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

A study of the relative biological effectiveness
{(RBE) of neutrons in cancer mortality in the
period 1950-78 in a fixed cohort of 109,000
individuals is reported. The RBE of neutrons
has been estimated by fitting several models to
the doseresponse curves in Hiroshima and
Nagasaki for leukemia, lung, breast, and stomach
cancers where the dose-response relationship has
been confirmed and for cancers of all sites other
than leukemia. A simple additive model was
used because two other models where mortality
is assumed to level off in the high dose group due
to cell killing fit closely resembling the simple
additive model. Thus, primarily, the L-L model
where mortality is assumed to increase linearly
with gamma and neutron doses and the Q-L
model where mortality increases proportionally
to the square of the gamma dose and linearly
with the neutron dose were used. Since the
observations on cancers of all sites fit both the
L-L and Q-L models, the RBE was estimated for
both.

The RBE based on the kerma dose (and tissue
dose) is leukemia 7.3 (14.7), stomach caricer
3.0 (7.4), lung cancer 2.2 (4.7), and breast cancer
4.6 {6.5) using the L-L model. Under the Q-L
model, the RBE is dose dependent and decreases
with increasing dose. At 100 rad it is 5.1 (5.5),
3.1(3.4),8.3(9.2),and 11.6 (12.7), respectively.

The L-Q-L model where mortality increases with
the gamma dose and its square, and linearly with

Approved 7R E8 23 September 1980

E H

109,000 A0 B EH & o & & L 1950785 ¢
DWFEC AT 2 HFOMAINERFNGREE
(RBE) #W&E LA, BENSAMAShTwE3HIM
i, B, A@eEE, RUAMKLO NN
BiiowT, KE, EHOSRERGHE - EZ >0
model & Y4 TILeh, FiEF@ RBE #3#EL . &R
BB C cell killing BB A D FECH HFHITCARERIZ
B3 EREL MO model 13 B A% additive
model &G KEAEEML TV BOT, fEwizg, B
7% additive model 2#{HR L /~. 7 L TH#M % additive
model E LTIk, @R UdHTRIMLT
BEHEMIIFECHSERET S EEEL % L-L model ¥,
HrvBOZHRePpHEFHERECH L CHESMIIED
HHFERTHEEELA QL model & & T2/,
FANTDEBLOBII>GTRELLER, L-L model
& QL model DWFHIZLESLADT, ZHOZ20
model # W T RBE £3#E L 7.

Kerma #RE (R UHBHR) it T THEEINL
RBE I3, L-L model ®#4, BAMK7.3(14.7),
BH3.0(7.4), Wi%2.2(4.7), AW4.6(6.5)7C

b 3. QL model ®i# &3, RBE M IZIKFL,
BRAER TS IIORTHEL TS5, 100rad T,

2hFh5.1(5.5), 3.1(3.4), 8.3(9.2), 11.6
(12.7) & 5.

JECHN, HrvBEREZOSROHMECERL,

Printed ETR] July 1983



RERF TR 9-80

the neutron dose, fits better than either the L-L
model or the Q-L model for the data on cancer
other than leukemia. However, one or the other
of the two estimated coefficients assocmted w1th
the gamma dose are negative.

Two models, “one-hit” for both gamma and
neutron, #nd “two-hit” gamma and “one-hit”
neutron, were fitted to assess the possible effects
of cell killing on the dose response at higher
doses. The goodness of fit and RBE estimate
under the ““one-hit” model for both gamma and
neutron closely resemble the values obtained
from the L-L model. Under the “two-hit”
gamma and “one-hit” neutron model, the
goodness of fit is close to the value obtamed
from the Q-L model, and the RBE estimates are

"also close to the values obtained from the Q-L-

model in most instances; at 100 rad of kerma
dose, leukemia 4.9, all cancer except leukemia
6.2, lung cancer 7.7, breast cancer 11.7, and
stomach cancer 3.0. Thus, the effect of cell
killing in dose response seems not serious within
the dose range treated in the analysis (i.e., under
600 rad).

The estimated variance of the RBE is large so
that it cannot be determined statistically
whether the RBE differs by site of cancer with
the data now available, nor can it be ascertained
whether the RBE differs by sex and age at the
time of the bomb.

The RBE based on kerma dose for colon cancer
is 8.7 and for cancer of the urinary tract 0.15
under the L-L model, Under the Q-L model, they
are 5.0 and 4.8 at 100 rad, respectively. The
regression coefficients either for neutron or
gamma rays are negative for cancer of esophagus
and multiple myeloma. Thus, in general, it is
premature to determine the RBE value for these
sites. Further accumulation of data is required.

INTRODUCTION

An increase in cancer mortality is an indisputable
late effect of exposure to atomic bomb radiation
in Hiroshima and Nagasaki.'? It is also clear
that mortality from malignant neoplasms among
survivors is higher in Hiroshima than in Nagasaki
“even at the same exposure (kerma dose). Since
the radiation in Nagasaki was predominantly
gamma rays, whereas neutrons composed a
substantial part of exposure in Hiroshima (the
percentages of the dose derived from neutrons
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for those exposed to over 100 rad is 25% for
Hiroshima and 1.5% for Nagasaki), this difference
in mortality suggests the biological consequences
of exposure to neutrons are generally greater than
for gamma radiation at the same kerma dose.
The relative effectiveness of neutrons, the so-
called RBE, is formally defined as the ratio of
the gamma dose to the neutron dose needed to
produce the same effect under the same
conditions. Although a number of studies have
estimated RBE from animal experiments,™* we
find no reports on man except those based on
A-bomb survivors of Hiroshima and Nagasaki.
To date, the RBE has been estimated for acute
radiation symptoms,® leukemia,>® and chromo-
somal aberrations,!'® but not for cancer other
than leukemia, except cancer of all sites and
breast cancer.”!  This report describes an
effort to estimate the RBE of neutrons in
producing fatal cancers.

