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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 regnalyzed and subsequently reported.
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SUMMARY E B

Cancer mortality among 40,498 Hiroshima and
Nagasaki residents was examined in relation to
cigarette smoking habits and estimated atomic
bomb radiation exposure. Relative risk models
that are either multiplicative or additive in the
two exposures (smoking & radiation) were em-
phasized. Most anatyses were directed toward all
nonhematologic cancer, stomach cancer, lung
cancer, or digestive cancer other than stomach,
for which there were, respectively, 1,725, 658,
281, and 338 deaths in the follow-up period of
this study. Persons heavily exposed to both cig-
arette smoke and radiation were found to have
significantly lower cancer mortality than multi-
plicative relative risk models would suggest for
all nonhematologic cancer, stomach cancer, and
digestive cancer other than stomach. Surpris-
ingly, the relative risk function appeared not
only to be submultiplicative for these cancer
sites, but to be subadditive as well. The lung can-
cer relative risk function could not be distin-
guished from either a multiplicative or an additive
formm. The number of deaths was sufficient to
permit some more detailed study of all nonhema-
tologic cancer mortality: Relative risk functions
appeared to be consistent between males and fe-
males though a paucity of heavy smoking females
limits the precision of this comparison.

The submultiplicativity mentioned above was
particularly pronounced among persons who were
relatively young (<30 years of age) at the time of
radiation exposure. The relative risk function
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for these younger subjects depends very strongly
on both radiation and cigarette smoke exposure
levels, Bven light smoking (about 5 cigarettes
per day) for an extended period of time is
associated with a large estimated relative risk.
Implications of these findings are discussed in
relation to human carcinogenesis models. As a
by-product, it is noted that cancer mortality of
several sites is significantly related to radiation
exposure in this population, after accommodating
the possible confounding effects of cigarette
smoking.

INTRODUCTION

Periodic studies of mortality among Hiroshima
and Nagasaki residents have shown a positive
relationship between estimated radiation expo-
sure and cancer mortality of a number of sites.
A recent studyI shows heavily exposed indivi-
duals to experience elevated mortality from
cancer of the lung, breast, stomach, esophagus,
urinary tract, and colon in addition to leukemia
and multiple myeloma. Cancer mortality from a
number of these sites is known to be related to
cigarette smoking. Differential cigarette smoking
habits between lightly and heavily radiation-
exposed persons could then distort the magni-
tude, or possibly even obscure the existence, of
a relationship between radiation exposure level
and site-specific cancer mortality. Even if con-
founding doesnot take place, the cancer mortality
risk associated with a particular radiation expo-
sure may well depend on corresponding cigarette
smoking habits in an important manner. In fact,
estimation of the joint relationship of radiation
and cigarette smoking exposures to cancer mor-
tality not only gives the potential for more de-
tailed and accurate radiation risk assessment but
may also provide valuable insights into the carci-
nogenic mechanism.

Of particular interest in terms of mechanism is
the ability of relative risk (RR) models that are
multiplicative or additive in the two exposures
to describe the data. In general terms, a multipli-
cative RR model would correspond to a carcino-
genic process wherein an initial exposure induces
a fractional increase in the age-specific cancer
mortality rate function which then serves as a
new baseline rate which the second exposure
variable multiplies. For example, if the effect
of one exposure is solely to enhance the trans-
formation of normal cells to certain intermediate
cells while the other exposure serves only to
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increase the rate of transition from intemmediate
to malignant cells, one would expect the joint
RR function to be the product of the RR
functions for the individual exposu;‘es.z_

In comparison, an additive RR model would
arise if each exposure induces a fractional
increase in the basic nonexposed age-specific
mortality rate function and the absolute magni-
tudes of these increases are completely unaffected
by the presence or level of the other exposure.
Rothman et al® argue that, for public health
purposes, the concept of interaction (synergy or
antagonism) should ordinarily be defined relative
to an additive RR model. RR functions in which
the joint effect of the two exposures is more
than multiplicative, intermediate between
multiplicative and additive, or less than additive
are, of course, possible. The last, for example,
may arise if the two exposures induce cancer via
a common mechanism and the individual RR’s
are concave as functions of exposure level.
Further comments on multiplicative and additive
RR models in relation to recent carcinogenesis
theories are discussed later.

MATERIALS AND METHODS

Study Population and Data Ascertainment

The ABCC/RERF has utilized the Life Span
Study (LSS) cohort of over 100,000 persons
with residence in Hiroshima or WNagasaki as
of 1950 in order to examine the late effects
of A-bomb radiation exposure on mortality.
Selection of the LSS cohort is described else-
where.’9 It consists of a sample of A-bomb
survivors who were alive and resident in either
city in 1950 and approximately 25,000 residents
who were not-in-city at the time of the bomb
(ATB). Mortality information is obtained by
making periodic koseki (family register) checks
on the entire cchort and by obtaining death
certificates. The mortality data are thought to
be essentially 100% complete. Underlying cause
of death is classified according to the 1965 (8th)
Revision of the International Classification of
Diseases (ICD).

Total body gamma and neutron radiation doses
received by individuals were estimated!! by apply-
ing kemma-in-air dose vs distance models and
shielding factor models to location ATB and

shielding history data obtained by ficld investi-

gators. Recent criticisms of these modelling as-
. ~sumptions'*’'* may lead to noteworthy modifi-
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cations of dose estimates (particularly neutron).
The present work utilizes only the total (gamma
plus neutron) dose estimate which is less likely
to be markedly revised. Since the neutron com-
ponent of the current total dose estimates aver-
ages only about 5% in Nagasaki and 30% in Hiro-
shima the use of total dose estimates will provide
a reasonable basis for evaluating radiation sk
unless the site-specific relative biological effec-
tiveness of neutrons as compared to gamma 1ays
turns out to be quite large. It is also worth noting
that a scale factor change in total dose estimates
will not affect the significance levels for tests of
multiplicative and additive RR models given
below. These tests are then robust to this parti-
cular type of dosimetry modification. The total
dose estimates used, the tentative 1965 dose re-
vised estimates (T65DR), make use of a recent
slight relocation of the Nagasaki epicenter,'®
In about 3% of the cohort, distance or shielding
information was inadequate for such T65DR
estimates to be given.

Cigarette smoking histories were not available for
the LSS cohort as a whole. Several epidemiologic
surveys, conducted between 1963 and 1970, have,
however, ascertained cigarette smoking data on
various subsets of the cohort. In particular, the
nearly 20,000 subjects in the Adult Health Study
sample!® were administered epidemiologic ques-
tionnaires, primarily during the fourth biennial
clinical examination cycle 1964-66. Slightly dif-
ferent questionnaires were used in 1963-64 than
in 1964-68 while a third was used in 1968-70.
In addition, LSS males aged 40-69 were surveyed
by mail in 1965 as part of a cardiovascular dis-
ease study,'® while a subset of LSS females were
surveyed by mail in 1969-70. This study combines
smoking history data from each of these sources.
If a subject was surveyed more than once, the
cigarette smoking data obtained at the earliest
survey isutilized, Cigar, pipe, andkizamismoking
was relatively infrequent so that data on such
habits are not used.

From these combined surveys 40,498 subjects,
with available T65DR estimates, were also found
to have information on ‘current’ cigarette smok-
ing habits; that is, smoking habits at the time
. they were initially surveyed. From each survey
current cigarette smoking amount could be ob-
tained in the following categories: nonsmoker,
about 5 cigarettes per day, about 10 cigarettes
per day, about 20 cigarettes per day, or about 30
or more cigarettes per day. In each survey, dura-
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tion of cigarette smoking data was requested for
current and ex-smokers. The combined duration
of smoking data could be categorized as 0-4, 5-9,
10-14, 15-19, and 20 or more years,

The ‘at risk’ period for a study subject extends
from the individual’s month of first survey to the
earlier of death or the end of 1978. A total of
21,951 (54%) of these subjects were initially
surveyed before the end of 1966. The risk period
was terminated at the end of 1978 since more
recent mortality data may not be complete.

Statistical Methods

Cancer mortality data were analyzed in relation
to total T65DR level and cigarette smoking habits
using the Cox regression method'® and a modi-
fication thereof in which the RR function is of
linear rather than exponential form. A detailed
discussion of the Cox regression method, along
with stratification and other generalizations, is
given elsewhere.!’

