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Abstract
An inverse association between body mass index (BMI) and risk of lung cancer has been reported. However, the associa-
tion of body composition such as fat mass (FM) and lean body mass (LBM) with risk of lung cancer has not been fully 
investigated. Using two large prospective cohort studies (Nurses’ Health Study, 1986–2014; Health Professionals Follow-up 
Study, 1987–2012) in the United States, we included 100,985 participants who were followed for occurrence of lung cancer. 
Predicted FM and LBM derived from validated anthropometric prediction equations were categorized by sex-specific deciles. 
During an average 22.3-year follow-up, 2615 incident lung cancer cases were identified. BMI showed an inverse association 
with lung cancer risk. Participants in the 10th decile of predicted FM and LBM had a lower risk of lung cancer compared 
with those in the 1st decile, but when mutually adjusted for each other, predicted FM was not associated with lung cancer risk 
(adjusted hazard ratio [aHR] = 0.98, 95% confidence interval [CI] 0.72–1.35; P(trend) = 0.97) whereas predicted LBM had 
an inverse association (aHR = 0.73, 95% CI 0.53–1.00; P(trend) = 0.03), especially among participants who were current 
smokers or had smoked in the previous 10 years (aHR = 0.55, 95% CI 0.36–0.84; P(trend) = 0.008). In conclusion, BMI was 
inversely associated with lung cancer risk. Based on anthropometric prediction equations, low LBM rather than low FM 
accounted for the inverse association between BMI and lung cancer risk.
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Introduction

Obesity, typically assessed by body mass index (BMI), is 
associated with an increased risk of 13 cancers, including 
breast, endometrial, colorectal and kidney cancers [1]. In 
contrast, an inverse association of BMI with the risk of lung 
cancer is seen in many epidemiologic studies [2–7]. This 
inverse association is more evident in smokers compared to 
non-significant associations in non-smokers, suggesting that 
negative confounding by smoking could be the main expla-
nation [2, 4, 5]. Smoking is inversely associated with body 
weight as well as being a strong risk factor for lung cancer 
[8, 9]. However, these previous studies had relatively small 
study sizes [6], limited study population (e.g., women and 
older adults) [4, 5, 7], and most importantly, BMI may not 
reflect body composition [2–7].

Although measuring BMI is the most common way to 
assess the general obesity, it may not adequately capture the 
differences in body composition and fat distribution, which 
may differentially effect development of lung cancer. For 
instance, a higher waist circumference (WC) and a higher 
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waist to hip ratio (WHR) were positively associated with 
lung cancer risk in contrary to an inverse association of 
BMI with lung cancer risk [10, 11]. A large pooled cohort 
study considered the joint effects of BMI and WC/WHR, 
and participants who had low BMI (< 25 kg/m2) and high 
WC showed the highest hazard ratio of 1.40 (95% confidence 
interval [CI] = 1.26–1.56) compared to those with high BMI 
(≥ 25 kg/m2) and normal WC [10].

Fat mass (FM) and lean body mass (LBM) both contrib-
ute to BMI, which is based on body weight regardless of 
body composition, and are likely to have differential effects 
on health outcomes [12–14]. Higher FM is generally asso-
ciated with increased mortality, whereas suboptimal LBM 
may be associated with increased mortality. In addition, low 
LBM is related to poor prognosis of cancer and smoking 
related disease (e.g., chronic obstructive pulmonary disease 
[COPD]) [15, 16]. The combination of high WC but low 
BMI may correspond to low LBM.

To our best knowledge, no studies evaluated differen-
tial effects of FM and LBM on lung cancer risk. Therefore, 
examining the independent roles of FM and LBM beyond 
BMI related to lung cancer risk may improve our under-
standing of the inverse relationship between BMI and lung 
cancer risk.

Methods

Study setting and study population

Two ongoing prospective US cohort studies were included 
in this study. The Nurses’ Health Study (NHS) enrolled 
121,701 female nurses aged 30–55 years in 1976 and the 
Health Professionals Follow-up Study (HPFS) enrolled 
51,529 male health professionals aged 40–75 years in 1986. 
All participants were asked to answer the questionnaires 
related to their demographic, lifestyle and medical informa-
tion by mailing at baseline and followed up every two years. 
The study protocol was approved by the institutional review 
boards of the Brigham and Women’s Hospital and Harvard 
T.H. Chan School of Public Health, and those of participat-
ing registries as required. For this study, we excluded those 
previously diagnosed with cancer or those with extreme 
BMI (< 12.5 or > 60 kg/m2) at baseline. A total of 100,985 
(62,917 women; 38,068 men) were included in the final 
analysis.

Exposure measurements: predicted body 
composition

Predicted FM and LBM were derived using validated anthro-
pometric prediction equations which were developed using 
a large US representative sample of 7531 men and 6534 

women who had a measure of dual energy x ray absorp-
tiometry (DXA) from the National Health and Nutrition 
Examination Survey (NHANES) [17]. Briefly, FM and LBM 
measured by DXA were defined as a dependent variable and 
a linear regression was conducted using age, race, height, 
weight and WC as independent variables to derive the pre-
dicted FM and LBM. High predictive values for FM (men: 
R2 = 0.90; women: R2 = 0.93). and LBM (men: R2 = 0.91; 
women: R2 = 0.85) were noted by using the anthropometric 
prediction equations in an independent validation population 
[18]. Using the prediction equations, we calculated the pre-
dicted FM and LBM for each participant based on their age, 
race, height, weight and WC. Details on the development 
and validation of the equations have been described else-
where and these variables have been used in epidemiologic 
studies [17, 19, 20].

