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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 reporred.
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SUMMARY

The effects of exposure to ionizing radiation and
of smoking on the incidence of lung cancer in a
cohort of Japanese atomic bomb survivors were in-
vestigated. A total of 351 cases occurred among
29,332 exposed survivors for whom both smoking
data (from surveys conducted during 1963-71) and
radiation dose estimates were available; 219 of these
diagnoses were based on some form of histopatho-
logic examination, and 157 were confirmed by the
present investigators.  The cxcess relative risk
(ERR) of lung cancer was modeled as a sum of
two components: 1) a radiation-related ERR that in-
creased with decreasing age at the time of bombing,
and 2) a smoking-related ERR that increased with
daily cigarette consumption, as measured at the be-
ginning of follow-up, and with attained age. There
was no significant interaction between the effects of
radiation exposure and smoking (p=.72), suggest-
ing that the two factors may combine 1o increase
the relative risk (RR) of lung cancer in an addi-
tive rather than multiplicative fashion. Adjustment
for the effect of smoking by means of this additive
RR model substantially reduced apparent sex dif-
ferences in both the radiation-related RR and in the
background rates of lung cancer, since few women
and most men were smokers. Small cell carcinoma
displayed somewhat greater sensitivity to both ra-
diation and smoking than did adenocarcinoma or
epidermoid carcinoma; however, the variation be-
tween the histology-specific RR functions was not
statistically significant.
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INTRODUCTION

Lung cancer is a major public health problem in
many nations around the world. TIronically, lung
cancer may also be one of the most preventable
cancers, because of its associations with cigarette
smoking and, to a lesser extent, exposures to various
industrial substances. Exposure to ionizing radia-
tion has also been identified as a risk [actor for lung
cancer in, for example, underground miners,! =3 pa-
tients who received radiation therapy for ankylosing
spondylitis,* and A-bomb survivors of Hiroshima
and Nagasaki.>6

That exposure to A-bomb radiation might increase
the risk of developing lung cancer was first noted in
the late 1950s by Harada and Ishida.” This was sub-
sequently confirmed in several reports®~10 which
were based on increasingly longer follow-up peri-
ods, tentative 1965 (T65) radiation dose estimates, 1!
and incidence, mortality, or aulopsy data. Periodic
reviews of mortality among A-bomb survivors,
based on death certificate diagnoses, have shown
that the risk of radiogenic lung cancer persists more
than 30 years after exposure and may be greatest
among persons who were relatively young at the
time of the bomb (ATB).® An analysis of 63 lung
cancers among autopsies during 1961-64 established
an overall association with radiation dose, although
no single histological type of lung cancer showed a
significant dose-response due to the small number
of cases.!? A similar investigation based on 204
autopsies during 1961-70 indicated that the risk of
small cell anaplastic carcinoma was significantly re-
lated to T6S5 radiation dose; epidermoid carcinoma
and adenocarcinoma also showed positive, though
nonsignificant, dose-responses.t® Yamamoto et al®
examined cases diagnosed during 1950-80 and found
that the radiation dose-responses of these three ma-
jor histological types did not significantly differ, al-
though the risk coefficients were largest for small
cell carcinoma.

The question of how the effects of smoking and
exposure Lo radiation combine to influence the risk
of lung cancer has not been answered conclusively.
Cohort studies of uranium miners in the southwest-
emn United States! and of iron miners in northern
Sweden® indicated that the joint effects of radia-
tion and smoking were more nearly additive than
multiplicative, with nonsmokers at greater RR of
radiogenic lung cancer than smokers. However, a
case-control study in an iron-mining region of north-
ern Sweden!® and a cohort study of uranium min-
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ers in Colorado'® have suggested that the effects of
smoking and radiation exposure from underground
mining affect the excess risk of lung cancer by
independent multiplicative factors so that, for ex-
ample, the absolute excess risk of radiogenic lung
cancer was greater among smokers than nonsmok-
ers. Studies based on A-bemb survivors have gen-
crally supported the hypothesis of additivity.1%:17
However, Prentice et al'® found that additive and
multiplicative models for RR fit almost equally well
to data from a prospective study of lung cancer mor-
tality (1950-78) among A-bomb survivors and non-
exposed controls.

The present study was undertaken to clarify the re-
lationship between exposure to radiation, smoking,
and lung cancer among A-bomb survivors. An at-
tempt was made to identify and validate as many
cases as possible, in order not to rely exclusively
on mortality data derived from death certificates, or
on autopsy diagnoses as was done in earlier stud-
ies. Thus, the current report is an extension of pre-
vious reports!®~18 in that it concerns an enlarged
case set, a longer follow-up period (1950-80), and a
more detailed investigation of the interrelationships
between smoking, radiation exposure, and the risk
of lung cancer, and other factors such as sex, age
at exposure, and attained age which may modify
the smoking and/or radiation dose-responses. An
attemnpt was also made to examine the effects of ra-
diation and smoking on specific histological types
of lung cancer.

MATERIALS AND METHODS

Study Cohort

The subjects of this study are drawn from the Life
Span Study (LSS) extended cohort, which includes
about 82,000 persons exposed to the A-bombings
of Hiroshima and Nagasaki and 27,000 nonexposed
controls who were in neither city (NIC) ATB. The
selection of this cohort is described in detail
elsewhere.>'® This report focuses on a subcohort
of 29,332 exposed survivors (designated Group I)
for whom both estimates of radiation dose and smok-
ing data are available. Group I is similar to the sub-
cohort described by Prentice ct al,*® except that they
included the NIC group in their analyses. For pur-
poses of comparison, selected results of Yamamoto
et al® are reproduced here; these are based on a
subcohort of 79,940 exposed survivors (here desig-
nated Group II) for whom radiation dose estimates
are available. Every survivor in Group [ is also in
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Group IT; the remaining members of Group II are
persons for whom smoking data were not available.
Group I is essentially the same as that used in anal-
yses of cancer mortality by Kato and Schull.2?

Demographic data, Radiation Dose, and
Smoking

The survivors were divided into categories by city
(Hiroshima, Nagasaki), sex (male, female), and age
ATB (0-9, 10-19, 20-29, 30-39, 40-49, 50+), data
which are known for all members of the LSS-
extended cohort.

As in most analyses of A-bomb survivor data in the
last two decades, radiation dose is here synonymous
with tissue kerma in air (sum of neutron and gamma
ray) adjusted for shielding by man-made structures
or natural objects, calculated according to the re-
vised T65 dosimetry (T65DR) system.'*2®  Sur-
vivors for whom T65DR dose estimates cannot be
calculated due to complicated shielding situations or
missing information are excluded [rom the analysis
of this report, as is the NIC group. The remaining
survivors were divided into eight dose categories:
Orad (meaning <0.5rad), 1-9, 10-49, 50-99, 100-
199, 200-299, 300-399, and 400+. For certain de-
scriptive purposes, which are identified in the text,
combined dose categories 10-99 and 100+ rad were
used.

It has become clear that T65DR dose estimates may
be seriously in error for many subjects,?! although
at the time of this writing (1986) an accepled alter-
native dosimetry system is not available. Revision
of the dose estimates is likely to result in modifi-
cation of estimates of risk of radiogenic cancer. In
particular the relationship between dose-responses
of the two cities is expected to change. Therefore,
comparisons between the cities are not emphasized
in this report, and some analyses are restricted to
Hiroshima survivors. Moreover, recent analyses of
cancer mortality among A-bomb survivors?? have
indicated that, while estimates of radiogenic risk and
intercity comparisons will be sensitive to the antic-
ipated modification of dose estimates, other impor-
tant features of the radiogenic risk such as sex dif-
ferences and dependencies on age ATB or time will
probably change very little.

