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1 | INTRODUCTION

Obesity, as defined by BMI, is known to increase the risk of a wide
range of diseases, including type 2 diabetes, cardiovascular disease,
and cancer.! Over the past several decades, there has been growing
interest in exploring the associations of BMI with cancer incidence
and mortality. According to the 2018 working group report of the
IARC, obesity has been shown to increase the risk of at least 13 dif-
ferent types of cancer.?2 However, one notable exception appears
to be lung cancer, which is the leading cause of cancer deaths in
developed countries such as Japan. Numerous observational studies
in different ethnic groups have almost consistently shown that BMI
is inversely associated with the risk of lung cancer.3™1°

Due to the nature of observational studies, it remains controver-
sial whether the inverse association between BMI and lung cancer
is causal or merely spurious. Some previous studies reported that
this association could be due in part to methodological weaknesses,
as it disappeared after restricting analyses to never-smokers and/or
properly adjusting for cigarette smoking (the dominant risk factor
for lung cancer).2%° However, increasing evidence supports the ex-
istence of an inverse association, with a 2019 pooled analysis of 12
cohort studies from the United States, Europe, and Asia demonstrat-
ing that high BMI was associated with a decreased risk of lung cancer
in both smokers and never smokers after excluding cases diagnosed
during the first 5years of follow-up.® As concluded by the authors of
this pooled analysis, “the inverse BMI-lung cancer association is not
entirely due to smoking and reverse causation.”

Fewer studies have explored the association between BMI and
lung cancer in Asian people, who are known to have a lower prev-
alence of obesity than Caucasians, as well as different body com-
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position. In Japan, three cohort studies and two case-control

studies!3*

examined the relationship between BMI and lung cancer
incidence or mortality, but their findings were inconclusive. Of note,
the Japan Public Health Center-based Prospective Study followed
92,098 men and women for an average of 19.1years and found that

after adjustment for smoking and other confounders, lower BMI
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using Cochran's Q and [*statistics. During 5,730,013 person-years of follow-up, 6454
incident lung cancer cases (4727 men and 1727 women) were identified. Baseline BMI
was inversely associated with lung cancer risk in men and women combined. While
leanness (BMI <18.5) was associated with a higher risk of lung cancer (HR 1.35; 95% Cl,
1.16-1.57), overweight and obesity were associated with a lower risk, with HRs of 0.77
(95% ClI, 0.71-0.84) and 0.69 (95% Cl, 0.45-1.07), respectively. Every 5kg/m? increase
in BMI was associated with a 21% lower risk of lung cancer (HR 0.79; 95% Cl, 0.75-0.83;
p<0.0001). Our pooled analysis indicated that BMI is inversely associated with the risk
of lung cancer in the Japanese population. This inverse association could be partly at-

tributed to residual confounding by smoking, as it was more pronounced among male

body mass index, inverse association, lung cancer risk, pooled analysis, smoking

(<19) at baseline was associated with a 48% increased risk of lung
cancer in men.” The individual studies mentioned above, however,
did not undertake stratified analyses by smoking status, perhaps
because of the small number of lung cancer cases in never smok-
ers. This limitation points to the need to conduct a pooled analysis
of available cohort study data to further address confounding by
smoking.

To better understand the associations between BMI and lung
cancer risk, we pooled data from 10 prospective cohort studies with
a total of 444,143 participants (including 6454 lung cancer cases).
This constituted the largest sample size ever established in the
Japanese population. Additionally, we aimed to stratify the associ-
ations by sex, smoking status, and histological type.

2 | MATERIALS AND METHODS

2.1 | Study population

This analysis is part of an ongoing project aiming to elucidate the as-
sociations of major cancers with lifestyle factors in Japanese people
by pooling data from ongoing cohort studies. A detailed description
of the pooling project was provided elsewhere.® Briefly, we pooled
data from 10 prospective cohort studies that met the predefined
criteria: namely the Japan Public Health Center-based Prospective
Study (JPHC-I and JPHC-I1),%¢ the Japan Collaborative Cohort Study
(JACC),Y the Miyagi Cohort Study (MIYAGI),*® the Three-Prefecture
Cohort Study in Miyagi (3-Pref MIYAGI),'? the Three-Prefecture
Cohort Study in Aichi (3-Pref AICHI),19 the Three-Prefecture
Cohort Study in Osaka (3-Pref OSAKA),'” the Ohsaki Cohort Study
(OHSAKI),?° the Takayama Study (TAKAYAMA),?! and the Life Span
Study (LSS).?2 Each cohort enrolled more than 30,000 participants
in the 1980s-1990s and used validated questionnaires to collect
baseline information on height, weight, cigarette smoking, alcohol
consumption, and other lifestyle factors. Selected characteristics of
these cohort studies are shown in Table 1.
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2.2 | Body massindex assessment