In the analyses reported here study subjects are
divided into 128 strata on the basis of sex, city
(Hiroshima or Nagasaki), age ATB in 16 five-year
age classes, and initial survey date (before or after
the end of 1966). RR estimation is based entirely
on within-stratum information. That is, RR esti-
mates are based on comparisons of cancer mor-
tality rates among heavily exposed persons to
those among lightly exposed or nonexposed per-
sons who are of the same sex, were residents of
the same city, were within five years of age ATB,
and whose initial survey dates were within a
4-year period. Such matching of age in 1945
and survey date implies that individuals in a
stratum will also be close in respect to age at initial
survey. Furthermore, at a specified follow-up
time, t, subjects in a particular stratum will be at
precisely the same time from smoking history
ascertainment and within four years in respect to
time from radiation exposure.

Let z, be a row vector that contains an indivi-
dual’s radiation exposure data and let z, be a
corresponding row vector that summarizes the
subject’s cigarette smoking history at the time of
first survey. For example, z, may include both
cigarettes-per-day and duration-of-smoking infor-
mation. Then z =(z;, Z,) is a regression vector
that includes the basic data on both radiation
and cigarette smoke exposure.
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Denote by Ag (t;2) the site-specific cancer mor-
tality rate, at the time t from initial survey, for
subjects in stratum s with exposure vector z.
Without loss of generality one can write

A(t;2) 13, WERELSOBEAL 1253 ERE/Ms 0
BENS Pz 2 o0 REOEUMNBRELCHET
5. —EEELHTI,

As (1:2) =Rgs (1) RR¢ (2,1)

where Agg () = Ag(t;0) is the basic cancer mor-
tality rate in stratum s at follow-up time t for
nonexposed persons (z = 0) and

EaB. FREL, L (t)=A0t;0 )4, ;BEREERt T
REFsOEFBEORERFECETLS (2=0).
7,

RR,(z,t) =g (1;2 )/ Aos(t)

is the RR associated with exposure vector z, as
compared to z = 0, at time t in stratum s. In the
analyses that follow the basic cancer mortality
rate functions will be unrestricted while the RR
function will usually be restricted so that
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RR(z,t) = RR (z).

Since the follow-up period is relatively short
{maximum of 15 years) it seems unnecessary to
model the dependence of the RR function on t.
In effect, one then estimates an RR function
averaged over the follow-up period. The assump-
tion that the RR function is common across strata
is likely less appropriate. Consequently, some
analyses are given separately for males and females
and for younger and older persons ATB. These
latter analyses accommodate the possibility that
specified levels of radiation and cigarette smoking
exposure may, for example, have a more pro-
nounced effect on the RR if such exposures occur
at relatively voung ages.

Under the above restriction a multiplicative RR
model is given by
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RR(z;,22)=R;1{z,) Ry(z3)

where R; (z,)=RR(z,,0) and R,(z,)=RR(0,z,)
are RR functions for radiation exposure alone
and cigarette smoking alone, respectively. An
additive RR model is similarly described by

E&RENB. RL, Rlz))=RR(z), 0} RVf
Ry(z,) =RR(0, z,} 13, ZRFNBEHERS 3
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RR(z1,22) — 1= {Ry(z) — 1 1+ {Ra{z2) ~ 1]

At a specified z = (z,,2,) RR models can be clas-
sified as supermultiplicative, multiplicative, or
submultiplicative according to whether RR(z)
exceeds, equals, or is less than R,;(z,) R,(z;).
Similarly, the RR may be superadditive, additive,

HEDz={z;, z,) 2T, RR(z)# Riz,)
Ry(z,) LEPA%EHRETALFTHEMLT,
A ERE T 7 i B Sy, MRy, $ERM
SETES. AR, RR(2)#14 {R(z,) — 1} +



or subadditive according to whether RR(z) ex-
ceeds, equals, or is less than 1 + {R,(z,})—1}+
{R,(z,)—1}. Assuming R, (z,)»1and R,(z,)>1
onec can easily show .
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so that RR{z) can alternatively be characterized
as supermultiplicative, multiplicative, between
multiplicative and additive, additive, or subaddi-
tive. Of course it is technijcally possible for the
RR function to be supermultiplicative, say, for
some range of (z;,z,) values but multiplicative
or submultiplicative for other exposure values.
The analyses described below do not, however,
consider this possibility.

In order to examine the fit of multiplicative and
additive RR models to available data it will nsually
be necessary to parametrize the RR function.
When fitting a multiplicative RR model it is con-
venient to parametrize
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R;(zj) =exp (x; 85}, j=1,2

where x; = x;(z;) is a row vector of user-defined
functions of z3 j=1,2 and B; is a corresponding
column vector of parameters to be estimated.
The multiplicativity assumption then yields
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RR(z) =exp(x, §, +x, ) =exp(x )

which is the RR (hazard ratio} form originally
specified by Cox.'® It is similardy convenient
when fitting an additive RR model to parametrize
via

5. 2, Cox A RFIIED - HABRHRIE
(RO TH5.% Rz, HinsHEd
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Ri(zj) =1+ xj by, j=1,2

giving a linear RR model
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RR(z)=1+x;b; +X,b; =1+xb.

Departure from multiplicative or additive RR
models can then be examined by adding cross
product terms in z; and z, {(or x; and x,) to the
respective RR functions and testing the signifi-
cance of the corresponding regression coefficients.
In testing the fit of either class of models it will
be important to flexibly model the individual RR
functions [Ry(z;), j=1,2] so that any significant
product term coefficient can properly be inter-
preted as a departure from the basic multiplica-
tive or additive model forms.

HAROXGHMOENERETTL»E0RES
BAETAI0R, 2, R Uz, (550Ex, B Ux,) 1083
REEBOEL @4 oEdEREEEmE, 20
BREHOEFEHEEMET R LI, &EFL0
WA EME T, e ok Eg(R(sg),
i=1, 2)DFEREDSZEF NN EETHS .
FITNHEA L AR 2RI XAEAOERTY,
FEFOHEAD 2 VIHEMBEFVERDSORE &
LT, S BIRT sz LAtTe3.
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In the special case in which x,; and x, consist
solely of indicator variables for radiation and
cigarette smoke exposure categories, the expo-
nential and linear models for the individual RR
functions, R, (z,) and R, (z,), will be equivalent,
since each merely permits a separate RR estimate
for each exposure category {except the base cate-
gory). In these circumstances the exponential
and linear forms will give equivalent models if
preduct terms are added to the regression vector,
X, 50 that each pair of radiation and cigarette
smoking categories has a separate RR parameter,
giving a saturated RR model. More generally, the
exponential and linear parametrizations will place
differing restrictions on Ry (z;) and R;(2;). An
indication as to whether tests based on product
term coefficients are equally effective in detecting
departures from multiplicative and additive RR
models can be obtained by comparing maximized
log-likelihoods from fitted models that include
the product terms on which the tests are based.
This point will be discussed later.

The partial likelihood method'™'® is used to esti-
mate the parameters § and b in the exponential
and linear RR regression models. Tied mortality
times were accommodated using the approxima-
tion described by Breslow.'®

RESULTS
During the follow-up period for this study 1,725
deaths occurred from all nonhematologic (ANH)
cancer (ICD 140-199). An additional 52 deaths
from hematologic cancer, including 41 leukemia
deaths, were not included in these analyses since
such cancers appear to be unrelated to cigarette
smoking habits and to possess quite different RR
as a function of radiation exposure level than do
- the ANH cancers. Table 1 gives some descrip-
tive informaton on the number of subjects at
risk by city, sex, and age ATB along with corres-
ponding ANH cancer deaths and crude death
rates.

In order to obtain an initial look at site-specific
cancer RR as a function of radiation exposure
and cigarette smoking habits the study subjects
were classified into six categories according to
whether they reported being cigarette smokers
at the time of their initial epidemiclogic survey
and according to whether their estimated total
radiation dose was less than 10, 10-100, or 100
rad or more. Of the 40,498 subjects 26,851 were
nonsmokers, while the remaining 13,647 were

5By, ¥, HESRUVREORIBEES T TY -1
HEBTI—EHOHDCEREIATL 20 50,
M¢®mﬁﬁﬁgw&,ﬂﬁgﬁﬁm@ym
HHASZVRBEHNETFLIIE-THRZEDL O
25LBhN5. G ERSEBEE, BEBEAT I -
(BHEL 375 TU— %< ) BHOHNEERERE S
Ba2513X 3226 Tha,. 2OLIHEHTT,
ZXEEHOEEERSS Pl 22 2 &, BHR
RUBBWIThLFEEOEFTNVEL Y, KEBEY
BEDAST T -0 L3R A SR o Mt iR
NFA-F—F L OB BREETLE LS.
FEIZ— AN, ERBRUHRE S A —y —FBIL,
Ri(z)) BU R (2,) iR % - BIRES5L3TH S 5.
ZERHOGRMCET BTSN, HENEUHEMEY
HAfABEEEF VL 50RBA2ENTIHEICL
FIIIERTCHEI,E, REOADIIHEAS SR
XEFEREFLVOR RS BLE LIS T L E N,
ZORIE2WTIRERT 3.

