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Physical Activity Does Not Lower the Risk of Lung Cancer
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Observational studies have suggested that physical activity
might lower the risk of lung cancer in former and current
smokers, but not in never-smokers. Using genetic instruments
for self-reported and accelerometer-measured physical activity
traits implemented through two-sample Mendelian randomiza-
tion (MR), we sought to strengthen the evidence for causality. We
used 18 genome-wide significant (P < 5 x 10™®) single-nucleotide
polymorphisms (SNP) for self-reported moderate-to-vigorous
physical activity and seven SNP for accelerometer-measured
(“average acceleration”) physical activity from up to 377,234 UK
Biobank participants and evaluated these in relation to risk using
29,266 lung cancer cases (including 11,273 adenocarcinomas,
7,426 squamous cell carcinoma, and 2,664 small-cell carcinoma
cases) and 56,450 controls. MR analysis suggested no effect of

Introduction

Lung cancer is the leading cause of cancer mortality worldwide (1).
Although smoking is the risk factor most strongly linked to all lung
cancer subtypes, about 10% of cases are seen in never-smokers (2).
Potential nonsmoking related risk factors for lung cancer include
environmental carcinogens, pulmonary fibrosis, genetic history, dietary
factors, and insufficient physical activity (3, 4). Several meta-analyses of
observational studies suggested an inverse association between physical
activity and lung cancer risk (5-7). Yet, the evidence has been limited
to current and former smokers in most studies (5-7). Interpretation
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self-reported physical activity [OR (95% confidence interval
(CI)) = 0.67 (0.42-1.05); P = 0.081; Q-value = 0.243] and
accelerometer-measured activity [OR (95% CI) = 0.98 (0.93-
1.03); P = 0.372; Q-value = 0.562] on lung cancer. There was no
evidence for associations of physical activity with histologic types
and lung cancer in ever and never smokers. Replication analysis
using genetic instruments from a different genome-wide study
and sensitivity analysis to address potential pleiotropic effects led
to no substantive change in estimates. Collectively, these findings
do not support a protective relationship between physical activity
and the risk of lung cancer.

Significance: A new genetic study provides little evidence that
recommending physical activity would help prevent lung cancer.

of this inverse association has been constrained by potential confound-
ing, as smoking causes lung cancer and renders physical activity more
difficult (5, 8). Reverse causation may also affect the association between
physical activity and lung cancer risk, as the presence of lung cancer
symptoms may lead to avoidance of physical activity (9). Accordingly,
the World Cancer Research Fund/American Institute for Cancer
Research (4) and a recent umbrella review (10) have categorized the
overall evidence from observational studies as inconclusive. Mendelian
randomization (MR) is a method that uses genetic variants as instru-
mental variables to help uncover causal relationships in the presence
of unobserved confounding and reverse causation (11). In this study,
we performed two-sample summary data MR analyses to assess the
association between physical activity and lung cancer.

Materials and Methods

Physical activity measurement in UK Biobank

Data for the genetic associations with self-reported and accelerom-
eter-based physical activity phenotypes were obtained from two
published genome-wide association studies (GWAS) conducted in
the UK Biobank (12, 13). The UK Biobank study is a community-based
prospective cohort study that recruited over 500,000 men and women
ages 40-69 (14). For the first GWAS by Klimentidis and collea-
gues (13), self-reported levels of physical activity were ascertained in
377,234 UK Biobank participants using the International Physical
Activity Questionnaire Short Form (15) and moderate-to-vigorous
physical activity was computed by taking the sum of total minutes per
week of moderate and vigorous physical activity multiplied by eight,
corresponding to their metabolic equivalents (13). For objective
assessment of physical activity, a subset of 103,712 participants wore
an Axivity AX3 triaxial accelerometer on the wrist for a 7-day period
between 2013 and 2015 (16). After calibration, removal of gravity and
sensor noise, and identification of wear/nonwear episodes, the remain-
ing 100 Hz raw triaxial acceleration data was used to calculate physical
activity variables. For the GWAS by Klimentidis and colleagues (13),
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“average acceleration” (in milli-gravities) was used as the exposure
variable derived from accelerometer wear. For the second GWAS by
Doherty and colleagues (12), accelerometer-measured “overall activ-
ity” levels were defined as average vector magnitude for each 30-second
epoch (16). Written informed consent was obtained from UK Biobank
study participants and ethics approval of UK Biobank was given by the
North West Multicentre Research Ethics Committee, the National
Information Governance Board for Health & Social Care and the
Community Health Index Advisory Group. Both GWAS stud-
ies (12, 13) were covered by the general ethical approval of the UK
Biobank studies from the NHS National Research Ethics Service on
June 17, 2011 (Ref 11/NW/0382).