Self-reported data on weight and height at baseline were col-
lected from all cohort participants. Body mass index, calculated
as weight (kg) divided by the square of height (m), was catego-
rized into six groups: <18.5, 18.5-20.9, 21.0-22.9, 23.0-24.9,
25.0-29.9, and >30. Based on the WHO classifications, a BMI of
<18.5 is defined as underweight, 18.5-22.9 as normal weight,
25.0-29.9 as overweight, and 230 as obese. Individuals with an
extreme BMI (<14 or >40) were excluded from the analyses. The
validity of self-reported height and weight was examined in some
of the cohorts included in this pooled analysis, with correlation
coefficients between self-reported and measured values ranging
from 0.85 to 0.97.2%°2¢

2.3 | Follow-up and outcome ascertainment
Follow-up and outcome ascertainment were carried out according
to each cohort's protocol. Cancer diagnoses were confirmed mainly
through linkage with cancer registries, review of medical records,
or a combination of the two. Lung cancer was ascertained by the
International Classification of Diseases (162 in ICD-9 and C34 in
ICD-10), and was further classified into squamous cell carcinoma
(8050-8078, 8083-8084), adenocarcinoma (8140, 8211, 8230-
8231, 8250-8260, 8323, 8480-8490, 8550-8552, 8570-8574,
8576), and small-cell carcinoma (8041-8045) according to the histo-
logical grouping proposed by the IARC.?

2.4 | Statistical analysis

Our two-stage analysis followed the same analytical approach as the
one used in the previously mentioned study.'® In the first stage, in-
dividuals were excluded from analyses if they reported a history of
any cancer at baseline and had missing data on body weight and/or
height. Life Span Study participants with an atomic bomb radiation
dose 2100mGy were also excluded. We calculated study-specific
HRs of lung cancer in relation to various BMI categories for each
participating cohort. Individuals with a BMI of 21.0-22.9 served as
the reference group. Hazard ratios and 95% Cls were estimated from
Cox proportional hazards regression models. The BMI-lung cancer
associations were examined in overall as well as sex-specific analy-
ses. Assuming a log-linear dose-response relationship, BMI was also
modeled as a continuous variable; HRs were estimated for each
Skg/m2 increase in BMI. All multivariate models were adjusted for
age at baseline, PY of cigarette smoking (men: never, former and cur-
rent [PY O< and <20], former and current [PY 20< and <30], former
and current [PY 30< and <40], former and current [PY >40]; women:
never, former and current [PY O< and <20], former and current [PY
20< and =<30], former and current [PY >30]), and alcohol consump-
tion (never, occasional, current <23g/day of ethanol, and current
>23g/day of ethanol), with model 3 further adjusting for physical
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activity if available. For former smokers, we further adjusted for
years since quitting smoking (<5, 5 to <10, 10 to <15, and =15 years).

In the second stage, we undertook a random-effects meta-
analysis combiningresults(#and SE) fromeach cohort. Heterogeneity
across studies was evaluated using Cochran's Q and 12 statistics. The
effect size values were log-transformed prior to the pooled analysis
in order to resolve the asymmetry of the confidence intervals, and
then exponentially transformed to obtain the combined values.

In subgroup analyses, we evaluated BMI-lung cancer associa-
tions by smoking status (current, former, and never) and histological
type (adenocarcinoma, squamous cell carcinoma, and small-cell car-
cinoma). The three histological subtypes account for approximately
90% of lung cancers in Japanese patients.?®?’ The interaction be-
tween smoking and low BMI (<21) in influencing lung cancer risk
was evaluated using likelihood tests with the addition of an inter-
action term. To address reverse causation, we undertook sensitivity
analyses that excluded lung cancer cases diagnosed during the first
5years of follow-up.