BREETS LAV, TR CBEMEM R
AREFNONTA—s—BR UL EHEEL -, FAH
DFECFEERER 22V T, Breslow' 25 L 22381
HEEAL -

#® F
ATROEH IR fiz, ) o8 3 d 0
I T OEFEL L, 72561 A5 L £~ (ICD 140—199) .
TR AL O B MR 2 & BHADY ¥ % - 3N
MO E ST A h i, TREFRITIZES
Zhok., MBI, TOLAHIEREERELG
WRET, Lab YUyt BUEEsNIoT~To
e GRESHBRREOMEE L Te CRE £ MY
ERES LD LBhNERETHS. B 11T,
#, HREERTORBEARER, KBTS
Y% 3 MRS T ST DRFEC BR MR
BORBOLT— s 28O hTRL 2.

AT R B BB OB M & L TR o M
BRELETRI-BE, BUOESNEERC
BEETHod, 7, HEBKSHEEN10rad
LIF, 10—100rad, Xiz100rad Ll ETHEZHE S B
EEoTHEREE S A0 H5 T — 12514,
HEEW,A8E P 26,851 % I FERBEHE T, B
13,647 B BEBE S TRESE TH -/ . FEBEE K



TABLE 1 SUBJECTS, DEATHS, AND DEATHS PER PERSON-YEAR FOR ALL
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NONHEMATOLOGIC CANCER
£1 wHRHEH, U BIEEUSDOTRTORETHEY
. EOBEANENLDOFECH
Age ATB

Total

<25 25-34 3544 4554 55+

Hiroshima .

Male Subjects at Risk 1793 2589 3579 2276 114 10351
Cancer Deaths 33 120 355 318 14 840

Cancer Deaths/ 10° Person-years 140 376 889 1471 2065
Female Subjects at Risk 9805 3731 3660 2052 604 19852
Cancer Deaths 75 7 159 132 32 475

Cancer Deaths/10° Person-years 80 212 462 767 966

Nagasaki

Male Subjects at Risk 1021 934 1099 610 14 3678
Cancer Deaths 11 52 110 98 1 272

Cancer Deaths}'l[ls Person-years 80 446 912 1854 806
Female Subjects at Risk 4245 1027 811 452 82 6617
Cancer Deaths 32 25 35 38 8 138

Cancer Deaths}'105 Person-years 74 239 454 1966 1786

cigarettc smokers when surveyed. According to
the three radiation dose categories just defined,
the number of nonsmokers was 20,380, 4,655,
and 1,816, respectively, while the corresponding
number of smokers by radiation dose category
was 10,028, 2,366, and 1,253. Thirty-three per-
cent of lightly exposed persons (<10 rad) were
cigarette smokers as compared to 41% of heavily
exposed persons. There then appears to be some
potential for cigarette smoking habits to confound
the relationship between radiation dose and can-
cer mortality.