Outcomes: incidence of lung cancer

Newly diagnosed lung cancers were self-reported by the par-
ticipants from the biennial questionnaires or identified on 
their death certificates. The response rate exceeded 90% for 
each questionnaire. We searched the National Death Index 
for all non-respondents [21]. To confirm the lung cancer and 
precise date of diagnosis, medical records and pathology 
reports were reviewed if participants give permission. When 
it was not able to review the medical record, we requested 
data from state cancer registries on detailed information 
related diagnosed cancer through linking the participant’s 
information. Lung cancers related deaths were identified by 
death certificates with relevant ICD-8 (international clas-
sification of diseases, 8th revision) codes (codes 162) and 
confirmed through medical records by study physicians. 
Among the cases with confirmed histology, lung cancer 
types were classified into adenocarcinoma, squamous and 
small-cell carcinoma.

Statistical analysis

Cox proportional hazards regression analyses were per-
formed to estimate hazard ratios and 95% CI. Person-years 
were calculated from the baseline when predicted scores 
were first available (1986 for NHS; 1987 for HPFS) until 
the diagnosis of lung cancer or other cancer (except non-
melanoma skin cancer), death or the end of observation 
period (June 2014 for NHS: January 2012 for HPFS). The 
models with predicted FM was adjusted for height to account 
for variation of body size. As LBM has a high correlation 
with height, predicted LBM was adjusted for height by using 
residuals from the regression of LBM on height. BMI, pre-
dicted FM and LBM were categorized into sex-specific 
deciles. In a multivariable model, we adjusted for age, race, 
smoking status: never, time since quit smoking among past 
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smokers, and cigarettes per day among current smokers, 
alcohol, physical activity and alternate healthy eating index. 
We also ran an additional model mutually adjusting for pre-
dicted FM and LBM in deciles in addition to these potential 
confounding factors.

To examine whether the association of predicted FM 
and LBM with lung cancer risk differed by smoking status, 
we conducted stratified analyses according to the smoking 
status (never, past and current smokers) and recent expo-
sure to smoking (never + quit smoking at least 10 years and 
current + smoked in the last 10 years). To investigate the 
relationship and latency between predicted FM and LBM 
and lung cancer risk, we performed analysis using various 
lag times (0, 4+, 8+, 12+ years) by shifting the baseline to 
1986 (1987 for HPFS), 1990, 1994 and 1998, respectively, 
and updating predicted FM and LBM using three repeated 
measures, accordingly [19]. We conducted analyses sepa-
rately by sex and pooled the data of women and men after 
including sex as a stratification variable. All statistical tests 
were two sided, and a p value < 0.05 was considered to have 
statistical significance. Statistical analyses were carried out 
using SAS 9.4 (SAS Institute Inc., Cary, NC, USA).

Results

Baseline characteristics

Table 1 depicts the baseline characteristics according to sex 
and sex-specific BMI deciles. The mean baseline age of the 
study population was 53.3 years (standard deviation [SD]: 
7.5 years) in women and 54.4 years (SD: 9.8) in men. Mean 
BMI was 25.0 kg/m2 in women and 25.4 kg/m2 in men. 
Participants in higher BMI deciles had higher weight, WC, 
predicted percent fat, predicted FM and LBM. Participants 
in the lowest BMI deciles showed the highest percentage of 
current smokers.

Incidence of lung cancer

During 22.3 years of mean follow-up, 2615 lung cancers 
(1778 women and 837 men) occurred. In the pooled mul-
tivariable adjusted model, BMI was inversely associated 
with risk of lung cancer incidence. Participants in the high-
est decile of BMI showed the lowest risk of lung cancer 
(adjusted hazard ratio [aHR] = 0.73, 95% CI 0.61–0.88), 
showing significantly decreasing trend as BMI decile 
increases (P for trend = 0.003) (Table 2). Those in the high-
est decile of predicted FM and LBM had the lowest risk of 
lung cancer incidence (aHR = 0.75, 95% CI 0.62–0.90 for 
predicted FM; aHR = 0.75, 95% CI 0.63–0.90 for predicted 
LBM) compared with those in the lowest decile groups. 
When we mutually adjusted for predicted FM and LBM, the 

associations of predicted FM and LBM with lung cancer risk 
were weakened. However, the inverse association between 
predicted LBM and lung cancer risk consistently remained 
significant, though the confidence intervals widened and the 
overall p value for trend went from 0.002 to 0.03.

According to the various lag times, we consistently 
observed an inverse association of BMI and predicted LBM 
with lung cancer risk (Supplementary table S1). With longer 
lag times, BMI and predicted FM showed weaker inverse 
associations with lung cancer risk. In sex-stratified analysis, 
BMI, predicted FM and LBM were inversely associated with 
lung cancer risk among women in accordance with our main 
findings (Supplementary table S2). However, BMI, predicted 
FM and LBM were not significantly associated with lung 
cancer risk in men (Supplementary table S3). According to 
the histologic subtypes of lung cancer, BMI and predicted 
LBM were inversely associated with risk of adenocarcinoma 
and squamous cell carcinoma of the lung (Table 3).