MATERIALS AND METHODS

Mortality Data

At RERF, a mortality study has continued on a
fixed cohort of 109,000 individuals for some
years and the findings have been reported
periodically. The most recent analysis, based on
mortality for 195078, has just been completed®
and it is upon these results that the present study
is founded. Cancer mortality has increased as
much as 25% in the last 4 years (1975-78) largely
due to aging of the cohort and as 2 result, it has
become feasible to examine the dose-response
curves for cancers of some sites other than
leukemia. The sample consists of about 80,000
exposed subjects (Hiroshima 60,482 and Nagasaki
19,369} in the extended Life Span Study (LSS)
sample, whose exposure doses have been
estimated, The RBE is calculated for leukemia,
and for gastric, lung, and breast cancers to which
4,756 cancer deaths were attributed during
1950-78. An attempt has also been made to
estimate the RBE for multiple myeloma, urinary
tract, esophageal, and colon cancers, for which
carcinogenic effects have been suggested, The
number of deaths atiributed to cancer of these
sites as well as the population at risk are
indicated in the Appendix. The dose-response
curves and RBE were determined from age-
adjusted mortality rates. The number of deaths
adjusted for age is also shown in the Appendix.

Exposure Dose
An individual’'s exposure has been estimated
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separately for gamma and neutron radiation based
on their location and shielding configuratic;n.12
The kerma and tissue estimates used here (T65
revised dose) employ the recently relocated
Nagasaki hypocenter, and a standardization of
the tounding process (the method of half
adjustment).?

Tissue doses became available in 1978, based on
attenuation factors for the various organs.'®
These attenuation factors have also been
estimated by Hashizume et al.'* Since the two
estimates- are so close, the values suggested by
Kerr*® have been used for calculation of the
tissue dose. The latter doses for bone marrow,
stomach, Iung, and breast have been used here
for comparison with kerma dose.

RBE Estimation

The method adopted to determine the RBE was,
first, to estimate the dose-response curve for
cancer mortality as a function of gamma (D7}
and neutron doses (Dn), and second, to calculate
the RBE from the dose-response curves thus
obtained and the definition of RBE. Un-
fortunately, the dose-response relationship is not
a “revealed truth’; patently, therefore, the RBE
will depend upon the model which is used to
describe the data. Radiation biology can muster,
at present, no compelling general model of the
carcinogenic effect of radiation, and without
such, the curves fitted reflect convenience,
“reasonableness”, or the principle of parsimony.
Moreover, the data have been too sparse to
select a model or models on the basis of goodness
of fit. A priori there is little reason to believe
that one model is markedly superior to another
or that a single model need be “best” for all
effects, even for all sites of cancer. Some allow
for cell killing and others do not, but evidence
on radiation-induced in vivo cell killing in man is
sparse¢ and whether within the dos¢ range con-
sidered here it may produce a dampening effect is
moot. We have restricted our attention to simple
models without implying necessarily that the
process is simple but merely that such models,
unti! they are proven incorrect, are convenient
exploratory tools.

The dose-response relationships fitted to the data
include the following three simple additive
models:

Model 1: Linear in gamma dose (D7) and
linear in neutron dose (Dn) [L-L]

SR, FrvHBELDPETRBL IS CHEE
EhTWV3.2 Z2CHEBLAkerma #EEHEMA
(T6RD) RUHEBEEREMEICIK, BEORKED
BLBOEEFIMBEREASIOEELLLLOE
Awnik.?

HeORSB T AHBREPEEICE T (HERE
IT19T8E - ATEE L - 2.0 TOEREBEEE
BRIEHEsYILkoTbHEEERTVE. 2O 2D
HEBEBIEFIZEBLTWE3DT, KerrPiZXoT
R shAE2HBREOHFICERAL L. Kerma
BElokBORSIEREORME, B, HRUVILEC
#T sEEEHEZCHEAL L.

RBE Qi

RBE 2 R 2 kHIlcBuiFEl, ¥rr~&i
(DY) RU' M TSR (Dn) 0L LTEFECED
BRESHRESHEEL, K, BohBRERIS
Hi#s RBEDE®RA» S5 RBE 2 ET 3 L wiFik
Thol, BaEFs, BERGMETI"EHEAE
HEHE"Ciaw. Lizd-T, 542 RBE 5%
FHMTIA-OEALE mdel iL&koTEHEENS
ZEithA, BEBERECLR, BE, KEHBIZLS
EWBBOEAL L B model T v, FhH
ZeaT, BeEL-EBRERE LN, BN L
L7, HrvikEHoRIEsAbDERBLA
LOTHB., Bz, F-FFEBICELL, BEEL
FED VT model #BRCE LA oL, RBRAVICE L
T, —2® model 771D model ENEL{FERATWVS
LA, =00 model FHTTNTOREIIHLT,
FETNRTOBEOBIEHLT GBIV DT
ZNELS R ICELEINEHRHARLY, H 5
model 1% cell killing 2 ZEIZ A h, fo model X
EEIIANTWEV. LAL, e Mo s REHES
O N cell killing (2T 28I b a2, 22
ELTWAHRB O REM T cell killing 123 L#E
MRFHIPEIHPEEMTHS. bhbZEME
model Z{HIZFEE L A4S, Thid, $TFLL 2068
BETtHatwiBRAASTIEELS, TD LI % model
FLAEETHLILER I ZTRBERLEHRD
AOOHEBETHRZLVWIERSSEFOLIIILAIEL
TELW,

Fey A st RRRGHEE, KOZ00
B4 additive model FFATW 5.