Selection of genetic instrumental variables for physical activity

For the primary analysis, we initially selected 19 SNPs associated
with self-reported moderate-to-vigorous physical activity at a genome-
wide significance level (P<5 x 10~®) in the GWAS by Klimentidis and
colleagues (13), using the PLINK clumping algorithm (+* threshold =
0.001 and window size = 10 mB; Supplementary Table S1). We
identified eight SNPs associated with accelerometer-measured “aver-
age acceleration” at P< 5 x 10~ ®(Supplementary Table S2; ref. 13). For
the secondary analysis, we selected six SNPs associated with acceler-
ometer-measured “overall activity” at <5 x 10~® in the GWAS by
Doherty and colleagues (Supplementary Table S2; ref. 12). After
removal of SNPs exhibiting potential pleiotropic effects (see details
in Statistical analyses and Results), 18, 7 and 5 SNPs were used as
instruments for self-reported moderate-to-vigorous physical activity,
accelerometer-measured “average acceleration” and accelerometer-
measured “overall activity”, respectively. UK Biobank participants
were genotyped using the UK BiLEVE array and the UK Biobank
axiom array.

GWAS summary statistics for lung cancer

Genetic variants associated with lung cancer were obtained from a
meta-analysis of GWAS (17), comprising the Lung Cancer Consor-
tium (TRICL-ILCCO) lung cancer GWAS (11,177 lung cancer cases
and 40,396 controls; ref. 18) and an additional 18,089 lung cancers and
16,054 controls from the Lung Cancer Cohort Consortium (LC3;
Supplementary Tables S3 and S4). The individual studies were geno-
typed on different arrays, imputed on the basis of 1000 Genomes
(phase III) and harmonized (17). The overall sample size was 29,266
lung cancer cases and 56,450 controls. The GWAS analysis was
stratified by histology, including 11,273 adenocarcinomas, 7,426 squa-
mous cell carcinomas, and 2,664 small-cell lung cancers. In addition,
analyses were stratified by smoking status defined as ever smoker
(current and former smokers; 23,223 cases and 16,964 controls) and
never smokers (2,355 cases and 7,504 controls). The studies partic-
ipating in the TRICL-ILCCO/LC3 were approved by local internal
review boards or ethics commitees.

Statistical power

The a priori statistical power was calculated according to Brion
and colleagues (19). The self-reported moderate-to-vigorous phys-
ical activity SNPs explained 0.7% and the accelerometer-measured
physical activity SNPs explained 0.3% of the phenotypic variance in
the GWAS by Klimentidis and colleagues (13). Given a type I error
of 5%, we had sufficient statistical power (280%) when the expected
OR per 1-SD for overall lung cancer were <0.80 and <0.68 in
genetically instrumented self-reported moderate-to-vigorous phys-
ical activity and accelerometer-measured physical activity, respec-
tively, in the primary analysis (Supplementary Table S5).
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Statistical analyses

We adopted a two-sample summary data MR strategy to perform
analysis based on GWAS summary data and used the multiplicative
random effects inverse-variance weighted (IVW) and maximum
likelihood methods as our principal MR analyses approaches (11, 20).
The IVW estimates are obtained from IVW meta-analysis of the ratio
estimates from the individual variants. We conducted the multipli-
cative random effects IVW instead of the fixed effects IVW because it
allowed for each SNP to have different mean effects (20). The
multiplicative random effects model provides valid causal estimates
under the assumption of balanced pleiotropy. The maximum likeli-
hood method estimates the causal effect by direct maximization of the
likelihood given the SNP-exposure and SNP-outcome effects, assum-
ing no heterogeneity and horizontal pleiotropy. We applied the
Benjamini-Hochberg procedure (by exposure variable and method
across outcome) to adjust for multiple testing and presented Q-
values (21). Results are presented as OR per 1-SD increment in
self-reported moderate-to-vigorous physical activity (MET-minutes/
week) or accelerometer-measured physical activity. One SD of “aver-
age acceleration” in the UK Biobank Study is approximately 8 milli-
gravities (or 0.08 m/s?) of acceleration in a mean 5-second win-
dow (13). Analyses were performed using the TwoSampleMR (version
0.5.2; ref. 22) and MRPRESSO (version 1.0) packages in R (version
3.6.3).

