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Abstract

While the risk of lung cancer associated separately with smoking and radiation exposure has been

widely reported, it is not clear how smoking and radiation together contribute to the risk of

specific lung cancer histological types. With individual smoking histories and radiation dose

estimates, we characterized the joint effects of radiation and smoking on type-specific lung cancer

rates among the Life Span Study cohort of Japanese atomic bomb survivors. Among 105,404

cohort subjects followed between 1958 and 1999, 1,803 first primary lung cancer incident cases

were diagnosed and classified by histological type. Poisson regression methods were used to

estimate excess relative risks under several interaction models.

Adenocarcinoma (636 cases), squamous-cell carcinoma (330) and small-cell carcinoma (194)

made up 90% of the cases with known histology. Both smoking and radiation exposure

significantly increased the risk of each major lung cancer histological type. Smoking-associated

excess relative risks were significantly larger for small-cell and squamous-cell carcinomas than for

adenocarcinoma. The gender-averaged excess relative risks per 1 Gy of radiation (for never-

smokers at age 70 after radiation exposure at age 30) were estimated as 1.49 (95% confidence

interval 0.1–4.6) for small-cell carcinoma, 0.75 (0.3–1.3) for adenocarcinoma, and 0.27 (0–1.5) for

squamous-cell carcinoma. Under a model allowing radiation effects to vary with levels of

smoking, the nature of the joint effect of smoking and radiation showed a similar pattern for

different histological types in which the radiation-associated excess relative risk tended to be

larger for moderate smokers than for heavy smokers. However, in contrast to analyses of all lung

cancers as a group, such complicated interactions did not describe the data significantly better than

either simple additive or multiplicative interaction models for any of the type-specific analyses.
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Introduction

Lung cancers arise in various cell types. While the mixture of different histological types

varies considerably between countries and populations and has changed over time,

squamous cell carcinoma (SqCC), small cell carcinoma (SmCC) and adenocarcinoma (AC)

account for the majority of microscopically diagnosed cases (1). Cigarette smoking is

associated with increased rates for most types of lung cancer with the largest (relative)

increases for squamous cell carcinoma and small cell carcinoma (2, 3). Adenocarcinoma

predominates in never-smokers for most countries, but recent increases in adenocarcinoma

rates also seem to be attributed to smoking (4, 5). Ionizing radiation exposure has been

shown to be associated with significant increases in lung cancer rates (6, 7). There has also

been considerable interest in the nature of the joint effect of radiation and smoking among

uranium miners (8), populations exposed to residential radon (9–11), radiation-treated

Hodgkin's disease patients (12, 13) and Japanese atomic bomb survivors (14, 15).

In the Life Span Study (LSS) cohort of atomic bomb survivors, a rather complex radiation-

smoking interaction was found for the risk of all lung cancers as a group. This interaction

was best described as super-multiplicative for low-intensity smokers and additive or

subadditive for high-intensity smokers (15). In addition, smoking-associated relative risks of

lung cancer in this Japanese cohort were somewhat smaller than those reported from

Western populations (16–18). These results pertained to the risk of lung cancer as a group,

but little is known about the nature of the joint effects of radiation and smoking on different

histological types of lung cancer. In this paper, we describe the distribution of lung cancer

by histological type in the LSS and characterize, to the extent possible, the radiation-

smoking interaction for the three major histological types of lung cancer.

Materials and Methods

Study Cohort and Case Ascertainment

The LSS cohort consists of 120,321 subjects who were residents of Hiroshima and Nagasaki

in October 1950, including 93,741 atomic bomb survivors who were within 10 kilometers of

the hypocenters at the time of bombing and an age, gender, and city frequency-matched

group of 26,580 people who were temporarily away from the cities at that time, as described

elsewhere (6, 19). After excluding subjects who did not have dose estimates (7,070 people),

could not be traced (71 people), or were known to have died or had cancer prior to the

inception of the Hiroshima and Nagasaki Tumor registries on January 1, 1958 (7,776

people), 105,404 cohort members were eligible for analyses in this study.