Data about smoking for this study are derived from
five surveys of large subsets of the LSS-extended
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cohort, which were conducted between 1963 and
1971 (Table 1). A total of 45,084 persons re-
sponded Lo at least one of the surveys. However,
the following were excluded: a) persens who did
not respond to survey items regarding smoking; b)
persons with lung cancer diagnosed on or before
the date of record for their carliest survey response;
¢) persons who died on or before the date of their
carliest survey response; and d) persons identified
as nonsmokers al the time of their earliest survey
response and for whom previous history of smok-
ing could not be imputed. Exclusion of group b)
is necessary to eliminate a possible bias in esti-
mation of the effect of the smoking. Group c)
consists of persons who contribute no person-years
(PY) at risk, primarily men who responded to the
cardiovascular disease survey, for which the date
of record was arbitrarily defined as February 1965.
Elimination of group d) resulted from the inten-
tion Lo distinguish between exsmokers and persons
who had never smoked as described in the follow-
ing paragraph. After these exclusions, data from
29,332 persons (Group I) were available for analy-
S18.
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Respondents for this study

Tith T Sl Total No. of
itle ype ubjects .
l g REspondants Dates of Record Male Female
1. Epidemiologic Survey of Self-administered
ME-200 Sample questionnaire AHS* 9315 3/623t010/64 2,448 3,954

2. Epidemiologic Survey of Nurse
ME-200 Sample, General interview

Information Supplement AHS 12,776 8/64to 3/68 1,168 1,943
3. Study of Cardiovascular Mail LSS males,

Disease, Hiroshima and  questionnaire aged 40-69 on b

Nagasaki I Jan 1965 13,065 2/65 6,272 0
4. Epidemiologic Survey for Nurse

General Information (II)  interview AHS 11,203 1/68 to 6/70 39 21
5. Epidemiologic Survey of Mail LSS females,

ME-Y Females questionnaire excluding AHS 20,833 1/69 10 6/71 1 13,486

TOTAL 9,928 19,404
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Persons identified as current smokers at the time of
their earliest survey response were categorized ac-
cording to daily cigarelte consumption as "about 5",
"about 10", "about 20", or "30 or more" cigarettes
per day. In order to idenlify exsmokers, all of the
available survey responses for each nonsmoker were
examined [or evidence of previous smoking. If any
such evidence was found, the person was catego-
rized as an exsmoker; if there was no indication of
past smoking and any additional evidence that the
person had never smoked, then he/she was assigned
to the "never smoked" category; otherwise, as men-
tioned above, the person was excluded. A more
detailed description of these smoking categories, in
terms of the original survey data, is given in Ap-
pendix 1. The four categories of smokers were
defined in the same way as those in the analysis of
Prentice et al.'® In particular the quantification of
cigaretle consumplion among smokers is based on
the earliest available survey response. However,
Prentice et al'® either combined exsmokers with
persons who never smoked in a single category of
nonsmokers, or excluded most exsmokers, rather
than treating exsmokers as a separale category.

Identification of Cases

An attempt was made to identify as many cases
of lung cancer as possible using various sources
available to RERF, including tumor and tissue reg-
istries in each city; records of autopsies performed
at ABCC-RERF, at the Schools of Medicine of
Hiroshima and Nagasaki Universilies, and other
medical facilities in the cities; and records of cer-
tified causes of death routinely obtained by ABCC-
RERF as part of its program of active follow-up
of the LSS-extended cohort. Tissue specimens or
slides from autopsies, biopsies, and/or surgical pro-
cedures were obtained when possible for micro-
scopic examination by a single pathologist (T.Y.).
Histological classification was based on the Japan
Lung Cancer Society’s criteria,2® which are similar
and comparable to the World Health Organization’s
classification system.?? In the event of even minor
uncertainty, the diagnosis was established in con-
ference with coinvestigators.

Organization of Data for Statistical Analysis

For analyses based on Group I, follow-up of each
individual began on the date of his/her earliest sur-
vey response, i.c., between about 18 and 26 years
after exposure to A-bomb radiation (Table 1).
Accumulation of PY at risk commenced with the
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beginning of cach person’s follow-up, or on his/her
20th birthday, whichever was later, and ceased upon
onsel of lung cancer, death from any cause, or 31
December 1980, whichever is earlicst, Because of
the variety of sources [rom which cases were iden-
tified, no single event could be defined as a date of
onset which was known for all cases. Thereflore,
the recorded dates of onsel for this study range be-
tween the date of [irst diagnosis and the date of
death.

Age attained throughout the period of follow-up,
1950-80, was divided into six categories (<29, 30-
39, ..., and 70+) and PY and cases were aggregated
and crossclassified according to cily, sex, age ATB,
allained age, radiation dose, and smoking, using the
categories defined above. Values of these catego-
rized variables were assigned to each cell of the
crosstabulation. City and sex were represented by
indicator variables: CITY=0 for Hiroshima, 1 for
Nagasaki, and SEX=0 [or males and 1 for females.
Age ATB (designated ATB), attained age (ATT),
and radiation dose (DOSE) took the classmark val-
ues indicated in Table 2. The classmarks for ra-
diation dose are approximale average doses within
each category. The amount smoked was gencrally
treated as a qualitative variable, due to uncerlainty
about the accuracy and appropriateness with which
that amount was quantified. However, for exami-
nation of radiation-by-smeking interactions, a quan-
titative variable (SMOK) was used; the classmark
values of SMOK are shown in Table 2. Appendix
Table 1 gives the distributions of persons at risk and
cases for Group I by sex, T65DR radiation dose, and
smoking category.
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TABLE 2 CODING OF QUANTITATIVE VARIABLES

#2 HHEHOD- M
Variable Categories und Classmarks Classmark Unit
Age ATB 0-9 10-19 20-29 30-39 40-49 50+ Years of age
5] 15 25 35 45 55
Attained age 20-29  30-39 40-49 50-59 60-69 70+ Years of age
25 35 45 55 65 80
Radiation dose 1] -9 10-49 5099 100-199  200-299  300-399 400+ Rad
0 3 22 71 142 244 345 526
Smoking® Never Exsmoker About 5 About 10 About 200 30 or more Cigarettes
] 7 5 1n 20 30 per day

2Cigarette consumption is treated asa quantitative variable only in interaction terms

MR A E RN T OARMERE L TR

=1
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This organization of the data is consistent with that
used by Yamamoto et al® for Group II, although
their data included PY and cases accumulated prior
to 1963 and of course omitted smoking. For com-
parison, Appendix Table 1 gives the distributions
of persons at risk and cases in Group II by sex and
radiation dose.

Statistical Models and Methods of Analysis
Most analyses of the effects of radiation and/or
smoking in this report are based on RR models.
General descriptions of this approach have been
given elsewhere.®?5 Let i be an index for strata
defined by the combinations of city, sex, age ATB,
and attained age. There are 80 strata for the Group
I since not every combination of age ATB and at-
tained age is possible. Lei the classmark values
of dose, d, index the radiation dose calegories, and
let s index the categories of smoking, with s=0 for
subjects who never smoked.

The numbers of lung cancer cases in the various
combinations of strata, dose groups and smoking
categories are assumed to be realizations of indepen-
dent Poisson random variables with expected val-
ues PY(d,s;i) x A(d,s;i), where PY(.) denoles PY
at risk and A(-) denotes the specific incidence rate.
Then RR(d,s;i) = A(d,s;i)/A(0,0;1) is the RR asso-
ciated with dose d and smoking category s in stra-
tum i, and RR(-) — 1 is denoted excess relative risk
(ERR). Prentice et al*® gave a detailed explanation
of the use of RR models for studying multiple risk
factors, which will be briefly recapitulated here.

Most analyses of the radiation dose-response in his
report are based on linear RR functions in which
the radiogenic ERR, ERR,,4(-), is proportional to
dose:

ERR, ,4(d;7)

The coefficient f; represents ERR per unit of ra-
diation dose (taken to be 100rad for convenience).
Notice that the ERR in [1] may depend on i, which
allows modification of the dose-response by fac-
tors such as sex, age ATB, etc. Because RR can-
not be less than zero, the ERR per 100rad must be
greater than —100/d,,, o, Where d,, 4 is the largest
dose classmark, 526rad. Thus, a minimum feasible

ZOF—HREINESS FI#CO2uTHLUALD
ERILTHAY, HADF—#I121E19634E £ T 12 BR
SNEAFEEMIEGEEATCEY, S5+ T8 8¢
RERTEA TR, KBOADI, LRCETS
PE R OF B AR R R BLER A B R UF 5 450 # ) r A &
frgke 1 12m L 7.