Incidence of lung cancer stratified by smoking 
status

Table 4 shows the association of BMI, predicted FM and 
LBM with lung cancer risk stratified by smoking status and 
time since quitting smoking. We observed stronger inverse 
associations of BMI and predicted LBM with lung cancer 
risk among current smokers than that of never or past smok-
ers. However, predicted FM was not associated with risk of 
lung cancer regardless of smoking status in the mutually 
adjusted models. Among those who currently smoked or had 
smoked in the previous 10 years, participants in the fourth to 
tenth deciles of BMI had 15–30% lower risk of lung cancer, 
compared to those in the lowest decile of BMI. For predicted 
FM, there was no significant association with lung cancer 
risk among those who currently smoke or had smoked in 
the previous 10 years (aHR = 1.13, 95% CI 0.75–1.72). In 
contrast, the eighth to tenth deciles of predicted LBM were 
associated with 28–45% lower risk of lung cancer compared 
to the lowest decile (aHR = 0.55, 95% CI 0.36–0.84 in the 
tenth decile).

These associations were more robust in women than 
in men. Among women who currently smoked or smoked 
in the previous 10 years, BMI had a strong inverse asso-
ciation with lung cancer risk, whereas there was no sig-
nificant association among women who never or quit the 
smoking 10 years ago (Supplementary table S4). In these 
women who currently smoked or smoked in the previous 
10 years, predicted FM was not linearly associated with 
risk, though a U-shape pattern was suggested; predicted 
LBM displayed a non-significant (P = 0.12) inverse asso-
ciation. In contrast, among men who currently smoked 
or smoked in the previous 10 years, BMI was not lin-
early associated but a U-shape pattern was suggested, 
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and predicted FM had a non-significant (P = 0.08) posi-
tive trend whereas predicted LBM had a non-significant 
inverse (P = 0.10) trend (Supplementary table S5). Among 
male never smokers, a positive association (P trend = 0.02) 
was observed with predicted FM.

Joint association of BMI and WC with lung cancer 
risk

When we examined the joint association of BMI and WC 
with lung cancer risk, the lowest risk overall and in men 

Table 1   Age standardized characteristics of participants in the Nurses’ Health Study (NHS) and the Health Professionals Follow-up Study 
(HPFS)

Values are means for continuous variables; percentages for categorical variables, and are standardized to the age distribution of the study popula-
tion
WC waist circumference, BMI body mass index, MET metabolic equivalent, AHEI alternate healthy eating index
a Value is not age adjusted

Body mass index

Decile 1 Decile 2 Decile 3 Decile 4 Decile 5 Decile 6 Decile 7 Decile 8 Decile 9 Decile 10

Women (NHS)
 Person-year 68,487 67,890 69,414 66,793 68,283 68,402 67,927 68,654 68,427 68,175
 Age (yearsa) 52.2 52.3 52.5 52.9 53.1 53.6 53.8 54.1 54.4 54.2
 Height (cm) 164.6 164.3 164.0 164.1 164.0 164.1 163.2 164.0 163.4 163.3
 Weight (kg) 52.5 56.6 58.8 61.2 63.5 66.2 68.7 73.3 78.7 94.0
 WC (cm) 67.8 70.7 72.7 74.9 76.9 79.4 82.0 85.8 90.6 100.6
 BMI (kg/m2) 19.3 20.9 21.8 22.6 23.5 24.5 25.7 27.2 29.4 35.1
 Predicted fat mass (kg) 16.2 18.9 20.4 21.9 23.4 25.2 27.0 29.9 33.5 43.3
 Predicted percent fat (%) 32.3 33.8 34.7 35.5 36.4 37.4 38.6 40.0 42.2 47.3
 Predicted lean body mass (kg) 35.1 36.4 37.2 38.0 38.7 39.7 40.3 42.1 43.8 49.2
 Physical activity (MET-h/wk) 18.4 18.0 17.4 16.8 15.9 15.2 14.7 14.1 12.7 11.0
 AHEI score 51.3 51.7 52.0 51.9 51.6 51.3 51.5 51.2 50.4 49.6
 Alcohol intake (g/day) 7.3 7.2 7.1 7.1 6.7 6.4 5.8 5.5 4.5 3.3
 White (%) 99.6 99.5 99.5 99.2 99.1 99.0 98.8 98.8 98.3 98.1
 Smoking status (%)
  Never 43.8 44.1 44.0 45.4 45.0 45.8 46.2 45.5 47.6 48.8
  Past 40.8 43.1 44.2 43.5 44.1 44.1 44.4 44.9 43.8 44.4
  Current 15.3 12.8 11.8 11.2 10.9 10.1 9.4 9.6 8.6 6.7