As in the previous report, lung cancer diagnoses and histological types were derived from a

pathology review carried out to identify LSS lung cancer cases through the end of 1999. At

the first stage of the case review, 5,711 members with potential lung tumors were identified

using information from the Hiroshima and Nagasaki Tumor and Tissue Registries, an

autopsy program of the Radiation Effects Research Foundation, and mortality data collected

as part of the LSS mortality follow-up. Additional information, including registry records,

tissue slides, and relevant clinical and pathology records were sought for those cases. In

reviewing the available data, the study pathologists identified and classified 2,368 lung
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cancers based on the latest WHO diagnostic criteria (20). Lung cancers were considered

ineligible if they were not the first primary tumor (216 cases), if the individual was not a

resident in Hiroshima or Nagasaki Prefecture at the time of diagnosis (171 cases diagnosed

primarily from death certificates) or was diagnosed prior to 1958 (47 cases), or if a dose

estimate was unavailable (131 cases), resulting in 1,803 eligible cases for use in analysis.

Radiation and Smoking Data

The radiation dose-response analyses were based on individual weighted DS02 lung doses

(19) calculated as the γ-ray dose plus 10 times the neutron dose in Gy with adjustment to

reduce bias in risk estimates associated with the uncertainty in individual dose estimates

(21).

Smoking histories were obtained for 61% of the cohort members from a series of mail

surveys conducted in the LSS between 1965 and 1991 and from interviews conducted in a

clinical subcohort of the LSS. For the present analyses, individual smoking history was

summarized by a time-dependent indicator of smoking status (never/past/current/unknown),

the year (if any) in which smoking data were first obtained, and, for ever-smokers, ages

started or stopped smoking and the average number of cigarettes smoked per day. For

smokers, smoking duration was defined as the difference between the reported age at start of

smoking and the minimum of the current age and the age at which one reported having

stopped smoking. Time since quitting was defined as the difference between the current age

and the age at smoking cessation for reported past smokers and as 0 otherwise. Cohort

members for whom data on smoking habits had never been obtained were treated as having

unknown smoking status throughout their time at risk. In addition, for the period prior to the

date at which information on an individual's smoking habits was first obtained, his/her

smoking status was treated as unknown. This was done to avoid biasing risk estimates by

overcounting person years in known smoking-status categories. Additional details on the

smoking variables are available elsewhere (15).

Statistical Analysis

Primary analyses were based on a highly stratified person-year table containing about

120,000 cells with non-zero person-years at risk. Each cell contained the number of person-

years, cases (by histological type) and person-year weighted means of attained age, age at

exposure, calendar year, radiation dose, and smoking summary variables. Details of the

categorization are given in the previous report (15).

Analyses were carried out using Poisson regression models for cancer rate functions of the

form:

where λ0 is a function of background factors B that describes the incidence rate for

unexposed never-smokers (baseline rate), and RR is a relative risk function that can depend
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on smoking- (S) and radiation-dose- (D) related variables as well as variables that modify

the effects. We considered several forms for the joint effects of smoking and radiation:

where φ and ρ describe the excess risks associated with smoking- and radiation-related

variables, respectively. Under the additive model, ρ is the excess relative risk (ERR) of

exposed subjects relative to unexposed never-smokers, while under the multiplicative model

it is the ERR relative to unexposed subjects with the same smoking history. Similar

interpretation applies to the smoking excess risk. The generalized models allow for

departures from either additive or multiplicative interactions by allowing the radiation ERR

to vary as a function ω of smoking variables.

An analysis model is specified by the interaction type (AM, MM, GAM or GMM) and a set

of model-component forms (λ0, φ, ρ and ω). For all type-specific analyses in this study, we

used the same set of component forms considered in analysis for all lung cancers combined

(15), which are described as follows:

• The baseline rate model λ0(B) assumed the log rate to be proportional to gender-

specific quadratic functions of log attained age with additional effects of city and

birth year. In addition, cohort members who were not in the cities at the times of

bombing were distinguished from the other members with an indicator. Thus,

radiation effects were quantified relative to rates for survivors who were in the

cities at the times of bombing but received little radiation from the bombs.

• The smoking excess risk φ(S) was described as a function of the cumulative amount

smoked (packs of cigarettes smoked per day times years smoked), or pack-years

(p), times an effect-modification function that depended on gender (g), birth-cohort

(b), smoking duration (y) and time since quitting (q): (x003D5)(S) = θgpexp{ξb +

η1log(y) + η2log(y)2 + vlog(q + 1)}. For the follow-up during which smoking

status was unknown, the “smoking” effect was allowed to vary with gender and

birth-cohort strata.