BEEFILRUBRE A

FWTIE, BSOS MY AR
FLEAENRR E=FMIHTL, cOHBIZ20TIE
BIERS 2 itk h Tw 3, i, %, BRI EM
ROFEEROHE GO Lo TERSh 2R R
B A 0 2 5. BIHRIEER - BIEEMOMA S b
LT sladhtbbaor, | Mo
BOM o0 B i A 2. R NE D RS o ATH S X 4r,
s WBMEX S ATRT LD E L, ML AT AR
MBEHEEs =0L4 5,

BiRG, SRERY R OMRBIE ot hlH G b o 12
0T AN 2L, IR PY (A, s:0) XA (d,s:i)
ELOMVERTY MR ERO LR L 505,
FRL, PY()IEMIEALE, () dmmntdis
£, ZOMA, RR{(d s:i)=2A(d,s:i)/A(0,0:7)
(LFERG T 2B A ERNLd S MBS 6 12 2 RR
THY, RR(«)—1 (i@ @AY 2 7 (ERR) &
Prentice 5™ O R 7K -2 KT T 3400
RREFNOMEMIZOVTIHLCHIA L 058,
ZZTIREDERHILED 5,

DS TUE, BB B TS O BFOIE - A & 2
Mgt s M ERR, Ta b b ERR,, (-) % Wt (2 Hoti
T A8 RR M3k~ ¢,

=pid . [1]

(R AE, BRI ([ F 100 rad &+ 3)
HEDDERR &%+, (1) ®ERRIZi 7L, {4,
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value of —.19 is set for the ERR per 100rad in [1]
for analyses based on all dose categories. Other
dosc-response functions, such as linear-quadralic,
can be substituted on the right-side of [1]; in partic-
ular, separate values of ERR can be estimated for
each dose category, imposing no constraints on the
form of the radiation dose-response.

Investigation of the joint effects of smoking and
radiation exposure was based primarily on general
RR models in which the ERR was expressed as a
sum of radiation-related and smoking-related terms:

RERF TR 13-86

T TIE, (1) @100 rad 40 ERR f ol fig
Tl bhA—.19& Lz, 8- kA EF ot
RIGHMEAE (I oED MMz Cr 5.
R, BBt G o BRI A 4w, SR
X% ERR Ofi e+ 2 2 5T 5 3.

B L B st R o SlRkh g, EL LT, ERR &
BT M e R DSt LT RER S
—f% RR EF WA 3E-T T Mt L 2.

ERR(d,s;i) = ERR,4a(d;i) + ERRymor (s;2) + INT(d, s;5) . [2]

In this expression, RR(d,s;i) is RR compared lo
the baseline group of survivors in the Orad cate-
gory (d=0) who never smoked (s=0); ERR, .4 (d;i)
is the ERR associated with dose d; ERR, 0k (s:1)
is the ERR associated with smoking category s; and
INT (d,s;i) is an interaction term. As mentioned
above, smoking was usually treated as a qualitative
variable:

ERRamok [5; ?']

with g ; = 0 for persons who never smoked. Model
[2] encompasses the purely additive model (obtained
when INT (d,s;1)=0 for all d, s, and i) and the mul-
tiplicative model, which arises if

ZoATiE, RR{d,s:i}l i, Orad E% (d=0) (2
LB L =2 b A w (s =0) R EThH 5 MM
BEIZXT 2 RR THA. ERR,, (d;i) 240t d 1ol
T B5ERR T& 5. ERR_, (sii) lZM2HEX 5 s (2
M43 ERR TH 5. INT(d,s:i) GHEEHET
ha, Lidobsh, WEEERHEAMEKRELT
ot

= Yasi 3 (31

EEL, MELEZEFENAIOVTIE Yy =0
THa, EFL(2] 1k, £CRNBEETL(FRTO
d, s, i IZ2WTINT(,s;i)=0D L x12B56h3)
&y TERTOH A, 20T

INT(d, 5;5) = ERRyaa (d;1) X ERRumon (s;1)

for all d, s, and i.

Parameter estimation and significance testing were
based on maximum likelihood analysis of the gener-
alized Poisson regression models described above,
which required that the background incidence rates,
A(0,0;1), be estimated simultaneously with the pa-
rameters of excess risk.*2°:2% For most analyses the
following parametric background model was used:

ThHhoHELEIIRIAHBHNEFLEAET 3.
RgA—sHE L T EMEORER, Sy 27300 F
FEERE A0, 031) A AT DT 2 — & L[E1EIC
g+ 5 Lo - HE7 Yy g eETrLah KL
BRric T nwTiTol. S8 T LA YO T,
HOINT APy W5y s EF LY
Mo,

Iog[/\ (0,0; '.i.)] =ag+ ayCITY + as SEX + EI;-;(ATB = 30)
+ ayfn (ATT/50) + as|tn (ATT/50)]* . [4]
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(Yamamoto et al® used a background model for
Group I which differed from [4] only in the use
of four separate constant terms, ‘7‘0 , k=1, .., 4,
agsociated with follow-up intervals 1950 54, 1)55—
58, 1959-62, and 1963-80. This was necessary to
accormnodate low total incidence rates during the in-
tervals of follow-up prior 1o 1963.) For simplicity,
estimates of the paramelers in the background model
(4] are not presented in the text of this report, but
arc summarized for selected models in Appendix 2.
For certain analyses, which are explicitly identified
below, [4] was not used; rather, background rates
were permitted lo vary without restriction among
the BO strata.

Results concerning radiation and smoking elfects
based on the Poisson models described above can
be viewed as approximations of results based on
nonparametric analyses using Cox’s regression
method?? as it was applied by Prentice et al.l®
However, the present approach provides estimates
of background rates and the means to examine how
factors such as sex or age alfect those rates. Such
information is useful for understanding the com-
bined effects of multiple risk factors.

RESULTS

Exposures to A-bomb Radiation and Smoking
As seen in Appendix Table 1, the distribution of
radiation dose is very skewed: 12,216 (42%) of
the survivors in Group I are in the Orad category,
while 3,083 (11%) were exposed to 100+rad. This
is characteristic of the entire LSS-extended cohort.®
The distribution among smoking categories differs
profoundly between the sexes: 14% of men and
85% of women were classified as never having
smoked; 11% of men and 2% of women were
exsmokers; and 38% of men and 2% of women
were in the "about 20" or "30 or more" categories
(Table 2). Since only 14 women were in the heavi-
est smoking category, the two heaviest smoking cat-
egories were combined into a single category des-
ignated "20 or more" for the use of smoking as a
qualitative variable.

Description of Cases

Yamamoto et al® identified 792 cases of lung cancer
during 1950-80 among exposed survivors in the L.SS-
extended cohort with T65SDR dose estimates; 351
of these were diagnosed among members of Group
I during 1963-80. Table 3 summarizes these di-
agnoses. Of the Group 1 cases, 219 were based
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on some form of histopathologic diagnosis (Table
3). Of these, 157 (Table 3A) were confirmed by
histopathologic examination of tissue specimens
by Yamamoto ct al.® Most of these specimens
were obtained through the ABCC-RERF Autopsy
Program?®: of the 300 Group II cases confirmed by
Yamamoto et al from autopsy specimens® (which
include the 126 such cases in Group I), 288 had
records of autopsy material at RERF. This heavy
reliance on RERF autopsies as a source of sam-
ples suggests that estimation of the radiation dose-
response based only on confirmed cases will be bi-
ased, because consent for postmortem examination
was granted more frequently for heavily exposed
survivors, compared to those with low exposures.?8
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3, 2191k & 3RO HLEE TR 23k ¢
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TABLE 3 SUMMARY OF DIAGNOSTIC DATA
#3 BW7T—-s08H

A, Cases confirmed by microscopic examination®

AT SEERIE SEAR S Y

Type of Specimen

Number of Cases

Autopsy only

Autopsy, plus surgical or biopsy
Surgical

Biopsy

TOTAL

122
4
20
11
157

B. Cases not confirmed by microscopic examination

JEFR L R DR 5 R L o iR

Most Definitive Diggnosis of Lung Cancer

Number of Cases

Histopathologic Diagnoses

RERF Autopsy Program, but specimen not available 2
Tumor Registry Record

— Autopsy 4

— Microscopic or cytological 56
TOTAL 62

Other Diagnoses

Tumor Registry Record

— Surgical, endoscopie, or radiological 71
Death Certificate 52
No Autopsy Program, Tumor Registry, or Death Certificate Diagnosis 9
TOTAL 132

4Refer ta Yamamoto et al® (4 50 4 %8
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For 194 cases in Group I, no histopathologic review
was possible for this study. The majority of these
diagnoses were based on death certificates and/or tu-
mor registry records (Table 3B). The heavy reliance
on death certificate diagnoses (52 cases) is a cause

for concern, since the Autopsy Program recorded

confirmation and detection rates of only 61% and
55%, respectively, for each certificate diagnoses of
lung cancer.?® For 127 cases the Tumor Registries
contained records of premortem diagnoses of lung
cancer. None of these diagnoses were based solely
on ultrasonographic, radiographic, or clinical exam-
inations, and 44% (56) were based on cytological or
microscopic examination of tumor cells. The false
positive rates for those various kinds of premortem
diagnoses are unknown.