Model 1: # ¥ <vHBEB (DY) RUTHTHA
(Dn)izhf LigBIBE 2R T30 (LL)



RERF TR 9-80

P = ayy (ay) + bDy +cDn

Model 2:
linear in neutron dose (Dn) [Q-L]

Quadraticin gamma dose (DY) and

Model 2: #FrvE (Dy)icxt L ZkMey
%, PEFER(Dn) s U ERMEELTRT
o (Q-L)

P =apy (ay) + bDv¥? + cDn

Model 3:
(D7) and linear in neutron dose (Dn) [L-Q-L]

Linear-guadratic in gamma dose
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P =ag (an) + by Dy + b, Dy? +¢Dn

where P is the cancer mortality for 1950-78
and ag, ap, b (or by, by) and c are constants
{ag and ap being intercept values for
Hiroshima and Nagasaki, respectively).

The dose-response curves in the heavily exposed
group may be assumed on theoretical grounds to
level off, even turn down as a result of cell
killing.!¥ The most generally posited model to
account for this phenomenon is
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P=(a+bD+ cD?) exp (—dD — eD?)

where D is the total exposure. Clearly, if total
dose is partitioned into gamma and neutron
components, no less than nine parameters must
be estimated., While this can be done with 16
observations (city-dose groups), the results are
likely to be unsatisfying because the test of
goodness of fit will be weak. Accordingly, we
have elected to fit the following models which
allow for saturation of mortality and are
somewhat simpler:

Model 4: A “one-hit” model for gamma
and neutron exposures
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Model 5: A “two-hit” model for gamma
dose and a “one-hit” model for neutrons
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The maximum likelihood method was used to
estimate the coefficients apy, apny, b {or by, ba),
and c. The base population was divided into 16
city-dose groups (Hiroshima 8 and Nagasaki 8)
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and it is assumed that the observed mortality
rate, P;, in each group is a random variable from
a binomial distribution., The RBE is, from its
definition, ¢/b under Model 1,/ cl'b / +/ Dn under
Model 2,

c 1 2 b1
+( ) - under Model 3,
bg Dn 2h2 Dn 2bz D

¢/b under Model 4, and ” 2i/ +/Dn under Model

5, where the parameters b (b, bz) and ¢ are
repIaced by their estimated values 5 (bl, B2)
and c. ’

In the estimation of the variance of RBE, the
coefficients for the gamma and neutron doses
were assumed to have a bivariate normal
distribution and were expanded in a Tayler
series around and approximated to the true value
(only the first three terms of the expansion
were used).

RESULTS

Figure 1 shows the average annual mortality
rates, 1950-78, adjusted for sex and age, by T65
revised dose for leukemia, and lung, breast, and
stomach cancers. The number of cancer deaths
in the 4 years since the previous report (1950-74)}
is 914, an increase of 24%, and accordingly the
shape of the doseresponse curves for solid
tumors should be more stable than that
previously reported.! The mortality from cancer
for these four sites as well as for all sites
collectively is higher in Hiroshima than in
Nagasaki with exposure to the same kerma dose
(in rad). As has been repeatedly suggested, this
is probably attributable to the facts that a) the
radiation in Nagasaki was nearly all gamma rays
whereas the neutron component was large in
Hiroshima, and b) the carcinogenic effect of
neutrons is stronger than that of gamma rays.

The aforementioned five models were fitted to
the observed dose-response curves; their goodness
of fit is shown in Table 1. Of the three basic
models (Models 1-3), Model 2 [Q-L] shows the

best fit for leukemia, but Models 1 [L-L] and.

3 [L-Q-L] show a better fit than Model 2 for all
cancers except leukemia and for breast cancer.
Model 3 shows the best fit for lung cancer. For
stomach cancer all three models show a similar
goodness of fit. However, in no case are the
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FIGURE 1 AVERAGE ANNUAL DEATH RATE (AGE,. SEX ADJUSTED)
BY T65 REVISED KERMA DOSE FOR SPECIFIC CANCER SITES, 1950-78
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data sufficient to distinguish one model from
another statistically.

We have previously implied that the rate of
increase with exposure in a particular cancer may
be limited by .the killing of the relevant,
susceptible cells. If so, as cell killing increases,
the rate of malignancy must vary, presumably
inversely, with the frequency of cell death. We
have examined the applicability of two models,
Models 4 and 5 which are “self-dampening”, or
acknowledge a saturation of mortality. In
observing the goodness of fit of Models 4 and 5,
we note that Model 4 shows a goodness of fit
closely resembling that of the L-L model (Medel
1). The goodness of fit of Model 5 resembles
Q-L model (Model 2).

Therefore, RBE was estimated for all five models;
the values are shown in Tables 2-5. Under
Model 1, the RBE is ¢/b, a dose-independent
constant. [t is somewhat higher for leukemia

DT H—20 model %D model & FHEANZE T
FTa20ITAHTELEW,

WIRRE O M HEoBo M3 L, B
HAEZHOE CHIRD cell killing 12 & - THIER
2RI L ELRNIZE L. FITaNIE, cell killing
AR 2 1fEe, BENEHORRIMRED
BRI TR {HEBLTENTICEHF g,
zoT, "HCHEE", t4bb, ECHOMHNE
2 % Model 4 &£ 503 =2 @ model DGR
M, Model 4 E 5 DEEEE R 3 &, Model 413
L-L model (Model 1) I2EEL ABAEERTIEY

53/ 5. Model 5 DFEAEIE QL model (Model 2)

CHELTwA..