A saturated regression model, with RR of the
exp(x B) form, was first applied with x consist-
ing of indicator variables corresponding to the
five smoking and radiation dose categories other
than the nonsmoker less than 10 rad category.
RR estimates (compared to nonsmoker, < 10 rad)
for each of these categories are given in Table 2
for several cancer mortality groups. Among
nonsmokers, significantly increased cancer mor-
tality rates are associated with estimated radia-
tion exposure of 100 rad or more for ANH can-
cer, colon cancer, esophageal cancer, and lung
cancer. A more quantitative account of esti-
mated radiation exposure (not shown) in which
the regression vector consists of separate linear
terms in T65DR for cigarette smokers and non-

~~~gmokers as well 45 a smoking indicator variable

ECERLASONEBBRRAFTI—IHIZE4
20,380 A, 4.655A, 1,816 AT, —HBRAE T
R wE s 7 Ty —MHIZ10,028A, 2,366 A,
1,253ATh -, BER(<0rad) HBECS B
3B%AME T, Thisn LERREBETIIA%Y
BEETEHE . 2O 5, RIEGHEFRH
REBRERL QNGBS 2 TaiEIrgs »
H5LBhh3,

40, exp (x B) BUFAxtfa il iz OBIMER E 7 0 T,
£ A 10rad ROV E # 7 1) LV EOD
BERCEEBROAF ) - I TR I -]
BERBLDERM VAL, EHF TY—CHIET 5 M5
EREHEEM (10rad AT ONRRESR L LA
LD} E, EOPOEMIECHIMICE2ISRL . JEE
BED) A BMEARBLSOTRTOR, FHBS,
BEEBRUMSBOECHOAEES LRI, 100rad
Dl EO#mRatSaBe Mgt Twa. @F Ny ML
EMIBERUERESRE AT 5HE THHRE
WEROREK, B UMY I ~ERA RT3
&) i ERSBEBO LN ERMNTHEBC LT
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TABLE 2 COX REGRESSION ANALYSIS OF CANCER MORTALITY RELATIVE RISKS ASSOCIATED WITH
CIGARETTE SMOKING AND RADIATION EXPOSURE

#2 BERUHHEOEREICRET SEFECOMMERED Cox O RIEDFF

Relative Risk Estimate

RR Model
Type of Nonsmoker Cigarette Smoker
D Cancer Cases Multipli- Additive
T65DR T65DR 2c::t’cive .
<10 [10,100} 100+ <10 [10,000) 100+ Xz testt xj teste

140-199 ANl Nonhematologic 1725 1  1.1i8 1.61 1.54 1.53 196 295 0.70
(.14)2 (.002) {<.0001) (<.0001) (<.0001)

All Nonhematologic 1112 1 1.08 1.37 1.50 1.53 1.72  0.55 0.02
Male (.65) (.14) (<.0001) (.0002) (.0002)

All Nonhematologic 613 1 1.25 1.7¢% 1.51 1.36 3.08 230 2.85

Female (.05) (.0004)  (.002) (.14) {<.0001) '

All Nonhematologic 271 1 1.74 341 1.96 2.28 483 2.05 0.60
Age ATB <30 (.02) (<.0001) (001) (.003) (<.0001)

All Nonhematologic 1454 1 1.10 127 148 144 1.55 1.43 0.41
Age ATB 30+ (37) (.13) (<.0001) (.0002) (.002)

151 Stomach 658 1 1.24 1.37 1.30 1.02 1.29 5.32 5.18
15) (.15) on .90 (24)

153 Colon 70 1 048 427 1.18 1.36 195 401 3.13
(.23) (.001) (.63) (.52) (.25)

150 Esophageal 58 1 3.22 6.53 5.60 6.64 781 285 045
11 (03 (.002)  (.002) (.005)

152, Other Digestive 210 1 1.40 0.85 1.58 1.69 1.69 0.87 048
154-159 (.18) .73} 02) .05 (.16)

162 Lung 281 1 1.09 231 240 239 3.55 1.23 0.03
77 (.01} (<.0001) (.0002) (<.0001)

The analyses are stratified on city, sex, age ATB in 5-year categories, and survey date. Likelihood
ratio statistics are given for teiting the fit of multiplicative and additive relative risk models.

MR, M, WRMEBSEMBI R CHERMNICEAL £, HRARUHMSHES BREEF L 0E AL

MElE, RELREFREERAL L.

a. Significance levels for testing each relative risk equal to unity are given in parentheses.
EHEAEREN LS LuArRELAETRERFRACERL L,

b, Likelihood ratip test of multiplicative RR model vs saturated RR model,
HEMERERET 7 EBAENERETFPORELRE.

¢. Likelihood ratio test of additive RR model vs saturated RR model.
MM EREE T L L EMAESRBREE TV ORELRE.

also yvields a significant (p=0.002) relationship
between stomach cancer mortality and radiation
exposure among nonsmokers. In spite of the
smalt number of cases, corresponding significant
relationships (p<0.05) were also detected (not
shown) for mortality from female breast cancer
(31 cases), urinary tract cancer (44 cases), and
leukemia. (41 cases), none of which were signif-
icantly related to cigaretie smoking.

10

(Bn€¥), EFREZFOBRICELHHAREBELD
M ARAME (p=0002)2 &5 h 3. H#H&H
vt dd b 5T, ZEoE (315), BEEE
{44fl) R OFRIRE (4F) OFETcHNT Y, Rk
FELME (p<0B)FBH oA (BRERT).
Ldl, TholZHRREELFELMBREd .
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Cigarette smoking among nonexposed or lightly
exposed (<10 rad) persons is significantly re-
lated to cancer mortality for each of the cancer
site groups listed in Table 2, except colon cancer.

It is interesting to note that.100 rad or more of
radjation exposure is not significantly associated
with ANH cancer mortality when males alone are
considered {p=0.14), or when only persons over
the age of 30 ATB are considered (p=0.13).
With males this occurs primarily because only
3,757 (27%) of males in the sample were non-
smokers when initially surveved, and only 313
(2%) were nonsmokers with T65DR of 100 rad
or more. In comparison, 23,094 (87%) of females
were nonsmokers and 1,503 (6%) were non-
smokers with estimated radiation exposure of
100 rad or more. Among persons over the age of
30 years ATB a total of 10,883 (58%) were non-
smokers of whom 604 were heavily exposed
{100+ rad). RR estimates associated with radia-
tion exposure are substantially larger among per-
sons who were younger (<30) ATB than among
persons who were older (>30), both for cigaretie
smokers and nonsmokers.

The final two columns of Table 2 give likelihood
ratio x2 statistics for testing multiplicative and
additive RR models. These statistics, respectively,
arise by defining the regression vector, x, in the
exp(x ) and 1 + x b forms to consist of indicator
variables for the upper two radiation dose cate-
gories and a smoking status indicator variable.
The xg tests are twice the maximized log-likeli-
hood difference between these models and the
saturated model described above. Note that the
X2 statistic from the additive model tends to be
smaller than that from the multiplicative model
in most situations, and that the fit of the additive
model is near perfect in a couple of special cases.
There is, however, little evidence against either
-model based on this simple exposure data classifi-
cation. The only site for which these statistics
approach significance is stomach cancer, in which
case p=0.07 for the multiplicative RR. model and
p=0.08 for the additive RR model. Inspection
of Table 2 indicates that these suggestive values
arise primarily from an unexpectedly low
stomach cancer mortality among smokers with
intermediate radiation dose estimates. The
general Jack of significance of the likelihood ratio
test statistics is not very surpmdsing in view of
recent simulation studies by Greenland®® on
from multiplicative or

11

RERF TR 1-82

SERRE X EAR B (<10 rad) HEHRE ) I 12,
HREEBLT, F2 IR LA ASSLEORES
HMEHZCMML T WA,

BENADIBE (p=0.14), &5 3HEEREEZ30E
INERAEOLEEL LB S (p=0.13), 100rad
W EOKst#EEREL, ) vy BHEELO
TORMBERL AR LMEEF Z v LB
fi+a. BivcohrBraE42 AR, daEd0
BN 9 b 3,757 A(27%) O & AFHIE FE O IELE
FETHYN, ST TOHOHRBHEEMLIOOrad kL LD
W, 313A(2%) DEHNEAETHELDTEH .
ZHIH U TRMED23,0M A (87%) #IEELE % T,
1,503 A(6%) »*HEEHIBIRTI00 rad Ll 1 o IEvE
FBTH-o. BHRRERIEL) SROMRETIE,
&AF10,883 A(58%) FHBLEE T, #0 I 5 604A
FEBRERE (100+rad) Tho/. HRAEBEBIC
POGE L A fixtfabR B EE 1T, BEHE R O FEuES
LI, BB ERAERE (530) £ 0 FEE (K30)
THEREMILD K E W,

208K 2HIE, HREHRE UMV RE
EFLERET B ADOREL IR TSH 5.
ZhioOfiat Rl exp (s B) R 1+xb BZhThO
I omBEMBEAT T -ICHT Y I - M,
HUREREO Y —EHPENAERNT L
EEBTAC LIS 0TVA, xEikER, ThB
NEFLE EEOBHEFVLEORIAHEEZD
2HETHB. MMBEFLOXIHHTE, <D
BE, MEMEFLOZhE0E s nEmIzs Y,
£, HNMPEFLOBEEEL -, Z0SN45E,
BIERLTHBCLIEATNETHE. LaL,
ZOEMABEF— sy CEIu LGS, wThe
EFNTHLEESNSHMBELAL R .
CALSOEHBAETEMGIEVE—OSELEE
ThHY, ZOHBE, HENHMBEHREESFTLT
p=0.07, HMMHEEEREETFVTEp=0.087C
ba. Z2ERWTSE, 2hSTREAEEIE, £
FEHEEOKMBERENL S L OREBEHSOBFIZEY
BRFECEIFRETHHS 24945, Z20 A
RGBT B A o tH e 0 U3 A SN A9 FE A fr B
EFNALORBEERT S48, Greenland® #°
FOET -7 Y 3 2 b — ¥ a-Rgdeete i A
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TABLE 3 COX REGRESSION ANALYSIS OF CANCER MORTALITY AS A FUNCTION OF T65DR
RADIATION EXPOSURE LEVEL
%3 WHTGHREHEEBE LRGSR EBRREOMNEEHE LABFTCED Cox O ER T

. Type of Cancer
. Digestive

All Nonhematologic Stomach Lung Other Than Stomach
RR Model: expx g 1+xb  expxg 1+xbh  expxf 1+xb  expxg l+xb

Covariate (x) ’ﬁa i}\b /ﬁ _E E 3 E E
T65DR/100° (Tad) 194 218 =072 -.156 .389 496 257 318
(.01)d 03 (58) (.28) (.03) (€Ur)] (14) (.20)
(T65DR/100)* —.014 —-.010 041 076 -.062 —.075 -.031 —.037
37 (.68) (.11} (.05) (.16) (.22) (.42) 50)
Max. Log. Lik. —11266.461 —11266.074 —4321.398 —4321.094 —1825.177 —1825.078 —2234.564 —2234.517

Cases 1725 658 281 338

The analyses are stratified on city, sex, age ATB, and survey date.
i e, 1, B ERRE CHAERWERIZRBEL 2.
a- g denotes maximum partial likelthood estimator of §.