Analysis of Lung Cancer Risk

Figure 1 displays RRs of lung cancer incidence
as a function of radiation dose and smoking, ad-
justed for city, sex, age ATB, and attained age by
the use of the parametric background model [4].
For clarity and because of the small numbers of
cases in the higher-dose radiation categorics, the
10-49rad and 50-99 rad categories are combined in
Figure 1, as are all dose categories above 100rad.
Survivors in the Orad category who never smoked
serve as the baseline group for the RRs in the figure.,
The radiation dose-response curves for persons who
never smoked, exsmokers, and smokers of about
five cigarettes per day appear to be roughly paral-
lel, as would be expected if radiation and smoking
have additive effects on the RR. The radiation dose-
response is somewhal sleeper among survivors who
smoke 10 cigarettes per day, which might suggest
that the effects of smoking and radiation are super-
additive, perhaps multiplicative. However, the ra-
diation dose-response among smokers of 20 or more
cigarettes per day is slightly negative in Figure 1,
with survivors exposed to 100+ rad having an RR of
only 3.07 & 1.21. Figure 1 suggests that the effects
of radiation and smoking are submultiplicative.

The RRs displayed in Figure 1 are averages over
both cities, both sexes, and all age ATB and at-
tained age-groups. Yamamoto et al® showed for
Group II that, ignoring smoking, the radiation dose-
response (in relation to T65DR dose estimales) is
greater for Hiroshima than Nagasaki; is greater,
among Hiroshima survivors, for females than males:
and decreases approximately loglinearly as a func-
tion of increasing age ATB. In fitting models of the
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form [2] to the data for Group I, such radiation dose-
effect modification was allowed; similarly factors
that might modify the carcinogenic effects of smok-
ing were investigated. Analyses based on the gen-
cral model [2] proceeded as follows. Initially only
purcly additive models, obtained by omitting the
interaction terms INT(:) from [2], were considered.
The available covariables (city, sex, age ATB, and
attained age) were systematically examined to iden-
tify those which modify the effects of exposure to
radiation and/or smoking. After the significant ef-
[ect modifiers were identified in the additive model,
interaction terms were added to the model in order
lo assess the magnitude of the departure, if any,
from additivity.

FIGURE 1
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RELATIVE RISK OF LUNG CANCER INCIDENCE BY RADIATION DOSE

AND SMOKING CATEGORIES; BOTH CITIES, BOTH SEXES, ALL AGES ATB, ATTAINED
AGE 20+, 196380

41
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RELATIVE RISK OF LUNG CANCER INCIDENCE
5]

MEVER SMOKED

v 0149 100+

TE5DR RADIATION DOSE IN RAD

10-99

Persans in the 0 rad group who never smoked are taken
as the baseline category. Adjusted for city, sex, age
ATB, and uttained age by use of parametric background
model [4]. Points are plotted approximately at average
doses for dose categories as follows: 0 rad (0), 3 rad
(1-9), 33 rad (10-99), 243 rad (100+). Bars indicate
% onc approximate standard error.
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The following parametrizations of the radiation and 4 CHHANEY 4 T 700 O fi B0 O FRIT A 6 B 5 & g
smoking effects were obtained from the initial anal- ARE2TROL I AT A— s OHRLE (HEE2 3
ysis of the purely additive model (see also Appendix 1 N ) _ S :
2); (1) age-ATB-depandent, city-specific radiation- 2R RREE R Bl A

related ERR: Bl ERR:
ERRyqq (d; i) = {# exp[—.0983(ATB —30)]} x d [5]
where L,

= 1.24+0.53 for Hiroshima (ILETU)
T | -382+.280 for Nagasaki (£ T1%)

is the ERR per 100rad for persons aged 30 years BRI FEREB0O MDA D 100rad % 42 9 &) ERR T,
ATB, and the coefTicient of ATB, —.0983 4 .03 17, B AR D (F M —. 0983+ . 0317 1%, FIMMIBIEMG AT 1 o6
corresponds to an average 10% increase in ERR

R O P - -~ T o TIE . T - gt
for each one-year decrease in age ATB; and (2) 7 ¢ A& 1% ERR ARREIIO% AT 5 2 & 121G

attained-age-dependent smoking-related ERR: T 3. (2) BIEFEMKF, BERNE ERR:
ERRymok (s; 1) = 7, (ATT/50)55 | (6]
where 1AE Ly
( 0 for persons who never smoked (s=0)

LA ELA
.1504.136 for exsmokers (s=1)
JC IR I £
Vs = 4§ -162-.144 for persons who smoke about 5 cigarettes per day (s=2)
LEHSAED Z2A0H5F M3 A
287239  for persons who smoke about 10 cigarttes per day (s=3)
1LHYZN 2 A 2M10F &0 3 A
\ -363.301 for persons who smoke 20 or more cigareties per day (s=4)
1EHYAD 2290200 EAB S A

gives the ERR for persons aged 50 years and the 50 D A@ ERR #/5 L, ERR 2§52 E RO
ERR inm:ease‘s in proportion to the (5.80 4 1.85)-th (5.80%1.85) 5 (=S M L € M40 + 5.

power of attained age.
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Figure 2 illustrates the adequacy of the parametriza-
tion [5] for the effect of A-bomb radiation on lung
cancer risk in Group 1. For comparison, the analo-

gous figure for Group II (ignoring smoking) is re- (B &FEEL L) 2B+ 3. 1H (¥4b5,
produced from Yamamoto et al.% For Group I (i.c., MMM EEFLTI6] 12 Lo THEE IzowTHIE
adjusting for smoking by means of [6] in the purely $3) 1200 TIE, BMEEE ERR 0 5 4005 5

additive mn(.icl) the radin.genic ERR is evidenly PR E T S <, GUBISER A108 L - o R &
larger for Hiroshima survivors and decreases as a e S T
roughly loglinear function of increasing age ATB C LA AF o ) R0 0 2 0E 4 SS9 7% [l & L T
among survivors aged 10+ years ATB (no cases oc- W+ B (FRREEEM 0 — 9 i 8 P 5 2 REM 13
curred among survivors aged 0-9 ATB), * dp ).
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FIGURE 2 RADIATION DOSE-RESPONSE BY CITY, AGE ATB, AND, FOR HIROSHIMA,
SEX; ATTAINED AGE 20+, 196380 (Group I), 1950-80 (Group 1I)

Bz i, BOREEERS, ORI TR 0 A R I
B EM20+, 1963—R0FE (L BE), 1950—804F ([ B%)
3 r 8 r
GROUP | GROUP 11
1014951 With adjustment for additive No adjustment for smoking

7 I effect of smoking 7 [
I 6 T 6
o —-F Hiroshima, Male
§ — Hiroshima, Femala
o« o 5 r --=% Nagasaki, Both saxes
&
% a4 | & il
o«
(31}
s
o= < M ir
-4
-
&
wn 2 T 2 [
wl
w
2
w T e Hr I & I

] 1
0 1 | .
-19 [ n3 -.19 e
1 L 1 L 1 i 1 L . 1 L 1 1 1 I 1
= 09 10-19 20-29 30-39 40-49 50+  All ages = 0-9 10-19 20-28 30-39 40-49 50+ Al ages
AGE ATB

*MINIMUM FEASIBLE VALUE

Plotted points show ERR per 100 rad % one approximate standard error, adjusted for attained
age and (Group II) interval of follow-up by the parametric background model [4]. Asterisks
indicate that ERR or lower end of standard error bar is set at the minimum feasible value.
Estimates for Group I are adjusted for smoking by a term of the form [6] in the additive RR
model. Figure for Group I1 is reproduced from Yamamoto et al.®
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Yamamoto et al® reported that among Hiroshima
survivors in Group II and ignoring smoking, women
experienced radiogenic ERR nearly twice as great
as men (p=.06). However, in their analysis the ef-
fect of the strong association between gender and
smoking is expressed in the background model [4].
The sex difference among Hiroshima survivors on
the Group II data is almost completely eliminated
in Group I by the incorporation of the smoking
term [6]. Since smoking is much more frequent
among men than women, the background rate of
lung cancer incidence of women in Group II was

15

IT#oMEML, HNMGRR =FLOX (Blogiiz EnmiElon THIE.