Men (HPFS)
 Person-year 39,358 38,622 40,760 32,350 39,765 39,507 42,061 38,741 39,447 39,121
 Age (yearsa) 53.7 53.7 53.8 54.8 54.2 54.1 54.4 54.5 55.0 55.3
 Height (cm) 179.1 178.2 178.7 177.9 179.3 178.4 178.4 177.8 178.4 178.3
 Weight (kg) 67.5 71.8 75.0 76.2 79.3 80.7 83.2 85.6 90.5 101.7
 WC (cm) 85.4 88.3 90.5 91.7 93.5 94.9 96.9 98.8 102.4 111.0
 BMI (kg/m2) 21.0 22.6 23.4 24.0 24.6 25.3 26.0 27.0 28.3 31.9
 Predicted fat mass (kg) 14.9 17.1 18.6 19.4 20.7 21.6 22.9 24.3 26.7 32.6
 Percent fat (%) 23.1 24.2 24.9 25.5 26.0 26.6 27.4 28.1 29.4 32.7
 Predicted lean body mass (kg) 50.7 52.8 54.4 54.9 56.6 57.1 58.3 59.4 61.8 67.1
 Physical activity (MET-h/wk) 24.0 24.1 22.7 21.0 21.5 20.0 19.2 18.5 17.4 14.1
 AHEI score 54.1 54.3 53.6 54.1 53.5 52.7 52.6 51.8 51.5 50.7
 Alcohol intake (g/day) 10.7 11.1 11.3 11.8 11.7 12.2 11.8 11.3 11.9 10.8
 White (%) 99.3 99.7 99.3 98.8 99.3 99.4 99.3 99.0 98.8 98.8
 Smoking status (%)
  Never 50.4 47.1 45.9 43.8 42.7 39.1 40.6 40.1 37.1 34.4
  Past 30.1 35.7 36.8 38.1 38.7 40.5 39.9 37.9 39.9 39.9
  Current 9.1 6.0 6.5 6.7 6.7 7.5 6.6 6.9 6.9 6.4
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and women separately was observed in participants who 
had high BMI and low WC (Supplementary Table S6). The 
highest risk of lung cancer was observed in those who had 

low BMI and high WC (aHR = 1.21, 95% CI 1.00–1.46). 
The interaction between WC and BMI was not statistically 
significant (P = 0.27).

Table 2   Association of body 
mass index, fat mass and 
lean body mass with risk of 
lung cancer (Pooled results 
of the Nurses’ Health Study, 
1986–2014 and the Health 
Professionals Follow-up Study, 
1987–2012)

Age-adjusted model included age (age stratified Cox proportional hazard model). MV model additionally 
adjusted for smoking status (never, past, or current smokers), time since quit smoking (< 3, 3–5.9, 6–9.9, 
10–14.9, 15–19.9, > 20 years, or unknown) and cigarettes per day (1–4, 5–14, 15–24, 25–34, 35–44, 45+ 
cigarettes/day, or unknown), race (White or non-White), alcohol (0, 0.1–4.9, 5–9.9, 10–14.9, or 15.0+ g/
day), physical activity (< 3, 3–8.9, 9–17.9, 18–26.9, or > 27 MET-hour/week), diet quality (quintiles). 
MV+ FM/LBM model additionally mutually adjusted for fat mass and lean body mass (deciles)
BMI body mass index, MV multivariable, FM fat mass, LBM lean body mass, CI confidence interval
a Derived from validated anthropometric prediction equations
b Height (continuous) was adjusted in the model
c Height was adjusted by regressing out variations due to height

No of cases Hazard Ratio (95% CI)

Age-adjusted model MV model MV + FM/LBM model

BMI
 Decile 1 322 1 (ref) 1 (ref) NA
 Decile 2 251 0.78 (0.66–0.92) 0.85 (0.72–1.00) NA
 Decile 3 287 0.85 (0.72–1.00) 0.97 (0.82–1.13) NA
 Decile 4 227 0.73 (0.62–0.87) 0.84 (0.71–1.00) NA
 Decile 5 262 0.76 (0.65–0.90) 0.88 (0.75–1.04) NA
 Decile 6 275 0.77 (0.66–0.91) 0.90 (0.76–1.06) NA
 Decile 7 296 0.82 (0.70–0.96) 0.96 (0.82–1.13) NA
 Decile 8 240 0.68 (0.57–0.80) 0.80 (0.68–0.95) NA
 Decile 9 262 0.74 (0.63–0.87) 0.90 (0.76–1.06) NA
 Decile 10 193 0.59 (0.49–0.70) 0.73 (0.61–0.88) NA
 P-trend <.001 0.003

Fat massa,b

 Decile 1 284 1 (ref) 1 (ref) 1 (ref)
 Decile 2 251 0.84 (0.71–1.00) 0.91 (0.77–1.08) 0.93 (0.78–1.12)
 Decile 3 267 0.86 (0.73–1.02) 0.93 (0.79–1.10) 0.97 (0.80–1.17)
 Decile 4 248 0.77 (0.65–0.91) 0.84 (0.71–1.00) 0.88 (0.72–1.08)
 Decile 5 252 0.76 (0.64–0.90) 0.86 (0.72–1.02) 0.91 (0.74–1.13)
 Decile 6 290 0.87 (0.74–1.02) 0.96 (0.82–1.14) 1.03 (0.83–1.28)
 Decile 7 264 0.78 (0.66–0.92) 0.86 (0.73–1.02) 0.95 (0.75–1.20)
 Decile 8 278 0.81 (0.69–0.96) 0.90 (0.76–1.06) 1.06 (0.83–1.35)
 Decile 9 274 0.80 (0.68–0.95) 0.92 (0.77–1.09) 1.14 (0.88–1.48)
 Decile 10 207 0.65 (0.54–0.78) 0.75 (0.62–0.90) 0.98 (0.72–1.35)
 P-trend <.001 0.007 0.97