• The radiation excess risk ρ(D) was described by the product of a gender-specific

function of dose (d) and an effect-modification function that depended on age at

exposure (e) and attained age (a). With the linear dose-response, the excess risk

was described as ρ(D) = δgdαβexp{γe}. Departure from the linear dose-response

was tested by using various nonlinear functions.
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• The generalized radiation-smoking interaction was expressed as a function of

smoking intensity (s), ω(S) = exp{ω1log(s) + ω2log(s)2} with ω(S) ≡ 1 for lifelong

never-smokers.

Model parameters were estimated by maximum likelihood using Epicure software (22).

Likelihood ratio tests were used to compute P values for hypothesis tests (two sided) and to

determine confidence intervals (CIs).

Although we made some efforts to develop more parsimonious models for specific

histological types, goodness of fit measures such as the Akaike information criterion (AIC)

(23) suggested that improvements gained by using more parsimonious models were limited.

Therefore, the results presented herein were limited to those based on the component forms

described above to facilitate comparisons across types. The rule for these comparisons was

that AIC differences (for a given outcome) of less than about 6 should not be regarded as

significant (24).

In the main text we focus on the nature of radiation and of smoking effects on rates for the

most common histological types (AC, SqCC, SmCC) of lung cancer. Results for the

relatively large proportion of cases for which histological type could not be determined and

those for the combined cases of the three common histological types are presented as

supplementary materials.

Results

Table 1 provides information on the number of cases and crude rates by histology and sex in

the study cohort. Adenocarcinoma accounted for 35% of all lung cancer cases and almost

half of those with identified types. Squamous cell carcinoma accounted for 18% of all cases

and 25% of the type-identified cases, and small cell carcinoma for 11% and 15%,

respectively. The histological type could not be determined for 28% of all cases (labeled

“not otherwise specified”), about half of which were reported as lung cancers solely on the

basis of death certificates. Crude rates were generally higher for men than for women with

the smallest relative differences for adenocarcinoma and not otherwise specified.

Table 2 provides summary information on case counts and crude rates for the three major

types. Crude rates were similar for Hiroshima and Nagasaki and increased over the follow-

up period in part due to the aging of the cohort, but trend for adenocarcinoma was

remarkable.

Table 3 provides type-specific case counts and crude rates by radiation dose, smoking status

at diagnosis and gender. Crude rates for each type appeared to be strongly associated with

smoking status. Crude rates were consistently higher for men than for women, although sex-

specific rates were similar in men and women for small cell carcinoma among the current-

smokers and for adenocarcinoma among never-smokers. While crude rates were higher for

adenocarcinoma than for squamous cell carcinoma or small cell carcinoma, the crude risks

for smokers relative to never-smokers were several-fold larger for squamous cell carcinoma

or small cell carcinoma than for adenocarcinoma. Information on smoking status was

available for 59% of men and 62% of women, among whom 86% of men but only 18% of
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women reported having smoked, while among these ever-smokers, 30% of men and 34% of

women reported having quit as of their last survey responses (not shown). While

interpretations of risk patterns with radiation dose by smoking status in Table 3 are

hampered by the small number of cases, the “total” row for each type suggests a radiation-

related increase in the risks. Tables S2 and S3 in the supplementary material (http://

dx.doi.org/10.1667/RR2819.1.S1) present information similar to Tables 2 and 3,

respectively, for all lung cancers, the not otherwise specified group, and the three major

types as a group.

For each of the three histological subtypes, Table 4 presents estimates and 95% CIs for

selected parameters in the radiation and smoking excess risk functions under the generalized

multiplicative model together with AIC values for the four interaction models, as described

above, and models with only radiation or smoking effects. While the generalized

multiplicative model performed better than the other interaction models for all lung cancers

as a group (15), there was no strong evidence to prefer or reject any of the four interaction

models in any type-specific analysis. The simple interaction models (additive or

multiplicative) had the smallest AIC values but the differences were not large. Table S4 in

the supplementary material (http://dx.doi.org/10.1667/RR2819.1.S1) shows that the

generalized multiplicative model was significant over the simpler model for the not

otherwise specified group (P = 0.003) or when the three major types were combined (P =

0.03).