A5 6 1, IMIIBTAEBORERE T, BE
EEE T, o #MEERR 3B E0IZIE
2ETHo (p=.06) LEELA. LAHL, k6O
AT T L, MR & B L ORISR RS,
SRy g TIyrF-EFNL[4) THEHEshATWAS, [1#
DF—ZIMTAERBORMRBEOEZEL, 1HTH
B (6] MV bt ENIBEREILAL{EST
WA, B LR TR THETHLOT,
THCET LMol EERED

g TS5y s P



RERF TR 13-86

64% less than that of the men.® With the effect
of smoking expressed by [6] in the purely additive
model, the sex difference is much smaller in both
the radiogenic ERR for Hiroshima survivors and in
the background model. As shown in Figure 2, the
Hiroshima females experienced slightly lower ra-
diogenic ERR than the Hiroshima males, although
the difference is not statistically significant (p=.22).
Moreover, based on the estimate of a5 in the back-
ground model [4], the background rate for women is
only aboutl [1 —exp(—0.211)] x 100% = 19% less
than the men's rate; see Appendix 2.

Table 4 gives the radiation-related ERR per 100 rad,
for both cities and both sexes combined, by both age
ATB and attained age, based on Group I with ad-
justment for smoking by means of [6] in the purely
additive model. The radiation dose-response was
not estimated for categories with age ATB less than
10 years or attained age less than 40 years, since
these categories included only one lung cancer case.
The ERR shows a significant loglinear decrease as
a function of either increasing age ATB (one-sided
p=-001) or incresing attained age (p=.02). However,
after allowing for the loglinear variation with age
ATB, the ERR does not vary significantly with at-
tained age, whether the two age effects are allowed
to interact (p=.67) or not (p=.56).

R L6 % Er8 BB AR T
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BB ORGME ERR T8, Sy 27590 F -
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ERE. FL, B srasay R eE2FA) 0
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BUEBMEIT RS [l —exp(—0.211)] X 100% =
19% & WIZBE L ol (T8 2 4 BH7.
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TABLE 4 RADIATION DOSE RESPONSE? BY AGE ATB AND ATTAINED AGE; BOTH CITIES, BOTH
SEXES, AGE ATB 10+, ATTAINED AGE 40+; 1963-80
4 [GUPRIEERG B OVF R G MO RS s AR, WA, ETRREFEME L0+,
FIEEMA04 1 1963 — 80 IF

Attained Age

Ape

AR 40-49 5059 60-69 70+ 40+
1019 3.03£2098)°  4.20%317(3) 328 +1.87(11)
2029 274%2.17(4)  1.39%051(16)  2.99+2.62(6) 1.93%0.92(26)
30-39 NE(0)© 271+.519(14)  .308+.411(55)  2.87+2.23(17) 545 +.376(86)
40-49 NE(0)° 139+.321(45)  —.190(128)d 051 £.174(173)
50+ NE(0)° 267 +.452(54) 259 +.422(54)
10+ 283+17512)  1.02%057(33)  262£.273(106) 238%.284(199)  .606-+.229(350)

4 Based on T6SDR doses, and adjusted for smoking by means of a term of the form [6] in the purely additive

model
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b ERR per 100 rad +one a pproximate standard error; number of cases shown in parentheses.

100 rad %574 0 ERR & 1 VT {BTHSE 20 1580 P 149 ) 2%
€ Not estimable since no cases occurred
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d Minimum feasible value of TRR per 100 rad
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Figure 3 illustrates the sharp increases of the
smoking-related ERRs with attained age. Separate
estimate for the categories of age less than S50 years
are not shown in the figure, since only 13 cases oc-
curred among members of Group I prior 1o the age
of 50; eight of the 13 cases were survivors who
reported never having smoked. With the smoking-
related ERR allowed Lo vary in proporlion to a power
of attained age, as in [6], there is no significant
variation of the smoking effect by sex (two-sided
p=.83), city (p=.22) or age ATB (p=.34). The rapid
increase with attained age of the smoking-related
ERR very likely reflects a cumulative effect of
smoking. However, the rate of increase, i.e., the
power of ATT in [6], does mot vary significantly
among the four categories of exsmokers or smok-
ers (p=.54). In particular the rate of increase is not
significantly lower for exsmokers, when compared
with all categories of smokers (one-sided p=.40).
This may be due to a combination of misclassifi-
cation of smokers into the exsmoker calegory, re-
cidivism, and inadequate statistical power to detect
variations in the rate at which the excess risk in-
crcases with age.
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FIGURE 3 SMOKING-RELATED EXCESS RELATIVE RISK BY ATTAINED AGE BASED
ON GROUP I; BOTH CITIES, BOTH SEXES, ALL AGES ATB, ATTAINED
AGE 50+, 1963-80
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A positive interaction between the effects of ra-
diation and smoking might suggest that their ef-
fects combine in a multiplicative rather than additive
fashion. This was examined by adding crossprod-
uct terms to the purely additive model based on [5]
and [6]. The crossproduct terms were obtained by
multiplying the radiation dose classmarks times the
smoking classmarks (Table 2). For this analysis
exsmokers were also assigned the value 5 in the in-
teraction term; this was done for simplicity and due
to the similarity of their ERR to that of the "about
5/day" category in [6]. Due to the strong age ATB
and attained age effects described above, separate
crossproduct lerms were estimated for each of the
four groups oblained by dichotomizing age ATB at
30 years and attained age at 60 years. The addi-
tion of these age-dependent interaction terms did not
significantly improve the fit of the model (p=.72).
Moreover, two of the four interaction terms had neg-
ative sign, indicating slight, though nonsignificant,
subadditivity (Appendix 2).

It is apparent from Figure 1 that persons in the heav-
iest smoking categories exposed to 100+rad of A-
bomb radiation have experienced a rather low RR,
when compared to the lighter smokers or exsmok-
ers. Since it was considered that this may have a
large impact on the apparent additivity of the effects
of smoking and radiation, the interaction was also
examined with the 533 survivors and 9 cases in both
the 100+ rad and the 20+ cigarette per day categories
excluded. Again the interaction was not statistically
significant (p=.77), although the crossproduct terms
for age ATB over 30 or attained age over 60 were
all positive and of somewhat greater magnitude than
those based on all of Group I. Thus, the evidence
for additivity does not depend strongly on the low
RR among heavy smokers exposed to 100+ rad.

Comparisons of Specific Histological Types

The distributions of histological types among the
157 confirmed cases are shown by sex and exposure
status in Table 5. Adenocarcinoma is the most com-
mon diagnosis among Group 1 cases, accounting
for 66 (43%) of the 154 cases for which histolog-
ical type could be determined, followed by epider-
moid carcinoma (52; 34%) and small cell carcinoma
(19; 12%). Adenocarcinoma is relatively more fre-
quent among women (55%) than among men (39%),
while the opposite is true for epidermoid carcinoma
(males 36%, females 28%) and small cell carcinoma
(13% and 10%). The distributions of histological
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lypes do not dilfer significantly between the sexes
(p=.36, based on Pearson’s x? test, with large cell
and mixed epidermoid-adenocarcinoma pooled and
unclassified cases omitted). However, Yamamolo
et al® reported that the sex-specific distributions are
significantly different among the confirmed cases
in Group II; their analysis had greater statistical
power lo detect such a difference because of the
large number of cases.
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TABLE S DISTRIBUTIONS OF HISTOLOGICAL TYPES AMONG
CONFIRMED CASES, BY SEX; BOTH CITIES, ALL AGES ATB, ATTAINED
AGE 20+, 1963-80

# 5 WERRAEM OFMEBER OVER A B, 4B G,
FLEEM 204, 1963—80
Histological Type Male Female

Adenocarcinoma 44 (39%) 22 (55%)
Epidermoid carcinoma 41 (36%) 11 (28%)
Small cell carcinoma 15 (13%) 4 (10%)
Large cell carcinoma 3 (3%) 3 (7%
Mixed epidermoid-

adenocarcinoma 11 (10%) 0 (0%)
Total classificd 114 (100%) 40 (100%)
Not classified 3 - 0 -
TOTAL 117 40

The proportion of cases which were confirmed for AT OB SR S Tl A S 3

this study tends to be higher in the high radiation
dose categories. The proportion of confirmed cases
are 88/207 (43%), 55/118 (47%), and 14/26 (54%)
for the 0-9, 10-199, and 200+ rad groups, respec-
tively. Similarly the proportions of confirmed cases
are relatively greater among smokers: 28/85 (33%)
for persons who never smoked, 12/30 (40%) for
exsmokers, 10/26 (38%) for the "about 5/day"” cate-
gory, and 107/210 (51%) for all categories of "about
10/day" or more. Therefore, analyses based only on
conflirmed cases will be subject to bias in the esti-
mation of radiation or smoking dose-responses.