Lean body massa,c

 Decile 1 370 1 (ref) 1 (ref) 1 (ref)
 Decile 2 283 0.81 (0.69–0.94) 0.91 (0.78–1.07) 0.94 (0.79–1.11)
 Decile 3 274 0.79 (0.68–0.93) 0.93 (0.79–1.09) 0.97 (0.81–1.16)
 Decile 4 255 0.75 (0.64–0.88) 0.89 (0.76–1.05) 0.93 (0.76–1.12)
 Decile 5 266 0.77 (0.66–0.91) 0.92 (0.79–1.08) 0.94 (0.77–1.15)
 Decile 6 270 0.79 (0.68–0.92) 0.95 (0.81–1.11) 0.95 (0.77–1.17)
 Decile 7 266 0.78 (0.66–0.91) 0.95 (0.81–1.12) 0.93 (0.75–1.16)
 Decile 8 221 0.65 (0.55–0.76) 0.80 (0.67–0.94) 0.75 (0.59–0.95)
 Decile 9 230 0.68 (0.58–0.81) 0.87 (0.73–1.03) 0.79 (0.61–1.02)
 Decile 10 180 0.57 (0.48–0.69) 0.75 (0.63–0.90) 0.73 (0.53–1.00)
 P-trend <.001 0.002 0.03
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Discussion

This study examined the association of BMI and body 
composition with lung cancer risk using the two large US 
prospective cohort studies. We found an inverse associa-
tion of BMI and predicted LBM with lung cancer risk. 
These inverse associations were more robust in women 
than in men, possibly due to larger numbers. Furthermore, 
compared with never smokers, this inverse association of 
BMI and predicted LBM with lung cancer risk was more 
prominent among current smokers and past smokers who 
had smoked in previous 10 years.

Our findings are consistent with previous cohort stud-
ies that have reported an inverse association between BMI 
and lung cancer risk [2, 4, 5, 7, 10, 11]. A meta-analysis 
including 26 cohort studies showed that a 5 kg/m2 increase 
in BMI corresponded to a 3.3% decrease in the risk of lung 
cancer indicating a nonlinear dose–response relationship 
[22]. Because smoking is a strong confounder in the rela-
tionship between BMI and lung cancer risk, most studies 
conducted the stratified analysis by smoking status and the 
inverse association between BMI and lung cancer risk was 
attenuated in non-smokers compared to that in former and 
current smokers [22, 23]. Although residual confounding 
caused by smoking has been the primary concern related to 
reverse causality, these associations persisted in sensitivity 
analysis after excluding cases within first 3–10 years, sug-
gesting potential biological mechanisms such as a protective 
effect of some component of BMI against lung carcinogen-
esis [2, 4, 7, 10, 11]. Moreover, a meta-analysis restricted to 
never smokers also showed an inverse linear dose–response 
relationship between BMI and lung cancer risk with the rela-
tive risk of 0.89 (95% CI: 0.84–0.95) per 5 kg/m2 increment 
in BMI, especially among women [24].

In contrast to BMI, central obesity indicated by WC and 
WHR was positively associated with risk of lung cancer 
regardless of sex and smoking status in previous studies [10, 
25]. When we considered the joint association of BMI and 
WC with lung cancer risk, the highest risk was observed in 
low BMI and high WC, which is consistent with the results 
in a recent large study [10]. Among participants with high 
BMI, high WC was a significant risk factor in men but not 
women. Moreover, lowest risk was observed in those with 
high BMI and low WC. BMI reflects both FM and LBM, 
whereas WC reflects largely FM, especially central adipos-
ity. In the joint analysis, those with high BMI and low WC 
have relatively high LBM and low FM, whereas those with 
low BMI and high WC have low LBM and high FM. Thus, 
the joint analysis results are compatible with a detrimental 
effect of low LBM but not of low FM.

Our study provides new insights for the so-called “obe-
sity paradox” in lung cancer development. In our study, 

Table 3   Association of body mass index, fat mass and lean body 
mass with risk of lung cancer by histological types (Pooled results of 
the Nurses’ Health Study, 1986–2014 and the Health Professionals 
Follow-up Study, 1987–2012)

All models were adjusted for age, smoking status (never, past, or cur-
rent smokers), time since quit smoking (< 3, 3–5.9, 6–9.9, 10–14.9, 
15–19.9, > 20  years, or unknown), cigarettes per day (1–4, 5–14, 
15–24, 25–34, 35–44, 45+ cigarettes/day, or unknown), race (White 
or non-White), alcohol (0, 0.1–4.9, 5–9.9, 10–14.9, or 15.0+ g/day), 
physical activity (< 3, 3–8.9, 9–17.9, 18–26.9, or > 27 MET-hour/
week), diet quality (quintiles). For FM and LBM models, FM and 
LBM were mutually adjusted (deciles)
a Derived from validated anthropometric prediction equations
b Height (continuous) was adjusted in the model
c Height was adjusted by regressing out variations due to height