Statistical tests were two-sided, and a p value <0.05 was con-
sidered statistically significant. Analyses were carried out using SAS
(version 9.4; SAS Institute) and Stata 17 (StataCorp).

3 | RESULTS

Table 1 presents the baseline characteristics of each cohort study
included in the current pooled analysis. The mean BMI at baseline
ranged from 22.1 to 23.7, and the follow-up duration ranged from
7.7 to 21.5years. During 5,730,013 person-years of follow-up,
6454 incident lung cancer cases (4727 men and 1727 women) were
identified.

Overall, BMl was inversely associated with lung cancer risk; while
underweight (BMI <18.5) was associated with a higher risk of lung
cancer (HR 1.35; 95% Cl, 1.16-1.57), overweight (BMI 25.0-29.9)
and obesity (BMI 230) were associated with a lower risk, with HRs
of 0.77 (95% ClI, 0.71-0.84) and 0.69 (95% Cl, 0.45-1.07), respec-
tively (Table 2). This inverse association was consistently observed
across cohorts included in the pooled analysis, with no significant
heterogeneity in risk in the lowest BMI category (BMI <18.5) com-
pared with the reference category (BMI 21.0-22.9). In multivariable-
adjusted models, every 5kg/m? increase in BMI was associated with
a 21% decrease in the risk of lung cancer (HR 0.79; 95% Cl, 0.75-
0.83; p<0.0001). Stratification by sex indicated that the inverse
BMI-lung cancer association was similar between men and women,
except that the increased risk in underweight (BMI <18.5) women
was not statistically significant.

Table 3 shows the sex-specific associations between BMI and
lung cancer risk by smoking status. Overall, higher BMI was asso-
ciated with a lower risk of lung cancer regardless of smoking sta-
tus, with never, former, and current smokers showing 10%, 22%,
and 16% decreases in risk, respectively, per 5kg/m? increase in
BMI. Notably, overweight (BMI 25.0-29.9) was significantly asso-
ciated with decreased lung cancer risk in both never-smokers and
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ever-smokers (former and current smokers), with HRs ranging from
0.72 to 0.89. Decreased risk was also observed in obese people re-
gardless of smoking status, but the associations were not statisti-
cally significant. Further sex-stratified analyses by smoking status
showed significant, inverse associations between BMI and lung can-
cer risk in male current and former smokers, but not in male never
smokers. In women, no significant, inverse associations were noted
in either never smokers or ever smokers (former and current smok-
ers). In addition, we found no statistically significant interaction
between smoking and low BMI (p=0.07 for men and women com-
bined, p=0.09 for men, and p=0.13 for women).

In analyses stratified by histological subtype, an inverse associa-
tion between BMI and lung cancer risk was evident for adenocarci-
noma and squamous cell carcinoma (Table 4), but it was attenuated
for small-cell carcinoma. In further stratification by sex, the associ-
ations seemed to vary between men and women. Among the three
major subtypes, underweight (BMI <18.5) was significantly asso-
ciated with an increased risk of adenocarcinoma only among men
(HR 1.73; 95% Cl, 1.24-2.43), whereas it was significantly associ-
ated with an increased risk of squamous cell carcinoma only among
women (HR 3.33; 95% Cl, 1.60-6.91).

To address the effect of reverse causation, we repeated the anal-
yses, this time excluding lung cancer cases diagnosed during the first
5years of follow-up. Overall, the inverse associations persisted for
both men and women; however, further analyses stratified by smok-
ing status suggested that the associations were more apparent in
male former and current smokers, with no significant trend in female

nonsmokers (Tables S1-S3).

4 | DISCUSSION

In this pooled analysis of 10 prospective cohort studies, we observed
an overall inverse association between BMI and the risk of lung can-
cer in Japanese people, with each 5 kg/m2 increase in BMI associated
with 21% decreased risk. This estimate was consistent with a num-
ber of previous cohort studies, meta-analyses, and pooled analyses
that included ethnically diverse populations.®™*® Notably, our esti-
mate of a 21% decreased risk per 5 kg/m2 increase in BMI was larger
than that (11%) reported in the 2018 pooled analysis of 30 prospec-
tive cohort studies involving more than 1.6 million individuals from
the United States, Europe, and Asia.’