B, SORAREEREBRLTT.
b- ﬁdenotes maximum partial likelihood estimator of b.
£, boBRKREAEREELTT.
¢ - T65DR values were truncated at 600 rad.
HAT TSR BHEEMIL600rad T L2 4.
d - Significance levels for festing RR coefficients equal to zero are given ini parentheses.
HABRESHAFCEL A ARE L AABRELERALSRL L.

additive RR models with two binary exposure EFHHR T ENICERE M RINT A EEHT D
variables. WL LTI RV,

It is evident that to proceed with the question FEDF— & & BoT R CH IS L o
of multiplicative and additive models with the LR LT binl, %2 CRLABDUE
current data set, it is necessary to take a more - BBz, AL

thorough account of individual radiation and 12, BARORILRUREDERECHL TS %
cigarette smoking exposure histories than does EHAEILI LN DETHIIERANTHS. FEW
Table 2. RR corresponding to radiation expo- CHECHERERL D HROBERE CHT A0

sure may be quite large for the small fraction of BEEOMHERER, A2k 0L EhNG.

very heavily exposed persons. Since there e . ,
are too few heavily exposed persons to finely AT T GSRBHE R BT THA CHEL, B0

categorize on the basis of T65DR and to sepa- AT TV -OMAEBE 2N 4 ICHEET 3T EELR
rately estimate RR in each such category, we HREEF SR TEI20T, ARdiefioginm
chose to include linear and quadratic terms in BRUCKEE MR REEIED ST L

T65DR in the RR regression. functions. ‘Linear . . [ N
terms alone would not afford the desired flexi- L. BREOHMBRERERSD, 754 ‘fn

bility since RR estimates at high doses may be B AR X o S5 ) AR L S O FECE
dominated by mortality at low or moderate radi- tEGEhE e Ebh30C, REEHZTTCIIHE
ation dose levels, where the data are more plenti- T AEBRMEBSALVTHEY. %3 Eexp(x 8)

ful. Table 3 gives results of fitting RR models of . " o1 a
the form exp(x f) and 1 + x b with x consisting &E 1+xb BBARRER 7V, &I:TT Ssiiﬂ
of only linear and quadratic terms in T6SDR  TEEE (600rad TIHHY) 7L 0) DREHR T =K

(truncated at 600 rad). Foreach cancer site group FHoarroRSxeEBLAEERERLE, 212

12



listed, the two estimated RR functions are nearly
identical over a range of radiation exposure levels
that includes most study subjects. This, along
with the near equality of the maximized log-
likelihoods (Table 3), suggests equally effective
modelling of the radiation exposure RR function,
R, (z,), in spite of the different parametrizations
utilized.

As mentioned previously, ‘current’ cigarette smo-'

king habits were available on all 40,498 study
subjects in the following categories: Nonsmoker,
about 5 cigarettes per day, about 10 cigarettes
per day, about 20 cigarettes per day, and about
30 or more cigarettes per day. The distribution
of subjects and cancer deathsis such thatseparate
RR can be estimated for each of these cigarette-
per-day categories. Since it is evident that a
relatively large number of cases is required to de-
tect departures from additive or multiplicative
models, subsequent analyses are restricted to the
following cancer mortality categories: ANH can-
cer, stomach cancer, lung cancer, and all digestive
cancer other than stomach. Thislattersite group-
ing may, however, be dominated by cancers that
are either not-smoking-related or not-radiation-
related. As further data accumulates it would be
desirable to examine, for example, esophageal
cancer mortality, since Table 2 may suggest some
preference for an additive model in spite of the
small number of cases.

The left side of Table 4 gives results of applying
RR functions, of the exp(x ) and 1 + x b forms,
to ANH cancer mortality data, with x consisting
of linear and guadratic terms in T65DR (trun-
cated) as well as indicator variables for each of
the five ‘current’ smoking amount categories ex-
cept nonsmokers. In order to test the fit of such
multiplicative and additive RR models an addi-
tional term was added to the regression vector,
x, with value the product of T65DR/100 (trun-
cated) and a cigarettes-per-day variable that took
values 0 up to 4 according to the cigaretfes-per-
day categories defined above (0 for nonsmokers,
...,4 for smokers of 30 or more cigarettes per
day). Heavy smokers who are heavily exposed
to radiation will have large values of the product
term, with a maximum value of 24 for persons
who smoke 30 or more cigarettes per day and
who received a radiation dose estimated to be
600 rad or more. Persons who were nonexposed
to radiation or were nonsmokers, or both, will

e e anesvalue zero for this product term.
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RLAEE BB L, DonfEHERE
EERE, RAEMNREORDY &5 CHREO KRR
WRGERL ALTRIEEAYA-TH 3. HREH
REHFILAYRA—-TH3LLEhdT(E3),

IO ERIHESIRELD AT A —EBRIL DS

| FEMREBOEAEREEMY, R(z), LEL
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AL 2k 31z, EAEREEEIE, 40,48AHR
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w3, ThahbiEREE, 1HCHSE, LHIC
10, 1HIIZH204F, RULIHICH0RIGEN
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FBEIEHa T, SESORCEL I2HENS
LY LuhbLhiwn, AHEFLLEITLER
TRENNEF VOIS AL EERELT
wWak3TH3S,

#4DEME, exp(xf) RU1+xb B ok %
Mgy /8 s 0T T OBIEL H
FoFCHEBLAERERT. Z0BE T, &T
T o5 HE M (3T 540 -2 & ) BRI & TR0,
RUEBEEZRWAA>OEEHRELS 7T —
OEAIHTIYI—EHroMliehas, -0
HFry R UHENPEMEREC T VOBEERED
i, GATTESHEMEEMR /100TEN-7280)
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SISO WERRERTEREELL
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TABLE 4 COX REGRESSION ANALYSES OF CANCER MORTALITY AS A FUNCTION OF T65DR
RADIATION EXPOSURE AND CIGARETTE SMOKING AMOUNT CATEGORIES

Fd BATOHEREFHE T LIRMRER I EERE T -0 MR EEL A
EIFECHR D Cox O MIFFH

All Nonhematologic Cancer Mortality

All Subjects Male Female

Covariate (x) 7 8 Be b g b 8 b
T65DR/100° 196 258 279 336 129 143 409 535
(:01) (.002) (.03) on (.24) .39) (.001) (.02)
(T65DR/100)? -.016 —.015 —.013 -.012 000 005 —.042 —040
(.33) (.34) (.67 (71 (.99) (.88) (.10} (.45)
About 5 Cigfday 220 236 284 296 129 153 .385 535
(.03) (.02) (.93) {.03) .32 (32 (.01) (.04)
About 10 Cig/day 351 384 445 471 351 421 .380 433
(<.0001) (<.0001) (<.0001) (<.0001) (<0001}  (.0008) (.01) (.04)
About 20 Cig/day 445 487 617 644 461 591 145 A73
(<.0001) (<.0001) (<.0001) (<.0001) (<.0001) (<.0001) (.68) (.70)
About 30+ 653 704 985 1.033 666 944 768 1.24
Cigfday (<.0001) (<.0001) (<.0001) (<.0001) (<.0001) (.0002) (44 (.59)
(T65DR/100) X —.047 . —.060 —-029 -.029 -.018 033
(Cig/day categories) (.03) (.18) (33) (.59) 71 (.80)

Max. Log. —11240.559 —11238.688 —7468.305 —3766.936

Lik, -11238.211 —11237.844 —7468.285 —3767.089

The analyses are stratified on city, sex, age ATB, and survey date, Significance levels for
testing relative risk coefficients equal to zero are given in parentheses.

MW, ff, KRS ERRUPERMNCEBALL. HEBREESEFTLSLOAREL 2 U HkL
EHWAIRL &

a- é\!s maximum partial likelihood estimate of regression coefficient in exponential RR function, exp {x g).
é 3, SRR M exp(x 8) 0B HREO AR LERER®

b - b is maximum partial likelihood estimate of regression coefficient in linear RR function, 1 + xb.
B, MEMATRENS 1 +x b0 EAEEHO RARLEEZH.

¢ - T65DR radiation exposure estimates were truncated at 600 rad except for lung cancer and digestive cancer
other than stomach, in which case radiation exposure estimates were truncated at 300 rad.
AT TESKR I HE E fH 1L, 300rad CHEDH MW EUY BHOFTRTOBELEZBERVT, 60rad T
590k,

14
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Site-Specific Cancer Mortality
Digestive Other
B ATB St
Age ATB <30 Age 30+ omach Lung Than Stomach
~ -~ ~ o~ "~ P ~ ~ ~ ~
B b B b 8 b B b i b
750 1.74 109 113 018  -.037 25 i.38 534 .735
(<.0001) (.004) (.26) (.39) (.90) (.84) .02 (.08) (.08) (.17)
—-079 -.163 001 .008 .040 .089 —.168 -3%1 —-079% -—081
(.007) (17) (95) (.79} (.12} (04) (.14) 17 (47 (.69)
714 1.331 161 189 104 —.094 513 708 483 654
(.005) (.05) (.14) (.15) (56) (.56) (.04) 13 (.03) (.08)
A51 467 .369 453 204 237 694 1.016 567 791
(.03) (.18) (<.0001) (<.0001) (.08) (.09} (.0002) (.01) (0004) (.008)
741 1.220 446 566 284 333 1.187 2.407 534 724
(.001) (.02) (<.0001) (<.0001) {.02) 04) (<.000D) 0004) (003). (02
665 1.009 706 1.030 491 .679 1.455 3.439 T79 1.189
(.06) (.19) (<.0001) (.0002) (.01) (.03) (<.0001) (.007y (.006) (.05)
—061 —.060 —-.039 -050 -068 —.122 —063 040 128 214
¢11) (.74) (.15 (.26) (.05) (.05) (.39} (.85) 07N (.10)
—1707.460 —9449.051 —-4315.055 —1800.234 —2225932
—1706.460 —9448.723 —4314.582 —1799.842 —2225976
...... ERyR e
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The first column of Table 4 gives coefficient
estimates and corresponding significance levels
for testing =0 based on application of the mul-
tiplicative RR model to ANH cancer mortality.
The RR can be observed to depend strongly on