If it is assumed that these biases affect all his-
tological types equally, then comparisons among
histologic-specific effects of radiation andfor smok-
ing will be unbiased. Table 6 summarizes the as-
socialions between smoking and/or A-bomb radia-
tion dose and lung cancer risk for the three ma-
jor histological types: adenocarcinoma, epidermoid
carcinoma, and small cell carcinoma. Because of
the small number of cases, all calegories of current

WERRAEM ORI AN, 0—9 rad, 10— 199 rad, 200 rad
PIERFC&E 488/ 207 (43%), 55/ 118 (47%) , 14/26
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smoking are pooled into a single category "Smoker”
in this table. The effects of smoking and/or radia-
tion are adjusted for city, sex, age ATB, and attained
age by the nonparametric background model, rather
than [4]. Small cell carcinoma shows the greatest
sensitivity to radiation and smoking, although the
effects are estimated with very low precision due to
the small numbers of cases. Thus, there is no sig-
nificant heterogeneity among the three major histo-
logical types with regard to smoking only (p=.70)
or to both radiation and smoking (p=.50).

Tlsg,
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TABLE 6 RADIATION- AND SMOKING-RELATED EXCESS RELATIVE RISK FOR
MAJOR HISTOLOGICAL TYPES,* BASED ON GROUP I; BOTH CITIES, BOTH
SEXES, ALL AGES ATB, ALL ATTAINED AGES, 1963-80

F6 TBICHE-T ¢ FEEEER ) o Bt s B ORI B R A A
W, Hk, SRR, SEEEK, 1963—80F
Risk Factor Smoking Only Radiation and Smoking

Adenocarcinoma (66 cases)

T65DR Radiation Doseb - 1.28 £0.94

Exsmoker® 0.56£0.93 1.39+1.59

Smoker® 2.42+%1.24 4.19+224
Epidermoid Carcinoma (52 cases)

T65DR Radiation Dose - 216 .458

Exsmoker 0.88%1.23 0.88+1.26

Smoker 2.54+1.59 2.43%1.60
Small Cell Carcinoma (19 cases)

T65DR Radiation Dose - 7.38£10.33

Exsmoker 8.40%9.50 8.71%14.19

Smoker 7.40%7.27 5.96+9.33

4Based on nonparametric background model

FESRA i I LY RO SR A ST S B T LR 8 T . R i

DERR per 100 rad £ one approximate standard error, based on linear RR model [1]
100 rad 4/ 0 ERR £1 8 0E MF RR €70 (1) 24T ¢,

CERR associated with indicated smoking category * one approximate standard error

BRI S M 2 ERR £ 108 {0 £ 3 2

DISCUSSION

Interpretation of the findings presented here must be
done with caution, largely due to several limilation
on the quality of the data. These limilations can be
divided into three types.

Case Identification and Confirmation

Fewer than half of the available cases could be con-
firmed by histopathologic examinations conducted
for this study. Therefore, the case series is likely
to contain a number of false positives. An es-
timated lower bound for this number can be ob-
tained by applying the false positive rate for death
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certificate diagnoses of lung cancer based on the
ABCC-RERF Pathology Study?8, 39%, to the num-
ber of diagnoses based only on death certificates
and reported here (Table 3B). Thus, we can es-
timate that about 20 cascs included here may not
in fact have had lung cancer. It is useful to note
that 63% of the false positive death certificate diag-
noses of lung cancer were, in the Pathology Study
autopsies, classified as cancers of other respiratory
and intrathoracic organs, specifically the nasal cav-
ities, middle ear, and accessory sinuses; larynx; or
pleura.?® As shown in Table 3B, 131 of the 194
unconfirmed cases were detected from Tumor Reg-
istry records of diagnoses, and for only 60 of those
cases was there a record of any cytological or micro-
scopic diagnosis. No estimates of the false positive
rates for such diagnoses were available. However,
Wakabayashi et al?® showed that the estimated RR
of lung cancer incidence associated with exposure to
100+ rad, based on Nagasaki Tumor Registry data,
changed only slightly if clinical, radiological, and
death certificate diagnoses were included along with
cases having records of some histological diagnosis.
Thus, we have assumed that inclusion of uncon-
firmed cases will not lead to any severe bias in the
estimation of the radiation dose-response.

The false negative rates of the various means of
case detection — death certificates, Tumor Reg-
istries, Pathology Study, etc. — are unknown, so
it is not possible to estimate the numbers of cases
of lung cancer which may have gone undetected.

Finally it is important to note that case confirma-
tion rates were generally relatively low for subjects
exposed to low doses of radiation, and for subjects
who had never smoked. Therefore, estimates of
the effects of radiation or smoking on the risk of
lung cancer, based only on confirmed cases, are
biased upward. Comparisons of the effects of radi-
ation and/or smoking on specific histological types
of lung cancer (Table 6) will be unbiased only if this
confirmation bias applies equally to all types. The
validity of such an assumption canmot be examined
in the present data.

Estimated Radiation Dose

The analyses in this report are based on estimalcs
of radiation dose calculated for each survivor ac-
cordig to the system designated T65DR.11+20 It has
become clear that these estimated doses may be seri-
ously in error,2! although at the time of this writing
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(1986) an accepted alternative system is not avail-
able. Revision of the dose estimates is expecled
to result in modification of RR associated with ra-
diation exposure. In particular the relationship be-
tween the two cilies may change; it appears likely
that the final revised dose estimates will lead to
a diminished difference between the dose-responses
in Hiroshima and Nagasaki, perhaps eliminating the
large differences noted in this study. However, it
has recently been shown that revision of the dose
estimates is unlikely to influence the apparent joint
effects of radiation and other factors such as sex
or age.?? It can be presumed that results concern-
ing the interrelationship of radiation and smoking
effects will remain similarly unaffected.

Smoking Data

Data concerning smoking was available for only
37% of the 79,940 exposed survivors analyzed by
Yamamoto et al.® Morcover, the smoking data were
collected from various subsets of Group II by var-
ious means at various limes between about 18 and
26 years after exposure to A-bomb radiation. The
age distribution of males in Group I is rather older
than that of Group II since respondents to the sur-
vey for the Study of Cardiovascular Discase were
all at least 20 years of age ATB (Table 1).

Because of the potential for ambiguities in combin-
ing data from the various sources of smeking in-
formation, only a simple categorization of smoking
was used. Classification according Lo prior history
of smoking (yes/no) and level of consumption at
the time of survey may not provide the most ap-
propriate representation of smoking as a risk factor
for lung cancer. However, an analysis based on a
more sophisticated representation must awail a care-
ful, comprehensive review of all the smoking data
available for this cohort.

Regarding the accuracy of the smoking dala that was
used, Blot et al'7 compared responses to surveys in
the 1960’s to those from a survey in 1982, based on
a subset of the subjects of their case-control study
who responded to both. Regarding classification
of smokers and nonsmokers, among 45 females the
agreement was perfect. Among 58 males, 86% re-
sponded the same both times; the other 14% all
converted from nonsmokers to smokers. The level
of consumption was also seen to be quite consistent,
with the discrepancies generally in favor of heavier
smoking in 1982.17
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Bearing in mind the cautionary notes above, care-
ful investigation of the data currently available does
provide insight into the joint effects on lung cancer
risk of exposure to ionizing radiation and smoking,

Yamamoto et al® found that the radiation dose-
response among Hiroshima survivors in Group II
appeared to be greater for females than for males
(Figure 2). This difference can be attributed to the
approximate additivity of the effects of radiation
and smoking. This is apparent from the analysis
of Group I; few men but most women were non-
smokers who, according to the additive model, ex-
perience the greatest RR of radiation-induced lung
cancer. After allowing the excess risks associated
with A-bomb radiation and smoking to combine in
an additive manner, the background rates for women
were only 19% less than rates for men. This differ-
ence, which is somewhat smaller than that reported
for lung cancer mortality among US whites who had
never smoked,®® may be due in part to the greater
exposure of men to occupational or other lung car-
cinogens. These findings arc consistent with results
reported in the most recent survey of cancer mor-
tality among A-bomb survivors®: In the absence
of any adjustment for smoking, the ERR of lung
cancer mortality for both cities combined was found
in that study to be 48% grealer among women, com-
pared to men, while the average background mor-
tality rate was 67% lower for women; the absolute
excess mortality (measured in excess deaths per 10°
person-year rad) among women was in fact slightly,
but not significantly, lower than that among men,

Persons exposed to A-bomb radiation at early ages
experienced greater RRs than those who were older
ATB (Figure 2, Table 4). However, the youngest
persons have yel to allain the age of greatest lung
cancer risk; persons less than 30 ATB were less
than 67 at the end of 1980. Thus, their large
radiation-related RRs may be partly due to the low
rates of spontaneous lung cancer among young per-
sons; a small number of excess cases corresponds
to a large apparent RR. Moreover, there is no justi-
fication to extrapolate beyond the ranges of attained
age currently observed; it is not possible to predict
whether the radiation-related ERR suffered by per-
sons who were young ATB will increase, decrease,
or remain constant as those persons continue to age.