CLAEMST, ADO model TTIZ20T RBE Of %

MELS., FOBEIEFER2~5RL 2. Model 1 T,
RBE i£c¢./ b THYN, 2k, BRLEMIMEEH



RERF TR 9-80

TABLE 1 THE FITNESS OF FIVE MODELS (P VALUE OF ¥* DISTRIBUTION)
FOR DEATHS DUE TO THE STATED MALIGNANT NEOPLASMS
21 EHROBEMFERCLAZFECIZHT 5 H DD model D
BEEE (X290 PH)

Model*
Cancer Site
1 3 4 5

Leukemia** 0.12 0.32 0.23 0.12 0.46

{0.058) {0.16 ) 0.11 ) (0.058) (0.17 )
All except leukemia 0.36 0.14 0.40 0.39 0.17
Lung 0.082 0.013 0.22 0.082 0.013
Breast 0.31 0.14 0.38 031 0.14
Stomach 0.92 0.98 0.99 0.92 0.99

*Model 1: P =ay (a) + bDy +¢Dn
2: P=ay (ap) +bDy? +cDn

3: P=ay (ay) + byDy +byDy? + cDn

4; P=1-e~ 2@y *bDy+cDn}

5: p=1—e{2n @y + 8Dy +cDn} (1 4 ppy)

**Tywo dose groups (0 and 1-9 rad) are combined for model fitting and estimation of
RBE. P values where these two dose groups are separated are shown in parentheses.

mode]l &L RBE#ENED, —70RBR(0rad RF1—9rad) k&b th. 220

HEMNOPHEE (JALKL L.

(7.3) than all cancer other than leukemia {5.1),
by site for stomach, lung, or breast cancers (2.2-
4.6). Under Model 2, the RBE is+/c/b /+/Dn, 2
value which decreases with increasing neutron

dose. Only the +/c/b values are given in Table 2.

Although some differences exist by site in the
RBE value at a neutron dose of 100 rad
(leukemia 5.1, stomach cancer 3.1, lung cancer
8.3, and breast cancer 11.6), there are no
statistically significant differences by site
presumably because of the large estimated
variances.

The RBE is also estimated for Model 3 by

THA. AMFOHE (7.3) HEMF LSO T ~XTO
#(5.1), #pMrBl Tl EE, M, (2.2~ 4.6)
LD LETEY. Model 20384, RBE v b~
VDo T&D, ZhiFhEFREOMINIIZE> T
TAETHS. S AN DBEFR2IIRL L.
100 rad ® i F @Az 115 RBE I (38405012
£roEEF/ELNZA(ARKS. 1, B3 1, HE
8.3, 3L#1L.6), B KEL BV THAILDII,
HAMCARLBEHNOERIA S ALV,

¥ 7z, Model 3@ RBE |&

2 by

st
b,Dn (2b2Dn)m2bgDn

However, one of the estimated regression co-
efficients, either b, or b, is negative, and the
upper 95% limit value (mean + 2 standard
deviations) of the regression coefficients has
been used to estimate RBE. Since the RBE value
depends on the neutron dose (decreases with
increasing dose), the RBE at 1, 10, and 100 rad

THELE. LALEAS, ERFEREHEERO L X
b, DL LS PHFADEERTOT, Th 6 ERRED
95% LER1E (R H9E+ 2 BE¥Em=E) % RBE O E I
fER L7, RBE#H I PEFRECKET S (RED
MIlcfEeE 4T 5) 0T, lrad, 10rad, 100 rad®
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TABLE 2 ESTIMATED COEFFICIENTS AND RBE FOR DEATHS DUE TO THE STATED
MALIGNANT NEOPLASMS IN MODEL 1 [L-L] AND MODEL 2 [Q-L]
#2 Model 1 (L-L) RV Model 2 (QLIDBEICH Y 3 TR OELHEMIZ
EAFLIzHY BiEEHMR U RBE &

Model 1 [L-L]

Cancer Site RBE (c/b)
EH aN b c

Leukemia 123 104 2.0 14.7 1.3
(0.62) 3.9 .3

All except leukemia 5536 5403 5.2 26.6 5.1
(2.1) 9.9) 4.4)

Lung 505 594 1.7 3.8 2.2
{0.89) 4.1) 4.3)

Breast 240 233 0.88 4.0 4.6
0.90) 4.2) (16.9)

Stomach 2210 1851 1.7 52 3.0
1.2) 5.7 (7.0)

Model 2 [Q-L] (/oo )*

Leukemia 129 117 0.0065 16.8 50.8
(0.0020) 3.5) (35.9)

All except leukemia 35555 5538 0.0077 36.2 68.5
(0.0048) (8.6) {(71.8)

Lung 508 649 0.0012 8.4 825
(0.0020) 3.4) (192.8)

Breast 241 263 0.00049 6.6 116.4
{0.0016) 34) (538.8)

Stomach 2222 1866 0.0056 5.5 313
. (0.0030) (5.2) (40.5)

Coefficients are scaled by a factor of 1 0° 1E8I10° &

Standard deviation in parentheses
Model 1: P= aH(aN) +bDvy +cDn
2: P=ag(ay) +bD¥* +cDn

*RBE =+/¢/b /+/Dn

of néutrons are shown for convenience. RBE is
closer to Model 1 than Model 2. Estimation of
RBE under Model 4 gave values resembling the
RBE estimated under Model 1 (Table 4) whereas
the RBE under Model 5 are close to those under
Model 2 in most instances as shown in Table 5.