the number of cigarettes per day smoked with
persons smoking 30 or more cigarettes per day
having an estimated 92% increase in risk [exp
(.653)=1.92]. When the product term as des-
cribed above is added to the regression equation,
its coefficient is estimated to be —0.047 and a
test of the hypothesis that the product term
coefficient is equal to zero is rejected (p=0.03).
A likelihood ratio test comparing the first and
second columns of Table 4 also gives p=0.03.
The negative sign of this coefficient estimate in-
dicates heavily radiation and cigarette smoke
exposed persons to have a lower risk than a mul-
tiplicative RR model would suggest. The next
two columns present corresponding analyses
based on the additive RR model. The product
term coefficient is again estimated to be nega-
tive but not significantly so (p=0.18). This
indicates that no significant departure from an
additive RR model was detected by this test, but
that the estimated RR function tends toward
subadditivity. That this procedure yields com-
parable tests of the. additive and multiplicative
RR models is suggested by the fact that the maxi-
mized loglikelihood from the additive model
with product term is nearly identical to that
from the multiplicative model with product
term. In addition, plots of the two RR func-
tions are nearly identical over ‘current’ smoking
categories and over a broad range of radiation ex-
posures {0-300 rad) when the product terms are
included (Table 4, columns 2 and 4). Note also
that the maximized logdikelihoods (Table 4,
columns 1 and 3) may be directly compared in
order to examine the relative fit of multiplica-
tive and additive RR models. The fact that
slightly different parametrizations are used for
the two classes of models, however, reduces the
ability to interpret such comparisons in any for-
mal manner,

The cancer mortality for both males and females
(Table 4, columns 5 and 7) have negative pro-
duct term coefficients for the multiplicative mo-
del but neither were significantly different from
zero, A likelihood ratio test of equality of the
seven RR parameters for _'ma.[es and females gave
a x> value of 5.94 (p=0.54) indicating that
there is no overall evidence of a difference be-

BLOBEMORMIE, U8 BTN
FIECHIHA L AHFENBMEREET VOH
HEBEEBELI=0MELLARKLETH
ARG LS A ) OBEAREIIE CIRTEL
WRZ AR SN FHAE 1 HIC30FN R
TAHEHETIR, BREINRBHMMT S LHEESH
{exp (.653) =1.92). BB L AKX BEBOEEZE
RIMRALE, ZoFEMT—0047 fEE SN, 2
EHOFHEEIOCE LI RERERENSH
(p=0.03). BADFE1LEH2M&HBEL -8
BETLp =0.032%5. ZORMEEERIrAOH
THHI L, SREHBOVIESSY, fHENE
RREEFVORETIELIBORBETCHD D
AR, RO 2R, MMM EREEs L
HEIuAAROERERL TV, XEENOEY
IITLRThHALEE SRS, HETREL
(p =0.18). ZorkEClE, BINAHEREREE T
AEOERELERIEMsShEZVWE OO, H#EH
el AR R T A S5 5 2
ZEERLTWA., ZoHFaAHMARE RN
sHEREEFVIZA L THBTRERETHS 2 &1
HEERE LT FAOR KB LEN, &
ER+ L HENEFLOEFNLEEFH—TH 32
VIBEHFRLTWS. £4, BTEEHEED 3.
AEBomEYF T -RUEGEO RS HRE
BB (0--300rad) KL T, 2o MG
PE 72y P LASINZERICTH S (4, 2
BUA4E). 7, tHFETR UM O A ER
EFLOMMEEEEE RS 0, RHEL
(#£4, ITMATIMH) 2 EREBETRETLINI &
EHTNETHS, LaL, 2OZOOEFRT
HhTFPIIREEZNTA - —EBAHFPshTn
2, FARBRIEAFETH-TL, 0L
BRI L2 < v,

WIEC R (B4, SHMERUTH)EALE LR
EFLTRANEERBOFERELSH, 55
BEHFBICRGL ok, B2 THED
HMRBRE/ ST A — 5 —ORSEHIIMT 325k
ETIE, XIE5.94(p =0.54) AR5 h i, QW

tween sexes in these cigarette smokingeradiations . . -JBHETMRTE - & S A EREMMS B LMo E.



exposure RR functions, and thereby that there
is no apparent necessity to analyze data from the
two sexes separately. There is no significant in-
dication of departure from an additive RR model
for either males or females (Table 4, columns 6
and 8). In comparison, likelihood ratio tests in-
dicate an enormous difference in RR functions
for persons 30 years of age or less ATB as com-
pared to older subjects (p<0.0001). The pro-
duct term coefficient is negative for both age
groups and for both multiplicative and additive
models. In the case of the multiplicative model,
a test for a zero value of a common product term
coefficient for the 30 or less ATB and more than
30 ATB groups gives an approximate standard
normal statistic of value —2.13 (p=0.03). This
means that the significant departure from a mul-
tiplicative RR model noted above does not appear
to be aitributable to a dependence of the RR
function on age ATB.

The final six columns of Table 4 present cor-
responding analyses for stomach cancer, lung
cancer, and digestive cancer other than stomach.
There is borderline significant submultiplicativity
(p=0.05) and subadditivity (p=0.05) of the stom-
ach cancer RR function. The RR function for
digestive cancer mortality other than stomach
is also nearly significantly submultiplicative
(p=0.07) and subadditive (p=0.10), while the
lung cancer RR function cannot be distinguished
from either a multiplicative or additive form on
the basis of this analysis. In applying the linear
RR model the range of x b values must be
restricted so that 1 + x b > 0 for all study
subjects. In order to avoid violations of this
boundary the T65DR values were truncated at
300 rad, rather than 600 rad, for lung cancer and
for digestive cancer other than stomach in Table
4, The same truncation levels were also substi-
tuted in the corresponding multiplicative model
analyses, with virtually no effect on significance
levels for the product term coefficient.

A limitation of the analyses of Table 4 is that
only cigarette smoking habits at the time of
survey are utilized. Duration of smoking data
may well be prognostically more important than
cigarettes per day in view of the apparently long
latent periods for most solid tumors. This
Hmitation may be less severe than it might first
appear, however, since 79% of the 11,018
‘current’ cigarette smokers whosupplied duration
of smoking data reported to have smoked 20
years or longer when first surveyed. Among
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FHZENIFEENZHEME IS 3ELT, BR
DF—gEMN Y CEFTIME2SE R, Bk
vFhiise Ty, ANNERERETTLPE0
AELZERTREL VLY (4, SRRV ).
i, HIBEIZBE N T Ch-oF LT NLNERD
HETW, HAMEREMRIIKELAZ0HILERE
HREETRLTwS(p <0.0001). XEENOEY
I, HERBIEARNRCENNEFLVOEEH
MLATHE. HEMNTFLOSE, HBEE30E
RDTFosELs B LoHok@maTHEROGF
HAXETCHIAOMET, EHEBEHREIHR
—2.13(p=0.03) o i, Zhid, EdLE
HEMEMEREETFL o OHELRE A, 1
fEREMBEOMBHERKTFEICBRATILOTH
BV EEEHRLTV A,

FA4ORHEo Mz, B, MWBRUTLSIOHEIL
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persons who were more than 30 ye—amrs of age
ATB this figure is 93%, but is only 53% among
younger persons ATB.

Duration of cigarette smoking datd could be ob-
tained from each of the contributing epidemio-
logic surveys in the categories 04, 5-9, 10-14,
15-19, and 20 years or more. A total of 2,629
‘current’ smokers, including 81 cancer cases, are
excluded from subsequent analyses since their
duration of smoking data was unavailable. In
the analyses of Table 5 all ‘current’ and ex-
smokers (as of initial survey) with smoking
durations of 5 through 19 years are also excluded,
while smokers of duration less than 5 years are
pooled with the nonsmokers.  After these
exclusions there remains 35,299 study subjects,
including 1,570 ANH cancer deaths, during the
study period. Table 5 repeats analyses cor-
responding to Table 4. RR coefficients cor-
responding to cigarette smoking variables now,
however, pertain to a comparison of long-term
smokers (20+ yedrs) to nonsmokers and short
duration (less than 5 year) smokers.

The first column of Table 5 shows that a quite
significant (p=0.006) departure from a multi-
plicative RR model is evident for ANH cancer
mortality, upon excluding persons with inter-
mediate smoking durations, There is also some
evidence (p=0.05) of subadditivity. When males
and females are examined separately, only the
data for males provides a suggestion (p=0.09)
of departure from a multiplicative model. The
number of long-term (20+ years) female smokers
in this sample is, however, only 514 of whom
only 3 reported smoking 30 cigarettes or more
per day (the upper two cigarettes-per-day cate-
gories were therefore combined). As before,
there is no significant (p> 0.10) evidence for a
difference in RR functions between males and
females.

Columns 7 and 8 of Table 5 show a strong
departure from multiplicativity (p=0.01) among
petsons of age 30 years or less ATB, in spite of a
relatively small number of cancer deaths. A
corresponding departure from an additive model
was not detected (p=0.26). The RR in this
group of individuals is large indeed even for mod-
erate radiation exposures and light cigarette
smoking habits. Among older persons ATB the