Baseline Rate

Fitted baseline incidence rates were higher for adenocarcinoma than for the other two

histological types at all ages. For each histological type, baseline rates were greater for men

than for women, with the female:male ratio at age 70 estimated as 0.62 for adenocarcinoma,

0.49 for squamous cell carcinoma and 0.57 for small cell carcinoma. Age-specific rates

tended to be lower for younger cohorts, decreasing by 23% (P < 0.001) per decade increase

in birth year for adenocarcinoma, 14% (P = 0.28) for squamous cell carcinoma, and 16% (P

= 0.28) for small cell carcinoma. Baseline rate estimates were significantly higher in

Nagasaki than in Hiroshima for all lung cancers combined (P = 0.002) and adenocarcinoma

(P = 0.03) but the city difference was not significant for either squamous cell carcinoma (P

> 0.5) or small cell carcinoma (P = 0.39). Overall, there was little variation in fitted baseline

rates among the interaction models for each type (not shown).

Smoking Effects

The effect of cumulative smoking amount was statistically significant for each type (P <

0.001), with consistently higher risks for women than for men with the same smoking

history (Table 4, upper section). The smoking effect, expressed as the ERR at 50 pack-years

for people with no exposure (unexposed), was significantly higher for small cell carcinoma

(17.5/41.4 for men/women) and squamous cell carcinoma (12.7/21.1) than for

adenocarcinoma (2.4/3.4). The difference in smoking effects among the models was

relatively large for small cell carcinoma (the gender-averaged ERRs per 50 pack-years were

estimated as 27, 29, 35 and 35 for MM, GMM, AM and GAM, respectively). Smoking ERR

estimates were consistently larger under the additive model than under the multiplicative
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model, reflecting the fact that the ERR in the additive model is relative to unexposed never-

smokers while, in the multiplicative model, it is relative to never-smokers with the same

radiation exposure.

Smoking cessation led to a significant reduction in risk compared to the risk that would have

been incurred if the individual had continued smoking for small cell carcinoma (P < 0.001)

and squamous cell carcinoma (P = 0.004). The reduction in risk for adenocarcinoma was not

statistically significant (P = 0.44), but similar in magnitude to that for the other types. There

were some indications of variation in smoking effects among birth-cohort groups for

squamous cell carcinoma (P = 0.03) and small cell carcinoma (P = 0.08); the ERR tended to

be increasing for earlier-birth cohorts for both of these types, while there was no indication

of a significant birth-cohort effect for adenocarcinoma (P > 0.5).

Figure 1 plots the fitted gender- and age-specific incidence rates (upper panel) and smoking

ERR (lower panel) for lifetime never-smokers, smokers who have continuously smoked a

pack (20 cigarettes) per day since age 20, and smokers who started smoking a pack per day

at age 20 and quit at age 50 (among unexposed people born in 1915). Adenocarcinoma had

the smallest smoking ERR, but its incidence was still the highest of the three types among

smokers of the same smoking history. While the smoking ERRs were consistently higher for

females than for males, the absolute rates were higher among males than among females for

adenocarcinoma and squamous cell carcinoma, but not for small cell carcinoma.

Radiation Effects

Radiation exposure significantly increased the risk for each histological type. As shown in

Table 4, the radiation effect, expressed as the gender-averaged ERR per Gy (at age 70 for

never-smokers exposed at age 30), was highest for small cell carcinoma (1.49, 95% CI: 0.1–

4.6), followed by those for adenocarcinoma (0.75, 0.3–1.3) and for squamous cell carcinoma

(0.27, 0.0–1.5). The large radiation ERR for small cell carcinoma, however, had a wide

confidence interval due to the small number of cases among never-smokers. There was no

evidence of a statistically significant departure from the simple linear dose response in any

of the type-specific analyses.

The ERR/Gy tended to be higher among females than among males for both

adenocarcinoma (female:male ratio = 7.9, P = 0.01) and for squamous cell carcinoma (6.9, P

= 0.01). For small cell carcinoma, however, radiation ERRs were slightly, but not

significantly, lower for women than for men (0.35, P = 0.27). Given the smoking history, the

radiation effect tended to decrease with increasing attained age: rapidly and significantly for

squamous cell carcinoma (P = 0.03), but somewhat less rapidly and not significantly for

either adenocarcinoma (P = 0.13) or for small cell carcinoma (P = 0.43). Age-specific

radiation risks for squamous cell carcinoma showed a rapid increase with increasing age at

exposure (P = 0.01). However, there was little evidence of age at exposure effects for either

adenocarcinoma (P > 0.5) or small cell carcinoma (P > 0.5). Alternatively, we fitted a model

with the radiation ERR replacing both attained age and age at exposure with time since

exposure only. For each type, as well as all lung cancers combined, these models showed a

slight improvement in AIC, with risk estimates little affected, indicating that the time
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dependent variation of the radiation risk might be more parsimoniously explained by a risk

decrease with time since exposure only (not shown).