The additive model for the joint effects of exposure
to radiation and smoking was found to be quite ad-
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equate for the data from Group I; even when the
radiation and smoking dose-responses were allowed
to vary with age ATB or attained age, there was
no evidence of a significant interaction between the
additive effects of radiation and smoking. The fact
that the ERR associated with smoking increased sig-
nificantly with attained age (Figure 3) undoubtedly
occurs because age is posilively correlated with cu-
mulative cigarelte consumption, which is probably
a more suilable measure of cigarette consumption
for the evaluation of lung cancer risk.

The RRs associated with smoking in the absence of
exposure o radiation and averaged over all attained
ages were 2.54 4+ 0.64, 3.51 = 0.67, and 4.30 4+ 0.87
for smokers of about 5, about 10, and 20 or more
cigarettes per day, respectively, relative Lo subjects
who had never smoked. These are rather low com-
pared to results from European and North Ameri-
can populations, but are not inconsistent with results
based on a prospective study of another Japanese
cohort.3! Exsmokers had an average RR of 2.46 +
0.61 compared to persons who never smoked. Their
ERR also tended to increase with attained age, i.e.,
in proportion to the (4.59 + 4.10)-th power of age
(see also Figure 3). This seems to contradict results
from a variety of other populations,' which have
indicated that lung cancer risk among exsmokers de-
creases with the passage of time after cessation of
smoking. The present finding may be due in part to
recidivism among true exsmokers and to erroneous
classification of smokers as exsmokers. Morecover,
the large approximate standard error associated with
the power of age indicates that the present data are
in fact not inconsistent with a constant or even de-
creasing trend in age.

The investigation of specific histological types of
lung cancer is hampered by the detection bias
mentioned above. Nevertheless, it is of interest
that the ERR parameters for both radiation dose
and smoking were consistently greater for small ccll
carcinoma than for adenocarcinoma or epidermoid
carcinoma, even though in no case did the type-
specific dose-response vary significantly from the
common dose response (Table 6). In general these
findings appear to be consistent with other recent
studies®?~34 which, taken together, suggest that
most, if not all, major histological types of lung
cancer are susceplible to induction by smoking or
radiation.
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APPENDIX 1. Definition of smoking variables

For convenience, the five surveys from which smok-
ing data are derived will be identificd by the follow-
ing numbers:

#1. Epidemiological Survey of the ME-200 Sam-
ple;

#2. Epidemiological Survey of the ME-200 Sam-
ple, General Information Supplement;

#3. Study of Cardiovascular Disease, Hiroshima
and Nagasaki;

#4. Epidemiological Survey for General Informa-
tion (II); and

#5. Epidemiological Survey of ME-Y Females.

These are listed roughly in chronological order al-
though there is substantial overlap of the ranges of
dates of record, especially between surveys #2 and
#3. Smoking data from these sources were com-
piled on a single data tape (WT0749) for the anal-
ysis for Prentice ct al'® and that tape was used as
the source of smoking data for the current study as
well.

As in the analysis of Prentice et al'® assignment
of individuals 1o smoking categories was based pri-
marily on the earliest survey response, where "ear-
liest" refers to the approximate chronological or-
der given above. If a subject did not answer the
smoking questions on his/her earlicst survey, then
he/she was excluded as having "unknown" smok-
ing data. Persons identified as smokers were as-
signed Lo categories based on daily consumption of
cigareltes; persons for whom daily consumption was
unknown were excluded. Although all five surveys
included questions regarding daily consumption, the
questions and the coding of the responses varied
[rom survey to survey. For example, for survey #1
the computerized data are based on total consump-
tion of cigarettes, cigar, and kizami, converted to
grams/day, while the other surveys are based specif-
ically on cigaretle consumption. For surveys #1,
#3, and #5 the consumption data were computer-
ized on the basis of categories, while for #2 and
#4 the response was recorded as an exact number
of cigareltes per day. Appendix Table 2 gives the
delinitions of cigarette consumption categoires in
terms of the data that was originally computerized.

The smoking categories described above are the
same as those in Prentice et al.'® However, Lhe
nonsmoking calegory was treated differently in this
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study, i.e., an attempt was made to determine which
persons had never smoked and which were exsmok-
ers. This determination was based on all available
survey responses, not just the earliest, i.e., if there
was any evidence of past smoking, then the subject
was considered an exsmoker; if not and there was
some positive evidence that the subject had never
smoked, then he/she was assumed never to have
smoked; if neither condition held, the subject was
excluded as indeterminate.

The "evidence” on WT0749 for these decisions con-
sisted of "duration of smoking” data available for
each survey except #1, and also "interval since stop-
ping” for survey #5. Subjects who responded only
to survey #1 and were identified as nonsmokers
were all indeterminate, since duration of smoking
was recorded in that survey only for current smok-
ers. The use made of data from surveys #2, #3, and
#4 is described in Apendix Table 3.

The women who responded lo survey #5 were not
subjects of any of the earlier surveys. Survey #5
included separate questions about duration of smok-
ing for current and exsmokers which were com-
bined on WT0749, along with a question about du-
ration since stopping. If duration of smoking was
coded 01, ..., 98 the woman was classified as an
exsmoker; if 99 (unknown) she was considered in-
determinate. If duration of smoking was coded
blank and duration since stopping was coded 01,
..., 98, she was classified as an exsmoker. If both
items were coded blank, she was classified as never
having smoked.

APPENDIX 2. Further description of models for
lung cancer risk

Appendix Table 4 gives the parameter estimales
for four selected models of lung cancer incidence,
which were the basis for many of the findings dis-
cussed in the text. Also given for each model in
Appendix Table 4 is the deviance, a weighted ag-
gregate measure of the discrepancies between the
observed numbers of cases and the expected num-
bers calculated according to the indicated model,
i.e., a measure of the lack of fit of the mode.?® The
difference between the deviances of two [itled mod-
els based on the same data set can be used under
certain circumstances as a y? statistic for testing the
significance of various terms in the models.?®
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Model 1 in Appendix Table 4 is the basis for [5]
and [6], and is the model finally selected to describe
the joint effects of smoking and radiation exposure.
Model 2 for Group II, reproduced from Appendix
Table 1 of Yamamoto et al,® is displayed for com-
parison with Model 1. Model 3 provided the test for
interaction, in the additive RR model [2], between
the carcinogenic effects of radiation and smoking,
and Model 4 provided a test of the goodness of fit
of the parametric background model [4],

Comparisons between Models 1 and 2 in Appendix
Table 4 illustrate how for Group II the apparent sex
differences in both the background incidence rates
and the ERRs are largely artifacts; they arise be-
causc of the unequal distributions of smoking be-
tween the sexes and because the joint effects of
radiation and smoking are, if not in fact additive,
quite adequately modeled by an additive RR func-
tion. Thus, the background rates for women ap-
pear to be [1—exp(—1.008)] x 100% = 64% less
than those of men, on average, based on Model 2,
i.e., on Group IT and with no adjustment for smok-
ing; the corresponding value from Model 1 (Group
I with smoking accounted for) is only 19%. The
corresponding diminishment of the sex differential
in radiation-related ERR is illustrated in Figure 2.

Comparison of Models 1 and 3 in Appendix Table 4
illustrates the effect of adding radiation-by-smoking
interaction terms to the additive RR model. The
decrease in deviance (654.538 — 652.452 = 2.086)
provides a x? statistic with 4 degrees of freedom
for testing the significance of the four interaction
coefficients; clearly there is no significant departure
from additivity based on this parametrization of the
interaction.