Hazard Ratio (95% CI)

Adenocarcinoma Squamous Small

No. of cases 1001 363 322
BMI
 Decile 1 1 (ref) 1 (ref) 1 (ref)
 Decile 2 0.99 (0.77–1.29) 0.77 (0.49–1.22) 1.01 (0.59–1.72)
 Decile 3 0.96 (0.74–1.25) 1.06 (0.70–1.62) 1.32 (0.80–2.18)
 Decile 4 0.87 (0.66–1.14) 0.87 (0.55–1.38) 1.35 (0.81–2.25)
 Decile 5 0.90 (0.69–1.17) 1.04 (0.68–1.60) 1.35 (0.82–2.24)
 Decile 6 0.85 (0.65–1.11) 1.11 (0.73–1.68) 1.54 (0.95–2.51)
 Decile 7 0.93 (0.72–1.21) 0.90 (0.58–1.40) 1.62 (1.00–2.63)
 Decile 8 0.77 (0.58–1.01) 0.79 (0.50–1.25) 0.86 (0.49–1.51)
 Decile 9 0.88 (0.68–1.16) 0.94 (0.60–1.47) 1.74 (1.08–2.82)
 Decile 10 0.62 (0.46–0.85) 0.71 (0.43–1.18) 1.48 (0.88–2.48)
 P-trend <.001 0.29 0.09

Fat massa,b

 Decile 1 1 (ref) 1 (ref) 1 (ref)
 Decile 2 0.98 (0.73–1.30) 1.06 (0.66–1.71) 1.48 (0.84–2.63)
 Decile 3 1.12 (0.82–1.51) 0.86 (0.51–1.47) 1.18 (0.64–2.20)
 Decile 4 1.07 (0.77–1.48) 0.89 (0.51–1.57) 1.17 (0.61–2.26)
 Decile 5 0.92 (0.65–1.32) 1.15 (0.65–2.04) 1.25 (0.63–2.46)
 Decile 6 1.05 (0.72–1.51) 1.38 (0.77–2.48) 1.46 (0.73–2.94)
 Decile 7 0.84 (0.56–1.25) 1.18 (0.63–2.22) 2.39 (1.19–4.82)
 Decile 8 0.94 (0.61–1.43) 1.51 (0.79–2.89) 1.88 (0.89–3.98)
 Decile 9 1.17 (0.74–1.85) 1.20 (0.58–2.50) 1.75 (0.78–3.97)
 Decile 10 0.88 (0.50–1.56) 1.22 (0.50–2.97) 1.13 (0.43–2.97)
 P-trend 0.38 0.34 0.99

Lean body massa,c

 Decile 1 1 (ref) 1 (ref) 1 (ref)
 Decile 2 0.99 (0.76–1.29) 0.87 (0.55–1.36) 0.82 (0.48–1.43)
 Decile 3 0.87 (0.65–1.17) 1.03 (0.64–1.66) 1.47 (0.87–2.49)
 Decile 4 0.76 (0.55–1.06) 0.82 (0.49–1.39) 1.22 (0.69–2.17)
 Decile 5 0.85 (0.61–1.20) 0.88 (0.51–1.50) 1.25 (0.69–2.28)
 Decile 6 1.07 (0.75–1.51) 0.90 (0.52–1.57) 0.76 (0.40–1.48)
 Decile 7 0.91 (0.63–1.33) 0.72 (0.40–1.31) 1.06 (0.55–2.03)
 Decile 8 0.76 (0.50–1.14) 0.55 (0.29–1.07) 0.65 (0.31–1.36)
 Decile 9 0.79 (0.50–1.24) 0.65 (0.32–1.33) 0.90 (0.41–1.95)
 Decile 10 0.65 (0.37–1.15) 0.60 (0.25–1.44) 1.61 (0.66–3.92)
 P-trend 0.21 0.18 0.56
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the low LBM rather than low FM was associated with the 
increased risk of lung cancer in low BMI range. Moreo-
ver, 45% lower risk of lung cancer was observed in those 
in the highest decile of LBM compared to those in the 
lowest decile among those who were current smokers or 

had smoked in the last 10 years. Possibly, low lean body 
and muscle mass in smokers may reflect individuals’ 
enhanced susceptibility to smoking related carcinogenesis 
[26]. Smoking generally has negative effects on muscle 
mass by impairing muscle protein synthesis process [27] 

Table 4   Association of body mass index, fat mass and lean body mass with risk of lung cancer by smoking status and time since quitting smok-
ing (Pooled results of the Nurses’ Health Study, 1986–2014 and the Health Professionals Follow-up Study, 1987–2012)

All models were adjusted for age, smoking status (never, past, or current smokers), time since quit smoking (< 3, 3–5.9, 6–9.9, 10–14.9, 
15–19.9, > 20 years, or unknown), cigarettes per day (1–4, 5–14, 15–24, 25–34, 35–44, 45+ cigarettes/day, or unknown), race (White or non-
White), alcohol (0, 0.1–4.9, 5–9.9, 10–14.9, or 15.0+ g/day), physical activity (< 3, 3–8.9, 9–17.9, 18–26.9, or > 27 MET-hour/week), diet qual-
ity (quintiles). For FM and LBM models, FM and LBM were mutually adjusted (deciles)