Smoking-Radiation Joint Effects

Figure 2 presents two summaries of estimated radiation ERRs/Gy as a function of smoking

intensity. The upper panel presents gender-averaged ERRs/Gy relative to those for

unexposed people with the same smoking history under the four interaction models and the

lower panel presents gender-averaged and gender-specific ERRs/Gy relative to those for

unexposed never-smokers under the generalized multiplicative model. These were all

computed as the risks at age 70 for those who were exposed at age 30 and smoked a fixed

number of cigarettes per day since age 20.

Although inclusion of the generalized interaction term ω(S) did not significantly improve

the fit over the simple interactions in any of the type-specific analyses, the fitted curves in

Fig. 2 suggest that, given the duration of smoking, the nature of the variation in the ERR/Gy

with smoking intensity might be similar across the three histological groups. As the smoking

intensity increased, the ERR/Gy tended to increase relatively rapidly (up to about 10

cigarettes per day) and then decrease toward no radiation-associated excess risk (at 20 or

more cigarettes per day). This trend was most evidently demonstrated in analysis for small

cell carcinoma. Similar patterns were observed for the not otherwise specified group and the

three major types as a group (see Supplementary Material: http://dx.doi.org/10.1667/

RR2819.1.S1, Fig. S2) and for both of these groups, the generalized models described the

data markedly better than simple additive or multiplicative models (see Supplementary

Material: http://dx.doi.org/10.1667/RR2819.1.S1,Table S4).

Table 5 summarizes the distribution of observed and fitted cases over dose categories for the

generalized multiplicative model. The fitted cases are broken down into baseline cases,

excess cases associated with radiation exposure, smoking, or radiation-smoking interaction,

and among those with no smoking data over predictions for unexposed never-smokers in the

same dose group. About 26% (111 of 427 cases) of the cases among subjects with smoking

history data appeared to be associated with smoking for adenocarcinoma, while this

proportion was much higher for squamous cell carcinoma (81%; 170 of 209) and for small

cell carcinoma (84%; 92 of 110). About 7% of the adenocarcinoma cases, 3% of the

squamous cell carcinoma cases, and 4% of the small cell carcinoma cases appeared to be

associated with radiation exposure; this proportion increased to 56%, 26% and 22%,

respectively, among the highest dose category (>1 Gy). Excess cases associated with the

radiation-smoking interaction accounted for 1–3% of the cases with known smoking history

for each type and about 10% of the radiation-associated cases for adenocarcinoma, 53% for

squamous cell carcinoma and 44% for small cell carcinoma. Regardless of the type of

interaction, the total estimated numbers of smoking-associated cases were generally similar

for each type but the model with no smoking adjustment provided the largest estimate of

radiation-related excess cases.
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Discussion

It has been recognized that the association between smoking and lung cancer incidence

varies by histological type (25–28). Our analyses demonstrated that smoking ERRs were

markedly higher for small cell carcinoma (18/41 per 50 pack-years for men/women born in

1915) and squamous cell carcinoma (13/21) than for adenocarcinoma (2.4/3.4). These

results were comparable to the risk estimates reported in another large Japanese cohort study

(29). For each of the three histological types, and all lung cancers as a group, the estimated

smoking risks appeared to be smaller than those reported for Western populations (1, 18).

As suggested by the “smoking-only” excess case estimates (Table 5), histology-type

differences in excess cases were not as marked as those in the ERRs with the largest

increases for squamous cell carcinoma and the smallest increases for small cell carcinoma.