Since tissue doses have been calculated for the
sites considered here, the RBE has also been
estimated employing these doses and the values
obtained are shown in Table 6. It must be borne
in mind, however, that the tissue doses are based
upon the concept of an “‘average man” and are
not, therefore, individual specific in the sense
that variation in the size of individuals, in tissue
density with age, and the like are ignored. The

(@RS b 3-E

i 4RO & ¥ 0 RBE #@E ER L 7~. RBE W
Model 2 k1 Model 1123\, Model 4 #{E T
RBE ##3&E L 734, Model 1 Ti#% L= RBE &
FHLAE»ESHLAE(F4). —F, Model 5&
BAEORBE I, Z5LRLALICECOESG
Model 2¢> RBE & HiflL T 5.

TR LA T A EEREEFHEL O
T, COEEEAVT RBE biEEL, TOEEBEGLC
FLA. LaL, MSsE "FHmAR o2
HSwA2LOTHEY, BAMEHIZFEORESD
ZE, FRCLIMBTEREOER, T0ME ENR
LAt SBERTIAASEREES IE L
LOTEEWZEESHIIEFEVWTE{LEYFHS.
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TABLE 3 ESTIMATED COEFFICIENTS AND RBE FOR DEATHS DUE TO THE
STATED MALIGNANT NEOPLASMS IN MODEL 3 [L-Q-L]
#3 Model 3 (L-QLIOBEIZHI 3 EMOBEIRHERIZLIFECTIC
W AHEEZRLERT RBE i

Model 3 [L-Q-L] RBE*
Cancer Site ‘
ay ay b, b, c Dn=1 Du=10 Dn=100

Leukemia 130 120 -0.32 0.0074 174 114 7.9 3.5
(1.2) (0.0037) @.1)

All except leukemia 5512 5342 9.4 -0.011 23.5 2.4 24 22
4.2) (0.0095) (10.1)

Lung 490 567 4.3 —~0.0079 2.2 1.5 15 14
(1.5) (0.0034) 3.1

Breast 235 217 2.0 —0.0032 3.2 2.2 2.2 2.0
(1.4) (0.0030} (3.8)

Stomach 2231 1502 -1.9 0.0094 8.0 6.2 4.9 24
2.5) (0.0061) (6.2)

Coefficients are scaled by a factor of 105 @Eazios 4%

Standard deviation in parentheses

() RiEEsE2

Model 3 : P =ay (ap) + by Dy +byDy? 4 cDn

c b, b,
*RBE=\/ * ) -

b,Dn 2b, Dn 2b,Dn

TABLE 4 THE ESTIMATED COEFFICIENTS AND RBE FOR DEATHS DUE TO
THE STATED MALIGNANT NEOPLASMS IN MODEL 4 [“ONE-HIT” MODEL]

#4 Model 4 [“1k " Model] (BRI H1}3 TR O EMEHEWIC
LBFECIIH T AHEEFRE AT RBE |
Model 4 [“one-hit” Model] *
Cancer Site REE (¢/b)
aH aN b C

Leukemia 123 104 2.0 14.9 74
0.63) (39 ( 4.4)

All except leukemia 5693 5555 5.5 294 53
(2.3) (10.9) { 4.6)

Lung 506 596 1.7 3.8 2.2
- (0.090) ( 4.1) {4.3)

Breast 240 234 0.89 4.0 4.6
0.90) (4.2) (16.9)

Stomach 2234 1868 1.8 54 3.0
(1.2) { 5.9) (7.2)

Coefficients are scaled by a factor 10°  H#1£105 i
Standard deviation in parentheses () R HHEREE
Model 4 : P=1— ¢~ {3 (an) +bDy + cDn}

10
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TABLE 5 THE ESTIMATED COEFFICIENTS AND RBE FOR DEATHS DUE TO THE
* STATED MALIGNANT NEOPLASMS IN MODEL §
#5 Model SOEAIIHEITS, TROBEEHFEM I LIS T2
HAEHH R U RBE i

Model 5

Cancer Site RBE (/¢ [by*
aH aN b C

Leukemia 130.8 116.8 38.3 17.3 48.6
( 6.2) {3.6) (11.2)

All except leukemia §713.1 5689.5 45.0 39.2 62.2
’ (14.5) 9.6} (28.0)

Lung © 5094 6504 17.0 84 765
(13.6} (3.5} (117.8)

Breast 241.6 2634 9.8 " 6.6 117.1
(17.8) (3.4) (735.6)

Stomach 22468 1883.1 359 56 295
(10.2) 54 (20.9)

Coefficients are scoled by a factor 1 0 1EE105 4%

Standard deviation in parentheses

M RERE

Model 5: P=1—e¢—{ag(aN) *bDr+cDnt (1 4+ ppy)

*RBE =+/Z¢ /b [ /Dn

TABLE 6 COMPARISON OF ESTIMATED RBE FOR KERMA AND
ORGAN DOSES FOR DEATHS DUE TO THE STATED MALIGNANT NEOPLASMS

#6

AR OEHFERC LI T S kerma BREBBBERED

RBE #fE % # ) i

Model 1 [L-L], ¢/b

Model 2 [Q-L], v/ ¢/b*

Cancer Site

Kerma Organ Kerma Organ
Leukemia REBE 7.3 14.7 50.8 54.6
SD 4.3 8.6 359 382
Lung RBE 2.2 4.7 82.5 92.2
SD 4.3 9.7 192.8 2230
Breast RBE 4.6 6.5 116.4 126.5
SD 16.9 24.6 538.8 592.0
Stomach RBE 3.0 7.4 313 33.5
SD 70 184 40.5 45.2