While obesity has been causally linked with at least 13 cancer
sites, its causal relationship with lung cancer remains inconclusive.
Although almost all observational studies (including ours) have
consistently shown an inverse association, it remains controversial
whether this was due to a real cause-effect relation or whether
it merely represents a spurious association stemming from con-
founding, reverse causation, or other sources of bias. Among con-
founding factors that could distort BMI-lung cancer associations,
cigarette smoking is a major concern because current smokers are
well known to weigh less and have a substantially higher risk of
developing lung cancer than never smokers. Previous studies that
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(Continued)

TABLE 4

Heterogeneity for

trend

Heterogeneity for
lowest category

Trend (per 5 kg/mz)

230

18.5to <21 21to <23 23to<25 25 to <30

<18.5

Cochran's
Q test

Cochran's
Qtest

HR (95%

cly

(%)

p

HR (95% Cl)

12 (%)

HR (95% Cl) HR (95% Cl)

HR (95% Cl)

HR (95% Cl)

HR (95% Cl)

Total

Small-cell carcinoma

42,454 4818

44,488

40,685 51,462

12,187

196,094
3,019,783

70

Participants, n

77,041

684,747
16

706,185
12

797,198
16

599,569
18

155,044

Person-years

Cases, n

0.11
0.15
0.07

35 p

0.3790
0.6855
0.5936

0.81(0.51-1.29)
0.91(0.56-1.46)
0.83(0.41-1.67)

p=1.00
0.83
0.47

0
0
0

2.39(0.61-9.35)

1.19 (0.62-2.30)
0.91(0.4-2.07)
0.75(0.33-1.7)

0.72(0.33-1.53)
0.87(0.38-1.99)
0.87(0.38-1.99)

1 (Ref.)

2.28(1.15-4.51)
2.18(0.72-6.60)
2.25(0.72-7.00)

2.42(0.87-6.75)
1.73(0.42-7.13)

HR1 (model 1)

33.53 p

p=

1.95(0.48-7.99)
1.95(0.48-7.98)

1 (Ref.)

HR2 (model 2)

55.86 p

p=

1.71(0.33-8.8¢) 1 (Ref.)

HR3 (model 3)

Abbreviations: Cl, confidence interval; HR, hazard ratio; I, inconsistency index; p, probability; Ref., reference.

@Adjustment for age (year, continuous) and area (for JPHC-1, JPHC-1I, JACC, and LSS).
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PFurther adjustment for smoking (men: never, former and current [pack-years (PY) O< and <20], former and current [PY 20< and <30], former and current [PY 30< and <40], former and current [PY >40];
women: never, former and current [PY O< and <20], former and current [PY 20< and <30], former and current [PY >30]), drinking (noncurrent drinkers [never- or ex-drinker], occasional drinkers [less than

once per week], regular drinkers [<23 g/day], regular drinkers [223 g/day]) and history of diabetes (no, yes) to model 1.

“Further adjustment for exercise to model 2.

sought to control for smoking yielded mixed findings, with some
showing the attenuation or even disappearance of inverse associa-
tions in analyses restricted to never-smokers.81° The 2018 pooled
analysis provided evidence supporting the inverse association in
both smokers and never smokers.® Our findings showing an over-
all inverse association in men and women combined were largely
consistent with the results of the 2018 pooled analysis. However,
further sex-specific analyses revealed that the increased risk as-
sociated with low BMI was apparent only in male current and for-
mer smokers, and was attenuated or absent in male never smokers.
Among women, low BMI was associated with an increased risk of
lung cancer, but this association was not statistically significant.
One possible reason for the different results between sexes is the
limited statistical power of the sex-specific analyses. Together,
our findings suggest that the overall inverse associations between
BMI and lung cancer risk may be partly driven by current and for-
mer male smokers. In addition, we examined the interaction be-
tween BMI and smoking in influencing lung cancer risk and found
no statistically significant interaction between low BMI and ever
smoking. Given that previous studies have shown increased levels
of 8-OHdG (endogenous oxidative damage to DNA) in lean smok-
ers and an inverse association between weight loss and 8-OHdG
levels,3%3! leanness may contribute to reduced biological functions
against smoking-induced oxidative DNA damage. Further studies
are needed to address biological or statistical interactions between
smoking and BMI in modulating lung cancer risk.