Analysis Hazard ratio (95% CI)

Never-smokers Past-smokers Current-smokers Never or quit smoking at 
least 10 years

Current or smoked 
in the last 10 years

No of cases
BMI 313 1407 895 1196 1419
 Decile 1 1 (ref) 1 (ref) 1 (ref) 1 (ref) 1 (ref)
 Decile 2 0.99 (0.56–1.75) 0.86 (0.68–1.09) 0.82 (0.64–1.06) 1.01 (0.76–1.33) 0.78 (0.64–0.97)
 Decile 3 1.82 (1.11–2.99) 0.96 (0.76–1.20) 0.80 (0.61–1.04) 1.19 (0.91–1.55) 0.87 (0.71–1.07)
 Decile 4 1.59 (0.95–2.67) 0.84 (0.66–1.07) 0.72 (0.54–0.95) 1.12 (0.85–1.47) 0.71 (0.56–0.89)
 Decile 5 1.24 (0.73–2.12) 0.88 (0.70–1.11) 0.83 (0.63–1.08) 1.05 (0.80–1.37) 0.83 (0.67–1.02)
 Decile 6 1.12 (0.65–1.94) 0.97 (0.77–1.21) 0.77 (0.58–1.01) 1.14 (0.88–1.48) 0.78 (0.63–0.96)
 Decile 7 1.40 (0.83–2.36) 0.94 (0.75–1.17) 0.95 (0.73–1.23) 1.20 (0.93–1.56) 0.85 (0.69–1.05)
 Decile 8 1.22 (0.71–2.08) 0.77 (0.60–0.97) 0.81 (0.61–1.06) 1.00 (0.77–1.31) 0.71 (0.57–0.89)
 Decile 9 1.42 (0.84–2.38) 0.91 (0.72–1.14) 0.81 (0.61–1.08) 1.13 (0.87–1.48) 0.80 (0.64–0.99)
 Decile 10 0.88 (0.49–1.59) 0.77 (0.60–0.98) 0.69 (0.50–0.95) 0.86 (0.65–1.15) 0.70 (0.55–0.89)
 P-trend 0.38 0.03 0.09 0.24 0.003

Fat massa,b

 Decile 1 1 (ref) 1 (ref) 1 (ref) 1 (ref) 1 (ref)
 Decile 2 1.41 (0.78–2.57) 0.99 (0.77–1.28) 0.80 (0.59–1.06) 1.09 (0.81–1.47) 0.87 (0.69–1.09)
 Decile 3 1.87 (1.02–3.42) 0.88 (0.67–1.16) 0.96 (0.71–1.29) 1.11 (0.81–1.51) 0.92 (0.73–1.18)
 Decile 4 1.55 (0.81–2.95) 0.82 (0.62–1.10) 0.87 (0.62–1.21) 0.97 (0.70–1.35) 0.87 (0.66–1.13)
 Decile 5 1.34 (0.68–2.66) 0.95 (0.71–1.27) 0.81 (0.56–1.15) 1.09 (0.78–1.52) 0.81 (0.61–1.08)
 Decile 6 1.51 (0.75–3.04) 1.01 (0.75–1.36) 1.00 (0.69–1.44) 1.12 (0.80–1.58) 1.01 (0.76–1.34)
 Decile 7 1.28 (0.61–2.72) 0.93 (0.68–1.27) 0.97 (0.66–1.42) 1.02 (0.71–1.47) 0.94 (0.69–1.27)
 Decile 8 1.56 (0.71–3.40) 0.96 (0.69–1.34) 1.15 (0.77–1.72) 1.16 (0.80–1.69) 1.01 (0.73–1.39)
 Decile 9 1.35 (0.57–3.21) 1.04 (0.73–1.49) 1.39 (0.90–2.16) 1.20 (0.80–1.81) 1.14 (0.80–1.61)
 Decile 10 1.11 (0.39–3.21) 1.03 (0.67–1.58) 0.91 (0.52–1.59) 0.86 (0.53–1.42) 1.13 (0.75–1.72)
 P-trend 0.63 0.98 0.61 0.72 0.75