*RBE =+/¢/b//Dn

tissue dose rests upon an estimated attenuation
factor that is applied equally to all individuals;
thus a given person’s tissue dose is a simple
multiple of thier estimated kerma dose. Patently,
under these circumstances the kerma and tissue
dose findings will be functionally related, that is,
given the findings for one and the attenuvation
factors, the other can be predicted. Under Model
1, the RBE estimates for leukemia, and stomach,

11

COMBRTE, TRTOMRECSEL GEAT 3
ESREESNABBETCRETS. LAiaT,
53 REVEACHBALE, 70AOHE kerma
BROBHZERTHSE. OET 2 &HETTE,
B35 A2 kerma #RE R CRLERARIE O FF R 13 BT SIS
BELTwE, $4bb, —HOFRLHBETH
SHATHF A TR TE S5, Model 12FEHLAEE,
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and lung cancers are about twice those calculated
employing kerma dose; the estimates of the
absorbed organ (tissue) dose in terms of tissue
kerma for gamma range from 0.47 (stomach) to
0.56 (bone marrow) and for neutrons from 0.18
(stomach) to 0.28 (bone marrow). This ratio
becomes greater as the distance from the organ
to the body surface increases; from 1.4 for
breast cancer to 2.5 for stomach cancer. Under
Model 2, the RBE value hardly changes at all
whether tissue dose or kerma dose is used. As
with kerma dose, there is a large variance of RBE
when tissue dose is employed, and therefore, we
cannot demonstrate statistically, any difference
of RBE values in the cancers of various sites.

It was disclosed that the dose response for
breast cancer differs by age at the time of the
bomb (ATB} and no excess with dose was
observed for individuals exposed at ages 40-49
and under 10 ATB.)® Accordingly, the RBE
was estimated for the two age ATB groups 10-19
and 20-34 combined in which a dose response is
clearly observed. The fit becomes better under
both Models 1 and 2, as compared with all ages
(Table 1) and Model 1 shows still a better fit
than Model 2. The RBE is higher than for all
ages under Model 1 for kerma and organ doses
as well.

G, 8% & USSR RBE #51H!12 kerma BE
LEVWCEE L AEOH2ETHS. HE kerma ¥
iz & AU S () MEE o fE R, YRR
D184, 0.47(8) »50.56 (B TH 0, PHETR
oEG, 0.18(F)»50.28(EH)THSE. IO
B3, BE o EEE TCOHEFNRELLBII2NT
k&3, T ABOBABLLTEROEE
3 2.5CH 3. Model 200438, HERBLMALL
BETH kerma B % {5A L 2484 T4H RBEER
BLAFEboRW, HEHELEMALLBEL,
kerma B OPEEFAL LI 12 RBE D FEAKEY
oC, MeOW OB IZHWT RBE OER %
BISRTZERTERY.

L T ET BRI, FREERICLoTHRED
2 LA R, FEEBER0—408 R UI0RLT T#H
BLAEAIELTIE, SEOHMMIMIRERGED
FREAEsShap o8 LEF-T, BRERREHF
BAG Aic i 5 3 RIREEEM 10— 198 R U20—
UBM LS HET RBE 2HELA. Model 1& 212
BOT, FTRTOEBOBS (R 1) LB L TES
BEMAL, T/, Model 113 Model 2B & EIZ
BOESELRLA. %5 Medel LS, RBER
kerms BRAUVMBHEOMF L L2 EHORE
S/ AL

Model 1 [L-L]

Model 2 [Q-L]

Kerma Crgan Kerma Organ
Model fitness (P.value) 0.46 0.46 0.26 0.26
RBE 5.8 8.4 105.7 114.5
SD 16.5 239 345.3 375.8

The dose response in cancer mortality varies with
such host factors as sex and age.'? If the
difference in dose response by sex and age varies
with neutrons and gamma rays, the RBE could
also vary by age and sex. RBE values for deaths
due to leukemia and all cancers are shown in
relation to age ATB in Table 7. Perhaps because
the estimates have large variances, especially with
respect to leukemia deaths, due to the paucity
of cases, in no instance is a statistically signifi-
cant difference evident in the relationship
between age ATB and RBE. RBE for cancer
mortality was also observed by sex. For leukemia
the values varied tremendously and for cancers
other than leukemia the regression coefficients

12

W ETARRRBEERUER L Y OEE
ERIzE->TERT S HRUERIORER
Blsl s ERFPHTREUFy wBHIIHELT
Tkt s45lf, RBELE-EMBREUEMIZLD
T L riEAHNES, BEREERIMLTALR
B USRI L 55ECO RBE fEeRTIIRLE BSL
EFES DL ¢, Firahmc LT 2 SH#EER
DHEEHAEwaY, FEEERM Y RBE LOREIC
SwTHIMIERLAERER Ao, R
=L WIEC 24T 3 RBE # B8 LA. Q% 0R4E,
RBEE Iz ¥ ik ERH 50, BOHUMND
BEOBE, ¥rvBEOBRERE Model 1 RU 21
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TABLE 7 ESTIMATED RBE FOR LEUKEMIA AND ALL OTHER MALIGNANT NEOPLASMS BY AGE ATB

#7 ALBETZOMOESEFEN 24 5 RBE #EE, RBER5
Model 1 [L-L] Model 2 [Q-L]
AA_ﬁ,’ Leukemia All except Leukemia Leukemia All except Leukemia
Model** Model T Model** - Model
RBE (c/b) SD Fitness RBE SD Fitness} RBE(Vc/b SD Fitness RBE SD Fitness}
0-9 2.1 3.8 0.33 89 16.0 0.17 1.2 29.7 0.64 40.2 505 0.29
10-19 48 9.4 0.12 11.3 22.6 0.67 50.6 62.9 0.091 71.77 1136 063
20-34 (111} (122.7) (0.1X10*) 3.0 6.2 0.048 {113) (656.2) (0.2X10°%) 92.3 278.3 0,016
3549 6.2 13.4 0.43 12.8% 574 0.37 364 47.2 0.63 135 6396 0.56
50+ 5.7 15.7 0.72 8.1+ 98.9 0.013 65.7 119.7 0.55 27.2 598 0.26

Estimation by the simple linear régressfon method in parentheses

*RBE = fcfb //Dn
**pPyalue of x* distribution r:SHOPHM
FCommon intercept by cities is assumed in the model

for gamma rays are negative for females in both
Models 1 and 2. Thus, the data are not sufficient
to determine whether a difference by sex does or
does not exist.