Previous studies of radiation effects by lung cancer histological type have provided rather

inconsistent results. Prior studies among atomic bomb survivors (30–32) were based on

limited numbers of cases diagnosed histopathologically by means of autopsies, surgical

resections, or biopsies. Land et al. noted that radiation-induced cancers appeared more likely

to be small cell carcinoma and less likely to be adenocarcinoma both in atomic bomb

survivors (exposed predominately to penetrating γ rays) and another cohort of American

uranium miners (exposed to low-energy α particles with low entrance) (30). In studies of

radiation-treated patients, the largest ERRs/Gy were seen for adenocarcinoma and large-cell

carcinoma among Hodgkin's disease patients (13), while squamous cell carcinoma was the

most closely related to radiotherapy among breast cancer patients with a significant effect

only among smokers (33). In a Swedish case-control study of residential-radon exposure and

lung cancer, stronger associations with increasing levels of residential-radon exposure were

suggested for small cell carcinoma and adenocarcinoma than for squamous cell carcinoma

(9), while a larger excess odds ratio was observed for small cell carcinoma than for

adenocarcinoma and squamous cell carcinoma in a combined analysis of seven case-control

studies in North America (11). In our study, conducting formal tests comparing ERRs across

types was difficult in the presence of relatively strong modification of radiation effects by

smoking levels. However, visual inspection of Fig. 2, as well as ERR/Gy coefficient

estimates in Table 4, suggests that the relative effect of radiation might be larger for small

cell carcinoma and adenocarcinoma than for squamous cell carcinoma in the LSS.

It has been previously noted that the age-specific radiation-associated excess risk for lung

cancers tends to increase with increasing age at exposure in the LSS (6, 15). Our type-

specific analyses suggest that this increase could be largely due to that for squamous cell

carcinoma. The possibility of non-decreasing patterns of radiation-associated cancer risks

with increasing age-at-exposure has been a matter of recent interest (34–36). Using a

biologically-based model that allows radiation to act as both an initiator and a promoter of

lung cancer, Shuryak et al. suggested that variations in the age at exposure pattern for

different cancer types might be explained by differences in the relative importance of

initiation and promotion effects of the exposure (36). In this context, our findings suggest

that promotion (or late stage) effects of radiation might be more important for lung cancer,

particularly squamous cell carcinoma, than they are for many other types of solid cancers.
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To our knowledge, this is the first epidemiological study to quantify the joint interaction

effects of radiation and smoking on lung cancers of different histological types. For all lung

cancers as a group, many previous reports concluded that the interaction could be more

multiplicative than additive (8, 9, 12, 13). Our type-specific analyses did not conclusively

identify the type of interaction, in contrast to our previous analysis pooling all lung cancers

(15) in which the generalized multiplicative model fit statistically better than the

multiplicative model or additive model. However, despite the lack of statistical significance,

our analyses suggest that the type-specific radiation effects might share a complex

dependence on smoking intensity like that seen in the pooled analysis. Specifically, the

effect of a given radiation dose tends to be larger for moderate smokers than for heavier

smokers given the duration of smoking. The slight variations in this pattern observed among

different histological types seem to reflect the differences in the strength of association with

smoking or radiation. The lung cancer not otherwise specified group may be mostly a

collection of the three major types, with some unknown numbers of metastatic cancer

misclassified as lung cancer. It is of interest to note that the interaction pattern seen for this

group is similar to that for all three types of lung cancer combined. The reductions in

radiation-associated risk with increasing smoking intensity might be related to the inverse

exposure rate effect in the smoking-associated lung cancer risks that is seen in the LSS and

other populations (15, 37); namely, smoking at a lower intensity for a longer duration tends

to be more deleterious than smoking at a higher intensity for a shorter duration. Potential

explanations for this leveling-off include intensity-dependent molecular mechanisms and

nicotine-related smoking behavioral factors (37). Our findings suggest that radiation might

contribute most markedly to lung cancer risks in smokers of intensities at which the

intensity-dependent modification of the smoking effects is the largest.

With largely complete cancer ascertainment, long-term follow up of a large cohort of men

and women of all ages, and of detailed smoking information, the LSS cohort is an excellent

resource for the study of the joint effect of radiation and smoking on lung cancer risks.

However, the LSS data have some limitations, particularly with regard to the completeness

of the smoking data. In the analyses we assumed that people's smoking habits had not

changed since the last time they provided information on smoking, which was no later than

1992. In view of the age of the cohort members it is unlikely that many have begun to smoke

in recent years, but it is likely that many have quit smoking. This will possibly lead to some

downward bias in estimates of the effect of smoking cessation, but how this impacts

estimates of radiation effects is unclear. In addition, despite the size of the cohort and the

relatively large number of cases, the amount of information relevant to inference about the

nature of the radiation-smoking interaction was still limited due to the highly skewed dose

distribution and the unavailability of histology information for about 30% of the cases.

