957 Court Brown and Doll'® suggested that a
linear relation is a good “‘working hypothesis™ in
their investigation of ankylosing spondylitis
patients who received X-ray therapy. In the same
year, Lewis'® supported a linear response for
leukemogenesis based on the experience of A-
bomb survivors, using distance from the hypo-
center as index of exposure. A number of
other, subsequent, reports have addressed the
question of the wvalidity of the linear model in
the low dose range.!”" %

Several investigators, upon the basis of previously
published ABCC data on leukemia incidence and
mortality, have advocated that the dose response
curve for leukemogenesis in A-bomb survivors
depends upon a formula with a linear dependency
on neutron but a gquadratic dependency on
gamma dose. Mays et al,> and Rossi and
Kelieret® reported independently that the
leukemia mortality experience of A-bomb survi-
vors was in good agreement with a dose response
model having gquadratic dependence on gamma
dose and a linear on neuiron dose. Rossi and
Kellerer did not examine whether or not the
data also fitted the model for a linear dependence
on both gamma and neutron doses. Jablon® also
independently analyzed the leukemia mortality
data of A-bomb survivors for the response curve
in relation to gamma and neutron doses. He
tested two models with the common basal

16

£ B

BHSARANFECHT 2 HERGHAO R & 7
THEI L, BEREROVEBLIHET S LTFH
e BERETHS.

AR O AMBEHERE T sGREGIZ>0 T, &T
DM EAH 5. 195712 Court Brown & Dell'® I3,
X@ugmEe R chEETERAEONET, B
RIIF#HEe (RN ORE]I tH5 ML 2.
Fl U Lewis™ 13, BOMAd 5 ONEE 4 HBHED
FEICHY, ERERES S OARKHEREIIOVT
BEREERBLA, LiL, Z0RERRHEE:
FUHABWeFLOZEYEOMME Iz D0 TRER A&
BB OPOREEHFRAEE LT

Bl#ESEEE s £ UFEEIZMT 5 ABCCHER &
Bz, BEoWEEE, BRESREICSTIEME
FrogtR i, PR TR
BRI L, Freg@Riz2un TR ITRMEMIZK
TFE+T3LFERLTVS. Mays 5 % &# LU Rossi &
Kellerer® {3, ER#HBH CHESAALANLKOIE
CEIE, #roigities U TR REEMIZKTEL,
CRfEFERE I L CIEMEA IR A RRRIEE
FLEE{—HT3EMEL . Rossi & Kellerer
S, Frv@ERE PETREOHFFHEMIZK
BH3E7FNIsVTHBIFEEST 24 #3H
AT A, Jablon® b E /4, FHEBEBRSOAQMSE
FCROEMEZBIFL, Frea8RisPETFHERC
w5 RIGHMESHITL A HEIEE - BERTHO



mortality (@g=¢ay) for both cities, which are
slightly different from our Models I and II. In
his analysis, the lst model, linear in the gamma
dose, failed to fit the data, but the 2nd model,
quadratic in the gamma dose, fitted the data
very well. On the other hand, we have here
tested the two models with the different basal
incidences (0gy ¥ o) by city called Model I
and Model II using leukemia incidence data for
period 1950-71 in the same fixed cohort; both
models fitted the data well. Jablon used the
method of weighted least squares to obtain his
estimates rather than the more efficient maximum
likelihood method used here, In his opinion,
this fact explains the discrepancy.®

The response patterns to radiation dose of acute
and of chronic granulocytic leukemia seem to be
quite different. Although both models fitted the
data for both kinds of leukemia, the incidence of
chronic granulocytic leukemia appears to depend
principally upon the neutron .dose. In fact, when
a linear function of the neutron dose alone was
tried, an adequate fit was obtained: Values of
¥ about 9.9 (9 df) were obtained, using either
kerma or marrow dose. The risk estimates, per
rad, were 3.9 (kerma) and 15.1 (marrow dose).
Unfortunately, there is no animal experience on
the radiation induction of chronic granulocytic
leukemia. Mole” and Watanabe®? have concluded
that the induction of chronic granulocytic
leukemia depends only on neutron exposure,
basing their ideas, too, on data concerning the
A-bomb survivors in Hiroshima and Nagasaki.

A number of reports have been published
concerning the dose-dependence of RBE for
certain somatic effects in higher organisms. In
particular, Rossi,z"' citing data of Bateman,
Vogel, and others, has shown that in a number
of experimental systems, including mammary
neoplasms in the rat and opacification of the
murine lens, the RBE of neutroms, compared
with X-rays, is given by 44/\/D_n . This compared
very closely with the value of RBE obtained
here for all forms of leukemia in man,
using Model II: 45 /~/Dn if kerma or
48 /+/ Dn if marrow dose, the more relevant
measurement. Since the sampling variabilities of
our determinations are not small (the standard
errors are of the order of 40% of the values
obtained) the close agreement must be regarded
as fortuitous,
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HEBICETIHRBLIECE (ag=ay) ¥ 22D
OEFLMEBIFLEN, ChoIRAOERLAEE
FLIFLUTERBIRES. OB TR, &
YTHBUIOVWTHBEREARTE—DETVIIE
BICEEGL Aok, FreHEREO RBEHEMmIC
RET 48 "0 FLEieHEi k< EIsEsL 2.
—%, BAZFACEEEBCH T 51950—T1HE 0
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It has been suggested25 that the dose response
curve for low linear energy transfer (LET)
radiations such as X-rays or gamma rays has
actually a linear term and a quadratic term, the
former dominating at low doses and the latter at
high doses, the dose at which the contributions
are equal being of the order of 100 rad.
Therefore, an attempt was made to fit to these
data a response model with both linear and
quadratic dependence on gamma and linear
dependence on neutrons. The model fit the
data well, but gave no real improvement over
the simpler models presented here.

A somewhat surprising observation, based on the
risk coefficients shown in Table 3, is that the
estimated risks associated with neutron exposure
depend only to a minor extent upon which
model is used. Thus for all leukemia, kerma
dose, the neutron risk estimates for Models I and
Il are, respectively, 6.13 and 7.37, a difference
of just 20%. Therefore, although assessment of
the leukemia risk following low LET radiation
exposure obviously must depend upon whether
the relevant dosec response curve is linear or
quadratic (or perhaps some other form), this
uncertainty has little pertinence to the assess-
ment of the risk from neutron exposure.

In summary, data on leukemia in Hiroshima and
Nagasaki for the period 1950-71 do not point
clearly to a dose-response model which is linear
or one which is quadratic with respect to gamma
radiation, despite the superficial appearance of
the data from Nagasaki. It does appear that
neutrons were much more important than gamma
rays in the induction of chronic granulocytic
leukemia; in fact, for this form, for neither
model were the coefficients pertaining to gamma
radiation significantly different from zero.
However, these data do not warrant the inference
that gamma radiation is incapable of inducing
chronic granulocytic leukemia. The mere fact
that an estimate of a parameter, especially one
derived from a limited body of data, does not
differ significantly from zero, does not thereby
demonstrate that the true value of that parameter
is zero. In fact, the upper 95% confidence limit
is .284 cases of chronic granulocytic leukemia
per million PYR of gamma radiation — about
one-twelfth of the risk from neuntrons (Model i,
kerma).

With respect to acute leukemia, however, since,
at least for Model II, both coefficients differed
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significantly from =zero, it appears that both Lo, 2ESEoRERIIEI-SHEANREHERE

k{nds of radiation can induce this form of the L3 sLEbAS.
disease.
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