product term coefficient estimates are also

UEoFETR, CORFRBYTH S, EREE
b EHFOEIELSIGIIT EF R,

BEMAEOT—-#1t, AREhASEZMAE,S,
0— 4%, 5—9E, 10—144, 15— 19FE K F204E
HUEEGEEnk. BIOBABELELEFH2,620A0
AEmREZT, TOREHBMOF— 5 HFEsh
LA o7OT, ThLROEN SR . K50
EHIZpwTE, BEMRFSEL»SI0ETH- A&
WG E R UGB EBRE L v E (W HER)
OFRCEENL, SHELTORES T
=Lk, chohEFEERIT L L, FEMMGI,
Ls70f @) »o% - MM LIS O TRTOEWIELT
EOTH2VA0HEEGEEN Bk, £5TIE
RALLRBOERERVELTIT-4. LaL, 18
RIS 3 HANERE GG, I TIREER
EE (0F L) L Fmls R MBI EE (54
Fi) Lok TH S,

HE5O® 1M, REMNS S — 19508 R &,
)2t sk MRS DF T DBREETIE, MR
R 3 FE M FE T 500 0 & Bt TATRE % (p — 0. 006)
EBAHS A IEDSRAZE ARLTOS, A
HOMRL DL (p=0.05) Ko, Faiizthit
LEBSE, BOF—y0RIHENEFLLLD
RIEATIE E N3 (p=0.09). Lal, ZWELHM
EMAcHRITE (2060 L) 2 SUADET, 20
2B IADSHF 1HIAN EoWmELNEL T3
(22T, EZ>OMEARAFT)—& 43 L 7).
A E AR, Bk R M AR A I
HRShA (p >0.10).

FHEOTHEU SR T, SECEF LMD E W
CLhhrbhod, RBREEIEL ToH CHE
MEFLASOBOER (p =0.00) XS h i
o, HMMEF L2 ORFEBE S L H -1
{p=0.26). PEFOHEHRERE VR ORES
HoOBETELL, ZOBUBTSHMBERER
EEMIIAE . HBEERFERBECHNT S,

EEMERORERZEGHNMEUCERNES VO
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models, but are not significant. This lack of
significance is not surprising in view of the rather
weak dependence of cancer mortality on radiation
exposure level among older persons ATB. In
fact, one could argue that the study of radiation
and cigarette smoking interaction among older
persons ATB is moot until clear evidence of a
radiation effect on cancer mortality emerges.

The cancer mortality analyses for stomach, lung,
and digestive other than stomach give rather
similar results to those of Table 4. Departures
from both multiplicative and additive RR models
are more highly significant for both stomach
cancer and digestive cancer other than stomach
than was the case in Table 4. As before, de-
parture from either model cannot be detected for
lung cancer mortality, though the product term
coefficient estimates are now negative for both
models.

A number of additional analyses were carried out
in which the RR were modelled as functions of
both cigarettes-per-day and duration-of-smoking
categories, rather than simply excluding persons
with intermediate (5-19 years) smoking durations.
In particular, the regression variable, x, was
defined to include linear and guadratic terms in
T65DR, as before, along with linear and quadratic
terms in duration of smoking categories for light
smokers (combined 5 cig/day and 10 cig/day
categories), and linear and quadratic terms in
duration of smoking categories for heavy smokers
(combined categories for 20 or more cig/day)
along with a product term which was formed as
the product of T65DR/100 (truncated), duration
of smoking categories, and a variable that took
values 1 or 2 for light or heavy smokers,
respectively. Significance levels for this product
term coefficient were very similar to those given
in Table 5. For example, for ANH cancer
mortality one obtains p=0.004 for the multipli-
cative model and p=0.06 for the additive model,
both having negative coefficient estimates.
Significant departure from the mulfiplicative RR
model occurred using the data on males alone
{p=0.04) while cormresponding significance levels
for persons 30 or less ATB and more than 30
ATB are .02 and .08, respectively. Significance
levels calculated for specific cancer sites also
agreed closely with those of Table 5.
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TABLE 5 COX REGRESSION ANALYSES OF CANCER MORTALITY AS A FUNCTION OF T65DR
RADIATION EXPOSURE AND CIGARETTE SMOKING CATEGORIES. CURRENT OR EX-SMOKERS

WITH SMOKING DURATIONS OF 5§ THROUGH 19 YEARS ARE EXCLUDED. WHILE PERSONS
WITH SMOKING DURATION LESS THAN 5 YEARS ARE POOLED WITH NONSMOKERS.

F#5 RETTEMRMHEEEMIC L S MHMEBE WEY 7 ) — OB EIRE L ZEIECED Cox D

Bl 5HT. SHEH» S 19FEORBHM+F T s HESRRUBZOREE IRIL,
SERPBOREBMMOEIFREEL—HBIZIS—VL
All Nonhematologic Cancer Mortality
All Subjects Male Female
Covariate (X) Ef’ Eb E E E/_\ 3
T65DR/100% 237 292 125 126 360 467
(.005) (.04) (.29 .44) (.005) (.05)
(T65DR/100)> —.009 -.001 003 008 -.029  -.018
(.59) .99 (.839) [®:9)] .27) (.76)
About 5 Cigfday 179 226 073 .090 500 802
{20+ years) (.16) (.16) (.em (.56) (.08) (.17)
About 10 Cig/day 438 562 352 429 766 1.100
(20+ years) (<0001)  (<.0001) (<.0001) .001) (.001) (.05)
About 20 Cig/day 565 114 502 652
{20+ years) (<.0001) (<.0001) (<.0001) {<.0001) 494 792
About 30+ Cig/day 785 1.213 725 1.068 (.35) (.45)
(204 years) (<.0001) (<.0001) (<.0001) (<.0001)
(T65DR) X —.067 —.094 —.056 —.068 —.004 .202
(Cig/day categories) (.006) (.05) (.09) (.20) (95) (.43)
Max. Log. Lik. —10106.008 —6914.668 —3186.218
—-10105.898 —6914.645 —3186.292
Cancer cases 1570 1037 533

The analyses are stratified on city, sex, age ATB, and survey date. Significance levels for

testing relative risk coefficients equal to zero are given in parentheses.

B, %, HAREBRUBEGMBICBL L. HAAEREFREA RIS LoSREL 2SR

FREWAICRL L,

Fad
a - B is maximum partial likelihood estimate of regression coefficient in exponential RR function, exp (x §).

ﬁ W, FHEAAERER K e (x A)OERGEHORABLESLEM.
b - b is maximum partial Fkelihood estimate of regression coefficient in linear RR function, 1+ x b.
bit, MUEHERENE 1+ nERFROBAREERER.

¢ - T65DR radiation exposure estimates were truncated at 600 rad except in the analyses for ANH cancer
among persons <30 years ATB, lung cancer, and stomach cancer in which case truncation at 3040, 200,
and 200 rad occurred, respectively.

U3V T G5B HE #1132 600 rad TIT S Yo 7=,
TARTOR, Mg MoBieik, FhFh 300, 200, 200rad T 50072,

A S
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Site-Specific Cancer Mortality

Digestive Other

Age ATB <30 Age ATB 30+ Stomach Lung Then Stomach

) 5 £ 5 2 5 3 5 g 5
1.133 2.336 .076 051 017 =070 801 1.428 660 858
(.004) .03 (44) (.70) (91) (71 (.02) .07) (.16) (25)
—.195 -.300 .009 022 047 113 T_3221 —.445  —140 150
(.07) (.43) (66) (.50} {.09) (.02) {.07) (.12) (.56) (70}
1.030 2.314 123 .146 —-.029 —.032 428 588 406 496
(.05) (.23) {.34) (.33) (.89 (.87) (.15) (.26) (.14) (.25)
9351 1.727 400 497 250 308 744 1.118 574 809
o1 (.11) {<.0001) (.0002) (.060) .07 (004) (02) (.003) (.02)
1.444 3.436 483 622 .379 454 1.206 2.459 604 811
(<.0001) (.03) (<.0001) (<.0001) (.004) (02) (<.0001) (001 (.002) (.02)
1.283 2.635 745 1.105 567 845 1526 3.784 871 1.455
(.008) (.14} {<.0001) {.0002) (.007) (02) (<.0001) (.007) (.004) (04)
--.189 -.373 —.035 —.043 ~.099 —.169 -071  -025 =200 360

.01 (.26) (20 (.36) {01) (.01) (.36) (.90) (.04) (.02)-

1352.473 —-8682.707 —3912.702 —1659.516 —-1966.390
—1352.285 —8682.531 —-3912.238 —1659.369 --1966.407
219 1351 604 262 302
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DISCUSSION

Cancer mortality for sites that were related to
radiation exposure reported by Kato and
Schull' was found to still be significantly related,
after taking account of cigarette sxﬁoking status.
An exception was multiple myeloma mortality,
which had too few cases for study. ANH cancer,
stomach cancer, lung cancer, and all diges-
tive cancer other than stomach had a sufficient'
number of mortality cases that testing of
multiplicative and additive RR models was
merited. Fairly strong evidence was obtained
(Table 5) that the RR for ANH cancer, cor-
responding to a single exposure to ionizing
radiation along with chronic cigarette smoking
exposure, is less than the product of the RR
corresponding to the individual radiation and
cigarette smoking exposures, The submultipli-
cativity is more significant among persons
who were younger (<30 years) at the time of
radiation e¢xposure than among older persons
(30+ ATB), though the results are consistent in
the two age groups. There is some evidence
(p=0.05) that the RR function for ANH cancer
mortality is not only submultiplicative but
subadditive as well. That is, that the increase in
RR corresponding to both radiation and cigarette
smoke exposuré appears to be less than the
sum of the individual increases from the two
eXposures.

This submultiplicativity and subadditivity of the
RR function is indicated both for stomach
cancer mortality and for digestive cancer mor-
tality other than stomach. As mentioned
previously, however, the stomach cancer RR
function is less regular than expected.
Specifically, cigarette smokers with intermediate
radiation- exposure levels do not exhibit an
increased stomach cancer mortality relative to
nonsmokers with little or no radiation exposure.
The implications of analyses of digestive cancer
mortality other than stomach are limited by
the range of cancer sites involved. Esophageal