The foregoing are observations on leukemia, and
lung, breast, and stomach cancers where a dose
response is evident. However, in the mortality
study, a dose response is suggested, though not
confirmed, for esophageal, urinary tract, and
colon cancers and multiple myeloma. The RBE
values estimated for these sites are shown in the
Appendix; for cancers of the urinary tract and
colon the estimated values are 0.15 and 8.7,
respectively, under Model 1, and 4.8 and 5.0 at
100 rad, respectively, under Model 2. The
estimated regression coefficient for either gamma
rays or neutrons is negative for cancer of the
esophagus and multiple myeloma.

DISCUSSION

Tudging from the simplicity and the fit of the
several models to the dose-response curves for
cancer mortality, the simple linear model and
the quadratic model were employed for calcula-
tion of the RBE. Although Model 2 seems
preferable for leukemia where the dose-response
curve is better defined, Model 1 in which the
dose-response increases linearly in proportion to
the gpamma dose cannot be excluded, posmbly
because of the paucity of cases. Ishnnaru et al®
have presented a detailed esitmation of RBE of

13
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neutrons by disease type using the data of the
Leukemia Registry. Estimates of RBE for all
types of leukemia in their study are almost
identical to those here reported; there is, of
course, considerable overlap in the two data sets.
When the leukemogenic effect is estimated using
the Tumor Registry data on all A-bomb survivors
residing in Nagasaki in 1950 without restricting
the base population to the RERF fixed cohort,
the relative risk of the incidence approximaies
the linear model in Nagasaki also. Despite the
problems in estimating the appropriate base
population, this should be taken as a warning to
the nonlinear hypo’chesis.1 Recently deaths from
cancers other than leukemia have increased
markedly with age, but even so a distinction
between Model 1 and Model 2 can be drawn
even for lumg, breast, and stomach cancers
where a dose effect appears clear. Model 3
[L-Q-L] seems to fit better than Model 1 or 2 to
the dose-response curve of cancers other than
leukemia. However, one or the other of the
estimated regression coefficients associated with
gamma dose is negative in this analysis. Models
4 and 5 were examined with the consideration of
effects of cell killing in the dose response at the
high dose range. However, the results obtained
under Models 4 and 5 are close to those for
Models 1 and 2, respectively. Thus, it is
suggested that the effects of cell killing may not
be serious within the dose range (0-600 rad)
treated in the present analysis. More deaths
need to be accumulatéd before these maiters
will be resolved. The problems inherent in
efforts to discriminate between different models
have been discussed by Land!” as well as others.

Table 8 shows a comparison of RBE based on
the mortality data from the previous mortality
study report (1950-74)' and the present
mortality study report (1950-78)* adding the
deaths which occurred in the 4 years 1975-78,
The difference in RBE by site is fairly large in
the 1950-74 data, but has decreased in the 1950-
78 data especially under the 1L-L model which
fits better than the Q-L model. The RBE for
breast cancer is higher in the present analysis in
which recent mortality data (1975-78) have
been added than in the previous analysis using
the mortality data of 1950-74. When the analysis
is limited to those exposed at age 10-34 ATB
where a dose response is clearly observed, the
RBE is even higher, 5.8, under the L-L model.
However, deaths due to breast cancer are few; it
is better therefore to estimate the dose-response
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TABLE 8 ESTIMATED RBE FOR DEATH DUE TO THE STATED MALIGNANT NEOPLASMS,

COMPARISON OF 1950-74 AND 1950-78

#8 UHOEMEWEWICLAFECIzxT S5 RBEDMEENM, 1950—T44E & 1950— 784 & D L%
Model 1 [L-L], ¢/b Model 2 [Q-L],/c/b*
Cancer Site - - — -
1950-74 1950-78 1950-74 1950-78
Leukemia RBE 5.9 7.3 424 50.8
SD 34 4.3 29.3 35.9
Model fitness** 0.14 0.12 0.53 0.32
All except leukemia  RBE 8.4 5.1 72.3 68.5
SD 157 44 108.1 7.8
Model fitness 0.27 0.36 0.23 0.14
Lung RBE 9.5 2.2 - 82.5
SD 59.1 4.3 - 192.8
Model fitness 0.17 0.082 0.13 0.013
Breast RBE 2.0 4.6 61.2 116.4
SD 13.6 . 169 179.6 538.8
Model fitness 0.89 0.31 0.82 0.14
Stomach RBE 3.9 3.0 24.4 31.3
SD 17.8 7.0 40.9 40.5
Model fitness 0.23 0.92 042 0.98
*RBE=+/c/b/+/ Dn
#*P value of x* distribution x* H#HOPMH

relationship from morbidity rather than mortality
data. It has been reported® that the L-L or
L-Q-L models fit better than the Q-L model and
the RBE value is nearly 1 under the L-Q-L or L-L
models based on the morbidity data in a breast

cancer incidence study 1950-74. It is desirable
to extend this analysis to the ongoing incidence

study which covers the years 1975 through
1978. However, because the estimated RBE
value is a ratio (i.e., a relative value)} an RBE
estimated from morbidity data may not-differ
too much from the value obtained from mor-
tality data. For lung and stomach cancers,
since fatality is high, it is sufficient to estimate
the RBE value from mortality data.