Furthermore, the smaller relative risks associated with smoking in Japan make it challenging

to apply the results to non-Japanese populations.

In summary, our analyses of the LSS demonstrated that both smoking and radiation

significantly increased the risks for the three major types of lung cancer (AC, SqCC and

SmCC). Despite some variation in magnitude of the main effects of smoking and radiation

among the types, all of these lung cancer types shared a relatively consistent pattern for the

smoking-radiation interaction; radiation effects tended to be largest for those who smoked
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modest amounts and much lower for heavy smokers. This pattern might be related to the

inverse exposure-rate pattern generally observable for smoking-related cancer risks. Our

findings provide information on smoking effects for various types of lung cancer in Japan

and contribute to the sparse literature on the radiation-smoking interaction effects on lung

cancer histological type.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Age- and gender-specific absolute rate (upper panel) and excess relative risk of smoking

(lower panel). Solid curves are for smokers who started at age 20 and never stopped. [The

dotted curves are for past smokers who started at age 20 and stopped at age 50. The dashed

curves are for lifetime never-smokers. The curves correspond to risk for an unexposed

person born in 1915.
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Fig. 2.
Excess relative risk at 1 Gy as a function of smoking intensity, relative to unexposed

smokers with the same smoking history (upper panel) and to unexposed non-smokers (lower

panel). The curves correspond to risk at age 70, for one exposed at age 30 who smoked a

pack/day for 50 years since age 20. In the upper panel, gender-averaged risks were plotted

for each fitted interaction model. In the lower panel, the gender-averaged and gender-

specific risks were plotted for the generalized multiplicative model. All points are

categorical estimates of the ERRs (with 95% confidence intervals in the upper panel) based

on a generalized multiplicative model in which smoking intensity categories replaced the

linear-quadratic function of log intensity.
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Table 4
Parameter Estimates (959% CI) for Smoking Effects and Radiation Effects from a
Generalized Multiplicative Model and AIC Values for the Alternative Joint Effect Models

Adenocarcinoma Squamous cell Small cell

Smoking parameters

 ERRa (male) 2.42 (1.4, 3.8) 12.71 (4.8,51.2) 17.51 (4.6, 112.4)

 ERRa (female) 3.41 (0.9, 7.3) 21.12 (9.7, 44.7) 41.39 (16.8, 107.9)

 Birth year (percentage change per decade decrease) 6.02 (−25.1, 47) 45.32 (3.7, 104.2) 40.24 (−3.8, 103.9)

 Log (duration/50) 1.58 (−1.5, 5.5) −0.72 (−2.5, 1) −0.91 (−2.9, 0.7)

 Log (duration/50)2 −18.43 (−41.3, −4.9) −2.27 (−6.6, 0.4) −0.23 (−4.4, 0.5)

 Log (years since quitting +1) −0.39 (−12.9, 0.2) −0.37 (−0.7, −0.1) −0.59 (−1.1, −0.3)

Radiation parameters

 ERR/Gyb (gender-averaged) 0.75 (0.3. 1.3) 0.27 (0.0. 1.5) 1.49 (0.1,4.6)

 ERR/Gyb (male) 0.17 (0.0, 0.8) 0.07 (0.0, 0.7) 2.21 (0.2, 7.6)

 ERR/Gyb (female) 1.34 (0.6, 2.3) 0.48 (0.0, 2.6) 0.78 (0.0, 3.3)

 Female/male ratio 7.94 (1.8, Inf) 6.89(1.6, Inf) 0.35 (0.0, 2.3)

 Age at exposure (percentage change per decade increase) 8.74 (−33, 72) 212.4 (26, 3476) 4.36 (−48,221)

 Attained age (power) −2.34 (−5.3,0.8) −8.91 (−25.9, −0.7) −2.63(−9.7, 4.6)

 P for generalized interaction 0.26 0.54 0.18

AIC

 Radiation only 4714 2762 1941

 Smoking only 4691 2630 1854

 Additive 4666 2618 1848

 Multiplicative 4667 2617 1850

 Generalized additive 4668 2622 1852

 Generalized multiplicative 4668 2619 1850

a
Risk at age 70 for an unexposed person who was born in 1915 and smoked a pack of cigarettes per day for 50 years since age 20.

b
Risk for a never-smoker at age 70 after an exposure at 1 Gy at age 30.
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