Lean body massa,c

 Decile 1 1 (ref) 1 (ref) 1 (ref) 1 (ref) 1 (ref)
 Decile 2 0.93 (0.55–1.56) 0.94 (0.74–1.19) 0.93 (0.71–1.21) 1.07 (0.82–1.40) 0.87 (0.70–1.08)
 Decile 3 0.83 (0.48–1.46) 1.09 (0.85–1.40) 0.85 (0.63–1.15) 1.09 (0.82–1.44) 0.92 (0.73–1.16)
 Decile 4 1.04 (0.59–1.83) 0.95 (0.73–1.25) 0.84 (0.61–1.16) 1.14 (0.85–1.53) 0.81 (0.62–1.04)
 Decile 5 0.89 (0.48–1.65) 0.96 (0.73–1.26) 0.91 (0.65–1.28) 1.03 (0.75–1.41) 0.91 (0.70–1.18)
 Decile 6 0.94 (0.50–1.80) 0.98 (0.74–1.31) 0.91 (0.64–1.29) 1.20 (0.87–1.65) 0.81 (0.61–1.07)
 Decile 7 1.28 (0.67–2.44) 0.94 (0.69–1.26) 0.82 (0.56–1.20) 1.13 (0.81–1.58) 0.82 (0.61–1.10)
 Decile 8 0.80 (0.38–1.66) 0.79 (0.57–1.09) 0.68 (0.45–1.02) 0.83 (0.57–1.20) 0.72 (0.52–0.99)
 Decile 9 0.90 (0.40–2.00) 0.84 (0.59–1.18) 0.68 (0.43–1.05) 0.97 (0.66–1.44) 0.70 (0.49–0.98)
 Decile 10 1.00 (0.37–2.71) 0.77 (0.51–1.17) 0.60 (0.35–1.04) 1.09 (0.68–1.76) 0.55 (0.36–0.84)
 P-trend 0.95 0.21 0.04 0.93 0.008
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and inducing oxidative stress [28]. Men with low BMI 
showed higher oxidative DNA damage related to smok-
ing [29]. Moreover, participants in the lowest BMI decile 
could be heavier smokers than those in other deciles, and 
may mirror the strong dose–response relationship between 
smoking and lung cancer [30].

The role of adiposity on lung cancer risk has been contro-
versial. The term “obesity paradox” implies that adiposity 
itself confers some benefit on lung cancer risk. For example, 
it has been suggested that fat tissue might act as potential 
buffer to dilute toxic substances or store fat-soluble anti-
oxidants [31]. However, our results suggest that low BMI is 
associated with higher risk because of its reflection of low 
lean mass, not higher FM. Because of the strong effect of 
smoking on body composition and of smoking on lung can-
cer risk, interpreting BMI as a marker of adiposity on lung 
cancer risk is problematic. In fact, Mendelian randomization 
studies, less prone to confounding, suggest that genetically 
high BMI is associated with a higher risk of lung cancer 
[32]. In our study, men in high predicted FM deciles had 
high risk of lung cancer, especially in never smokers. Sex 
differential fat distribution might cause high risk of lung 
cancer among men with high FM, which is typically intra-
abdominal fat in men compared to hip or thigh fat distribu-
tion in women [33]. Possibly, metabolic disorders related 
to visceral fat accumulation might increase the risk of lung 
cancer through certain adipocytokines such as leptin and 
lower adiponectin [34].

Lastly, the inverse association between BMI, FM and 
LBM and risk of lung cancer could result from a sequence of 
smoking-related lung disease. People affected by smoking-
related chronic disease (e.g., COPD) tend to have sarcopenic 
features with low LBM but also some degree of low FM due 
to elevated resting energy expenditure [35]. Moreover, those 
with chronic lung inflammation might have a high risk of 
lung cancer via mechanisms involving cell death and hyper-
plasia of airway epithelial cells [36].

We investigated differential association of BMI, FM and 
LBM with the histological lung cancer types considering of 
different etiology. Consistent with previous studies, adeno-
carcinoma, which is less influenced by smoking [37] had 
statistically significant inverse association with BMI among 
histological types, irrespective of smoking status [2, 7].

The current study has several limitations to be con-
sidered. First, we used predicted FM and LBM instead 
of actual measurement, which may result in measure-
ment errors. However, the previous large validation study 
showed high predictive ability of anthropometric equations 
(R2 of 0.90 and higher), and thus results based on direct 
DXA would likely show similar relationships between 
FM and LBM and lung cancer risk. Supporting this, the 
predicted FM was equally predictive of obesity-related 

biomarkers as DXA measured FM [17]. Considering 
low availability of DXA in large epidemiologic settings, 
anthropometric prediction equations could be useful to 
estimate FM and LBM. Moreover, the patterns observed 
in the joint analysis of BMI and WC are compatible 
with expectations based on how combinations of BMI 
and WC relate to FM and LBM. Second, we used self-
reported weight and height to calculate the predicted FM 
and LBM. However, a previous internal validation study 
showed that correlation between self-reported weight and 
technician measured weight was 0.97 for men and 0.97 for 
women, which can have minimal effect on epidemiologic 
studies [38]. Third, we cannot rule out reverse causality 
between thinness and high lung cancer risk [39]. This 
inverse association could have arisen from undiagnosed 
lung cancer during the follow up. However, the analyses 
with 4–12 year lag times showed a consistent association, 
which minimize the possibility of the reverse causality. 
Fourth, participants were largely restricted to White health 
professionals, which may not be applied to other groups. 
But there is no evidence that the overall biologic features 
of smoking, anthropometric factors and lung cancer risk 
would be qualitatively different in relation to lung cancer 
risk from other occupation and ethnic groups.

In summary, BMI was inversely associated with risk 
of lung cancer, particularly among current smokers or 
former smokers. Predicted LBM rather than predicted 
FM accounted for the inverse association of BMI with 
lung cancer risk. Even though the definite reasons under-
lying this association are uncertain, low LBM by smok-
ing may reflect more susceptibility to smoking-related 
carcinogenicity.
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