cancer may make a noteworthy contribution to
the results in spite of the small number of cases.

Over the past scveral years there has been
considerable discussion in the epidemiologic
literature concerning the appropriate model for
assessment of interaction between two or more
variables in relation to a disease process.” 227
For example, Rothman et al® argue that in
public health and personal decision-making
settings, interaction or synergy, should ordinarily
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be defined relative to an additive RR model. In
such a context the present results present mild
evidence of antagonism between radiation and
cigarette smoke exposures. Such antagonism is
particularly evident with stomach cancer
mortality, for which there is little evidence of a
radiation dose-response among cigarette smokers
in spite of a substantial number of cases.

The lung cancer RR function could not be
distinguished from either a multiplicative or an
additive form, though there may be a slight
preference for the additive model (Table 5).
Studies among Colorade uranium miners®™?®
have identified a very high lung cancer mortality
RR among men with the highest exposures to
e-radiation, from inhalation of particles
containing radon and its daughter products. No
clear picture has emerged on the nature of the
joint effect of radiation exposure and cigareite
smoking exposure, though the more recent
report®® suggests that the joint effect may be less
than multiplicative on the RR. A case-control
study is being carried out on the Hiroshima and
Nagasaki data to examine lung cancer RR with a
larger number of cases than was utilized here,
An earlier review®® of approximately 200
Hiroshima and WNagasaki lung cancer cases
identified at autopsy during 1961-70 also did not
identify interaction between smoking and
radiation, but the number of cases that were
heavily exposed to radiation was small.

. Some comments on the statistical methods used
above seem appropriate, since there has been
little discussion in the literature concerning
methods for addressing this type of problem.
Most of the statistical and epidemiologic litera-
ture dealing with the estimation of RR correspon-
ding to two risk variables®' ™ has been restricted
to the study of two binary factors. Such methods
do not adequately take advantage of the range
of exposures in the present work, particularly in
regard to radiation exposure, and, at any rate,
could be criticized as providing inadequate model-
ling of the individual exposure RR functions, de-
noted above as R,(z,) and R,(z,). Unneces-
sarily coarse modelling of these functions could
reduce test statistic power and could introduce
bias, depending on the joint distribution of the
two exposure variables and the shape of the RR
function. The method used here attempts to
flexibly model these RR functions by allowing
the smoking exposure RR, R,(2,), to differ arbi-
trarily among cigarettes-per-day categories, while
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excluding cigarette smokers of relatively short
duration from the analysis (Table 5). With some-
what less flexibility R,(z,) or log R,{z ) was
modelled as a quadratic function of estimated
total radiation exposure. An important feature
of the methods used here is the detailed strati-
fication on such important risk factors as age, sex,
city, and epidemiologic survey date. All RR
estimates and tests are based entirely on within-
stratum comparisons.

Possible concems, relative to the statistical
methods used, include the introduction of para-
metric RR models for R, (z,) which involves as-
sumptions that cannot be thoroughly examined
on the basis of the available data, the fact that
different parametric models are used for R, (z 1)
in the additive and multiplicative formulations,
and the absence of a single encompassing model
(analyses of Tables 4 and 5) against which the
fit of the additive and multiplicative models can
be assessed. Arguments to support the suitability
of the present analyses include the close agree-
ment between the estimates of R, (z,) from the
exponential and linear RR analyses, in spite of
different parametrizations and near eguality of
the corresponding maximized log-likelihoods
{Table 3). Similarly, the close agreement between
estimated RR functions in the analyses that in-
clude a product term between radiation and
smoking exposures (Tables 4 and 5), and the
corresponding maximized loglikelihocd agree-
ment, support the notion that the tests are not
systematically more sensitive to departures from
one model than the other. A further methodo-
logical point is that study of the quality of the
asymptotic normal approximation to the dis-
tribution of the regression coefficient estimates
(used to calculate significance levels) would be
useful, particularly with the linear RR model.

Study of the fit of multiplicative and additive
RR models can be used in the context of tenta-
tive carcinogenesis theories to speculate on some
aspects of the carcinogenesis mechanism. The
general multistage theory of Armitage and Doll>™
and others®?® leads, under a number of as-
sumptions, o a RR function of the form
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where k is the number of stages (or hits) in the
pathway to formation of a cancer cell and
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“:‘Ei(')z’o’ i=1,....,k specifies the dependence of

the i-th transition rate on the exposure vector
2=(z,, z,). It follows immediately that if the ef-
fects of radiation exposure, z,, and cigarette
smoking exposure, z, , were entirely restricted to
separate stages in such a process, then the RR
function would be the product of separate com-
ponents in z, and z,; that is, the RR function
would be of multiplicative form. The above
analyses then indicate that if a multistage model
with its attendant assumptions applies, then cig-
arette smoking and radiation exposure must si-
multaneously exert an appreciable influence on
the transition rates in one or more stages in the
development of stomach cancer, digestive cancer
other than stomach, and ANH cancer.

One could also examine the interesting two-stage
model of Moolgavkar and Knudson® in relation
to these results. Theirapproach permits exposure
variables to affect the rates of transition from
normal to intermediate cells and from interme-
diate to malignant cells, as well as to affect the
kinetics of the intermediate cell. They suggest
that the primary effect of short-term, high inten-
sity radiation exposure is likely the formation of
intermediate cells while, at least in relation to
lung cancer, chronic cigarette smoke exposure
may have a profound effect on intermediate cell
proliferation. Suppose, for example, that the
expected number of intermediate cells induced
by a certain radiation dose is nearly constant
over a broad range of age levels (15 to 45 years).
One would then anticipate larger radiation asso-
ciated relative risks among younger persons
(<30) than among older persons (30+) on the
basis of a smaller expected number of pre-
exposure intermediate cells (see Moolgavkar and
Knudson® p. 1041). Similarly, a convenient ex-
planation for the cigarette smoking RR (Table 5,
columns 7 and 8) among younger (<30 ATB)
persons is that even light smoking (5 cigarettes
per day) may have a profound effect on interme-
diate cell kinetics at younger ages. Among older
subjects one would need to argue that chromic
cigarette smoking has a more graduated effect on
intermediate cell kinetics, as a function of daily
exposure level, Under the assumption that short-
term, high intensity radiation exposure acts by
inducing intermediate cells and that chronic
cigarette smoking acts by increasing the rate
constant® that governs intermediate cell kinetics,
it is not difficult to show that RR function cor-
responding to a specified radiation exposure fol-
lowed by continuous cigarette smoke exposure
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will be superadditive and submultiplicative, at
least for a time period following the radiation
exposure. Within the context of this two-stage
model it then seems necessary to relax these as-
sumptions, perhaps by formally acknowledging
an effect by cigarette smoking on the transfor-
mation of normal cells into intermediate cells,
in order to explain the RR subadditivity indicated
in Tables 4 and 5 for.certain cancer sites. One
could similarly consider the analyses of this paper
in relation to other carcinogenesis theories.’
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