Another possible explanation for the observed inverse asso-
ciations is reverse causation, which refers to the fact that undiag-
nosed lung carcinoma or other chronic medical conditions precede
and cause weight loss.3? To evaluate the effect of reverse causation
on risk estimates, we repeated the analyses but excluded cases di-
agnosed during the first 5years of follow-up. The results remained
materially unchanged when compared to the main analyses, thereby
implying that the observed inverse associations could not be ex-
plained by pre-existing illness.

Even with careful attempts to address confounding and reverse
causation, establishing an inverse causal relationship between BMI
and lung cancer risk remains challenging because of the nature of
observational studies as well as the lack of mechanistic understand-
ing. The emergence of MR—an approach using genetic variants as
instrumental variables to approximate environmental exposure—has
offered a solution to circumvent the limitations (confounding and re-
verse causation) that are inherent in observational studies.?® Several
MR studies revealed that genetically predicted BMI was associated
with an increased risk of lung cancer of all types,34'38 a finding that
contrasts with the inverse association seen in observational stud-
ies. One interpretation is that MR studies evaluated the association
of lung cancer with static, genetically determined BMI throughout
one's lifetime, while observational studies often examined associ-
ations with one single baseline BMI measurement in adulthood.
Another reason may be that BMlI-associated genetic variants used in
these MR studies were derived from genome-wide association stud-
ies involving populations of European ancestry, making it uncertain
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whether the results can be generalized to populations of East Asian
ancestry. Further MR analyses using genetic variants associated
with BMI in the Japanese population are warranted to corroborate
or refute BMI-lung cancer associations.

Whether the association of BMI with lung cancer differs by his-
tological subtype has been explored in both observational and MR
studies, but the findings are inconclusive. The 2018 pooled anal-
ysis found inverse associations for adenoma and squamous cell
carcinoma, but identified a positive association for small-cell lung
cancer.® In our pooled analysis, similar inverse associations were ob-
served for adenocarcinoma and squamous cell carcinoma; however,
no significant associations were noted for small-cell lung cancer. In
addition, the results of MR studies were not entirely consistent, with
inverse association documented for lung adenocarcinoma in some
studies.>*%? These findings indicate that BMI may exert differen-
tial effects on lung cancer histological subtypes in different ethnic
groups.

A major strength of our study is that the number of lung cancer
cases in the Japanese population was larger than that in any previous
study. By pooling data, we were able to use the same BMI categories
and covariate definitions, analyzing the associations between BMI
and the risk of lung cancer according to sex, smoking status, and
histological type. In addition, we were able to address the effect of
confounding by adjusting for PY of smoking and restricting the anal-
ysis to never-smokers.

Our study also has limitations. First, BMI is known to be an im-
perfect measurement of adiposity; it does not distinguish between
adipose tissue and lean body mass, nor does it reflect metabolic
or endocrine disruptions associated with obesity.*® However, few
studies have explored whether other measures of fatness and body
composition, such as waist circumference and waist-to-hip ratio,
are associated with the risk of lung cancer in Japan.” Second, we
were only able to analyze a single baseline BMI measurement for
each individual; it is possible that changes in weight and height over
time may have influenced the observed associations. Third, we ac-
knowledge the lack of statistical power for certain subgroup analy-
ses, such as histological type, because of the small number of cases.
The possibility that some of the results of these analyses were due
to chance cannot be ruled out. Fourth, despite our best efforts to
address confounders, the confounding effect of smoking may have
persisted, in particular in lean male smokers, and other unknown
confounders might also have distorted the observed associations.
Finally, compared with current smokers, the precise risk estimate
for underweight never smokers is still challenging because they are
thought to be a heterogeneous group; their BMI is thought to be
influenced by various factors, including genetics, passive smoking,
underlying medical conditions, culture, and socioeconomic status.*
Further refinement in risk estimates is needed for this group.

In summary, our findings add to the evidence that low BMI is
inversely associated with an increased risk of lung cancer. This may
be driven by current and former smokers, and warrants further in-

vestigation of never-smokers in additional studies.
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