The decrease in deviance from Model 1 to Model 4
of Appendix Table 4 (654.538 — 615.625 = 38.913)
provides a x2 statistic with 2438 — 2364 = 74 de-
grees of freedom for testing the goodness of fit of
the parametric background model [4]. This indi-
cates that the parameiric assumptions of [4] do not
result in a significant lack of fit (p>.99). There ap-
pear to be notable differences between the two mod-
els with respect to the estimated parameters of ERR
for both the radiation and smoking terms. However,
these differences are generally smaller than the cor-
responding approximate standard errors, and qual-
itatively the characteristics of the joint effects of
smoking and radiation are unchanged. Moreover,
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APPENDIX TABLE 1 LUNG CANCER CASES/PERSONS AT RISK BY SEX, RADIATION DOSE, STUDY
GROUP, AND (GROUP I) SMOKING; BOTH CITIES, ALL AGES ATB; ATTAINED AGE 20+, 1963-80
(GROUP I); 195080 (GROUP II)
b1 M, Bostdait, FERE RUWIER (1B BN Rs/ mE A B, i,
AR, FUZIEM204, 1963 —804F (| BY): 1950—804E (11 %)

Group I
T65DR
Radiation  Never Current Smoker at Time of Survey Group 11
Dose (rad) smoked Exsmoker TOTAL
About 5/day About 10/day About 20/day 30-+/day
Male
0 9/568 8/495 9/288 25/1,233 45/1,433 5/208 101/4,225 181/13,097
1-9 1/339 97275 4/156 14/598 19/698 5/116 52/2,182  123/9,686
10-49 3/255 4/184 1/112 10/475 18/536 1/71 37/1,633 81/5,829
5099 1/87 1/61 0/36 8/190 5/215 1/23 16/612 26/1,664
100-199  0/95 3/60 0/35 14/219 3/203 0/18 20/630 38/1,380
200-299 0/42 0/19 0/15 4/98 2/112 0/6 6/292 15/595
300-399  0/17 1/15 0/7 0/45 2/58 0/7 3/149 6/270
400+ 0/27 0/13 2/8 2{74 1/79 1/4 6/205 12/729
TOTAL 14/1,430 26/1,122 16/657 77/2,932 95/3,334 13/453  241/9,928 482/33,250
Females
0 24/6,960  0/159 3/290 8477 0/98 047 357,991  100/18,521
1-9 16/4,135 1/131 0/193 1/312 1/69 0/3 19/4,843 82/12,928
10-49  11/3,051 3/86 3/174 5/308 2/66 0/2 24/3 687 69/8,990
50-99 3/882 0/30 2/56 5/94 0/14 0/0 10/1.076 21/2,523
100-199 10/745 0/14 0/37 1/74 0/21 0/1 11/892 20/1,735
200-299  4/386 0/9 0/18 1/27 0/7 0/1 5/448 7775
300-399  2/164 0/3 1/12 0/19 efe 0/0 3/204 7/365
400+ 1/203 0/6 1/14 1/30 0/10 0/0 3/263 4/853
TOTAL 71/16,526 4/438 10/794 22/1,341 329 0/14 110/19,404 310/46,690
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APPENDIX TABLE 2 DEFINITION OF CATEGORIES OF CURRENT CIGARETTE CONSUMPTION,

IN TERMS OF ORIGINAL DATA (WT0749)

fif&2 AOF—& (WTO740Q) T2V TOBEOMERK 312 L 55 5%

Survey Number?

Category
#1b #20 #3d #4¢

About 5/day “Lessthan5g 1- 5 “About 5 1- 5 “Less than §

daily™ per day™ cigarettes per day™
About 10/day 459 or *“10-14g 6-15 “About 10 6-15 “6-10" or *“11-15

daily” per day™ cigarettes per day™
About 20/day  w15.19" or “greater 1625 “About20 1625 “16:20” or “21-25

than 20g” per day™ cigarettes per day”
30+/day e 26-98 “30 or more 2698 “26-30" or “31 or more

per day” cigarettes per day”

ASurveys are identified by name in the text of Appendix 1
(D= 30 Weul b i L

bDuily consumption was based on conversion of numbers of cigarettes, cigars, and packs of kizami to grams
of tobacco; survey #1 did not specify current or prior consumption
LR, ey o, B vakl, MeayiafifbglifiinsaRIZERL ELDEHET L,

MEH T,

HNEMRTHLEPERORTHEASGHEBEL T80,

CExact current daily consumption of cigarettes
WEmERT 1 HY-0Hy T amER

dCatcgories of current daily consumption of cigarettes
BAE@ 1 0% Dty o8 2Rt o K 5

APPENDIX TABLE 3 EVIDENCE FOR OR AGAINST PAST SMOKING,

IN TERMS OF ORIGINAL DATA; SURVEYS #2, #3, AND #4
fE3 ILOF—#E2VTOBRELHITARBORES
AT, MEE2, #3, RUH4

Survey Number™

#2 #3 #4

Original CD#467 CD#461 CD#525

source cols. 67-8 cols. 40-1 cols. 76-7
Entry:

blank ob never smoked ?

00 never smoked exsmoker exsmoker
01,...,98 exsmoker exsmoker exsmoker

99 ? ? never smoked
ZZc 2 - )

28urveys are identified by name in the text of Appendix 1
il oI @Es 2l

b2 indicates that the corresponding entry provides no evidence
TOTIRWTE D — FICHER SR T W

CCode “ZL" was used for survey #2 only
I-FUZZTEBESCOAIZH VS
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APPENDIX TABLE 4 MAXIMUM LIKELIHOOD ESTIMATES OF PARAMETERS FOR SELECTED
MODELS OF LUNG CANCER INCIDENCE
fided M8 EFORIR T F Lo 7 4 — & Ok he B mEHEE i

Model Number (Group)

Variable Cocefficient
1D 21 3 4(I)
Background incidence rates: model [4]

Constant (1950-54) agjl) - 3.791 +(.2831 " "
Constant (1955-58) c.gi} = 4.516 +0.203 - :
Constant (1959-62) ot - 5.422 £0.141 3 ) :
Constant (1963-80) u-‘D‘” 5.319+0278  5999£0.099  5.339 £0.280 c
CITY (H=0, N=1)® o 0.251£0.133  0.155 £0.100  0.245 +0.133 c
SEX (M=0, F=1)B a, —0.211 £0.150 -1.008£0.082 ~—0.212+0.150 c
ATB - 30 sy 0.053£0.010  0.023£0.006  0.054£0.010 c
en(ATT/50) s 453421222 5.032£0.503 4357 £1.230 ¢
[en(ATT/50)]? og ~5.976+2.322 —2.851 £0.810 —5795£2.318 ¢

Radiation-related ERR: ERRp, 4(d; i) = f exp [#, (ATB 30} % d

DOSE (H, M+l'")II 8 1.241 £0.527 = 1.237 £ D.570 1.392 1 0.667
DOSE (H, M) 8 - 0.548%0.199 - -
DOSE (H, F) 8 - 1.056 £0.331 - -
DOSE (N, M+F) i 0.382 £0.280 0.256 £ 0.145 0.400 + 0,305 0.116 +0.164
DOSE (N, M) g - 2 2 2
DOSE (N,F) g - - - -
ATB-30 Ay —0.098 £0.032 -0.026*0.016 —0.099£0.033 —0.141 £0.058
Smoking-related ERR: ERR gk (5;0) = v exp[62n(ATT/50)]
About 5/day T 0.162 £0.144 - 0.159 £0.143 0.085 £0.110
About 10/day ¥ 0.287 £0.239 - 0.282 £0.239 0.155 £0.194
20+{day ¥ 0.363 £0.301 - 0.357 £0.301 0.192 £0.238
Exsmoker 7 0.150 £0.136 - 0.148 £0.135 0.080 £0.103
n(ATT/50) & 5.797 * 1.850 - 5.B48 +1.862 7.293 £2.83]
Radiation-smoking interaction: INT(d,s;i) = wdq(ﬂd
DOSE % SMOK (ATB<30, ATT<60) I = 2 ~0.033 £0.017 5
DOSE % SMOK (ATB<30, ATT=60) i - - 0.267 £0.308 -
DOSE x SMOK (ATB=30, ATT<60) W - - 0.019 £0.060 -
DOSE % SMOK (ATB=30, ATT=60) e - - —0.005 £0.025 -
Summary descriptors
Deviance - 654.538 1084.03 652.452 615.625
Degrees of freedom - 2438 2979 2434 2364

2 Parameter estimate * one approximate standard error  s¢ 5 A — 7 #e il £ 1 (BT A PR
bH-Hiroshima i &; N-Nagasaki f&w#; M-Male # #:; F-Female # ft
¢ Based on nonparametric background model /¥ /8F A Ry Sy P I YL E - BFLIMT

dThe quantitative variable SMOK is assigned the values q(s) indicated in Table 2, with the exception that q(s)=5
for exsmokers

e EH SMOK 12&2 R Tilgls) #4535, LREHDq(s) =5 HH.
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