In the present study the method employed to
estimate the variance of RBE differs from the
method of Otake;!® we have used an approxima-
tion based on the variance and covariance of
coefficients of gamma and neutron exposures
and the Taylor expansion without cofiverting
the coefficients, The variances given in the
present Teéport are conservative because the
variance is directly estimated without log
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conversion. It was not possible to determine
statistically whether the RBE differs by site
because the variance was too great.

RBE values of mneutrons based on animal
experiments range from 1 to 10 at doses of
25-100 rad;® these estimates vary with species,
tumor system studied, and dose rate. These
values do not differ greatly from the estimated
RBE using tissue dose.

MBI REZ S Y PHEANIIRET S22
TERP o

i a1z FETH O RBE ik, RH25-—
100 rad T 1 2 5 100MECH 32 ch ook, B
ORE, FAELABRORERUBRERIIL-T
ERD, 4, HEBREAVWCHELZ RBEHE L
KERBERISo LV,
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APPENDIX
ft #

DISTRIBUTION OF THE NUMBER OF SUBJECTS, CANCER DEATHS,
AND MEAN RADIATION DOSE BY CITY AND RADIATION DOSE CATEGORY

EE R, BECHEVTHRMAED A, BTk CHE AR

Radiation Number of Cases** . Mean Dose
Number of d
Total Dose Subjects* All except ; (rad)
(rad) Leukemia Leukemia Lung  Breast Stomach Gamma Neutron
Hiroshima
0 27577 42 1589 133 39 647 0.0 0.0
(16316) (41.8) (1517.0) {126.8) (38.3) (615.3)
1- 9 15933 14 896 86 22 356 2.6 0.7
( 8998) (14.0) ( 874.9) (84.3) (21.9) (346.8) ‘
10--49 10911 28 698 75 20 272 17.5 4.5
( 6685) (27.6) ( 645.1) ( 68.6) (19.3) (250.4)
50- 99 2783 11 189 21 5 71 - 56.6 13.6
( 1756) (10.8) ( 168.6) {18.6) (47 (63.0)
100-199 1740 14 136 21 8 47 108.0 30.5
( 977) (13.6) ( 122.2) (185) (1.1 (423
200-299 659 9 74 6 2 22 186.0 57.1
{ 377 ( 8.8) ( 72.7) ( 58 (19 (218
300-399 369 11 26 5 0 11 253.0 g2.0
( 225) (10.9) ( 274) ( 5.2) (00 (11.8)
400+ 510 12 51 6 4 17 - 380.0 1440
{ 273) (11.8) ( 51.6) ( 60) (38 (175
Nagasaki
0 4004 4 181 23 5 61 0.0 0.0
{ 2178) { 4.1 { 219.0) (28.1) (535 (750
1- 9 7140 10 328 39 7 117 3.5 0.0
{ 4189) (10.2) { 387.4) (46.6) (7.5 (139.3) L
10- 49 4031 5 193 13 6 68 21.0 0.0
( 2367) (35.1) {2179 (14.8) (65) ( 76.8) o
50- 99 1442 0 T 6 3 20 70.6 0.5
( 785) ( 0.0) ( 83.5 ( 7.2) (32) (243)
100-199 1388 3 69 14 6 17 144.0 1.9
( 766} ( 3.1 ( 90.8) (189 (6.2) { 23.1)
200-299 722 7 34 6 0 10 239.0 3.7
( 403) ( 7.2) ( 46.7) ( 8B4) (00) (143)
300-399 270 1 17 3 0 6 337.0 59
( 144) (099 ( 200 ( 35 (0 ( 7.3
400+ 377 9 25 2 12 517.0 11.1

1
( 191) ( 9.0) ( 29.5) ( 23) (1.1 (145

*Female subjects in parentheses () ML Rk RE
**Age adjusted findirect) cases in parentheses () PUTEMATIE (FI3E) /8

17
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MODEL FITNESS, ESTIMATED COEFFICIENTS AND RBE FOR SITES
WITH UNCLEAR RADIATION EFFECT

i s I o R EARE 4 SPALIS MY B model B E, HEEFEH R RBE

Model 1 [L-L]

Cancer Site RBE (¢/b) Model Fitness**
ag ay b c
Colon 178.7 182.8 0.32 2.8 8.7 0.60
Urinary organ 130.4 61.3 0.60 0.092 0.15 0.27
Esophagus 178.7 209.8 —0.46 5.1 - 0.023
(0.36) (9.6) (26.6)
Multiple myeloma 16.2 33.6 0.30 -0.29 - 0.32
(0.81) (1.5) 1.9
Model 2 [Q-L] (\/c/b)*
Colon 180.5 185.8 0.0011 2.8 49.6 0.65
Urinary organ 131.2 15.7 0.00075 1.7 479 0.17
Esophagus 162.3 - 3147 -0.014 16.2 - 0.5%x 10
(-0.0093) (2L N
Multiple myeloma 17.3 37.1 0.0013 —-0.48 — 0.27
(0.0033) (1.4) (20.4)

Coefficients are scaled by a factor of 1607 HE10° 45
Upper 95% limit (mean + 2 8D} in parentheses () A395% LR (FH+25D)

*RBE =+/cf/b [+/Dn

**p yalue of x* distribution X2RHOPHM
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