Sensitivity analyses

For the estimates from two-sample MR analysis to be valid, the
genetic instrumental variable must be associated with physical
activity (relevance), independent of all confounders of physical
activity and lung cancer (exchangeability), and independent of
lung cancer given physical activity (exclusion restriction; ref. 23).
The instrument relevance was measured by calculating the F stati-
stic (24). We checked each candidate SNP and its proxies (r*>0.8)
in PhenoScanner (25) and the GWAS catalog (26) for previously
reported associations (P < 5 X 10~®) with confounders or lung
cancer. We considered smoking, chronic bronchitis, tuberculosis,
pulmonary function, and pneumonia as relevant confounders
(3-5, 27). We also performed leave-one-out analysis to assess
whether the IVW estimate is driven or biased by a single SNP.

In sensitivity analyses, we conducted MR analyses robust to par-
ticular forms of potential unbalanced horizontal pleiotropy (i.e., a
process by which instruments associate with other traits that influence
the outcome, a form of violation of the exclusion restriction assump-
tion; ref. 11) using the weighted median method (11). A modified
second-order weighting approach was used to estimate the Cochran Q
statistic as a measure of heterogeneity (28). We also assessed the
presence of directional pleiotropy using MR Egger regression based on
its intercept, where deviation from a zero intercept indicates pleiot-
ropy (11). The MR-Pleiotropy RESidual Sum and Outlier (MR-
PRESSO) method (22, 29) was used to detect and correct for outliers
in the IVW linear regression.

Data availability

The summary statistics for the physical activity GWAS by
Klimentidis and colleagues (13) are available at https://klimenti
dis.lab.arizona.edu/content/data (access date: 01/27/2020) and
the summary data for the GWAS by Doherty and colleagues
(12) are available at https://doi.org/10.5287/bodleian:yJp6zZmdj
(access date: 03/22/2020). The lung cancer GWAS (17) summary
data are available upon request from the TRICL-ILCCO/LC3
consortium.
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Results

Self-reported physical activity was measured in 377,234 individuals
in UK Biobank that had GWAS data. Accelerometer-measured phys-
ical activity was available from 91,084 individuals in UK Biobank. The
mean age of study participants was 56.0 years (SD = 7.9), and 54.5%
were women. The mean (SD) self-reported moderate-to-vigorous
physical activity was 1,650 (2,084) MET-minutes/week. The values
for the accelerometer-measured physical activity exposure “average
acceleration” was 27.9 (27.0) milli-gravities.

MR analysis for physical activity and lung cancer

We found that genetically predicted self-reported moderate-to-
vigorous physical activity was unrelated to overall lung cancer [[IVW
OR per 1-SD increment: 0.67; 95% confidence interval (CI): 0.42-1.05;
P=0.081; Q =0.243], to the histologic types and lung cancer in ever or
never smokers (Table 1). Likewise, accelerometer-measured “average
acceleration” was not associated with overall lung cancer IVW OR per
1-SD increment: 0.98; 95% CI: 0.93-1.03; P=10.375; Q = 0.562), and in
analyses by subtypes and smoking status (Table 2). In the secondary
analysis, null associations for overall lung cancer, histologic types, and
cancer in never and ever smokers were replicated using the acceler-
ometer-measured “overall accelerations” as an exposure variable
(Supplementary Table S6).

Sensitivity analyses

The F statistics for all physical activity genetic instruments were 29.9
or larger consistent with an absence of weak instrument bias (Supple-
mentary Tables S1 and S2). In the PhenoScanner database, we identifi-
ed one of the 19 SNPs for self-reported moderate-to-vigorous physical
activity and one of the eight SNPs for accelerometer-measured “aver-
age acceleration” physical activity associated with lung cancer (Supple-
mentary Tables S7 and S8). In the secondary analysis, one of the five
SNPs for accelerometer-measured “overall activity” physical activity
was associated with forced vital capacity (Supplementary Table S8).
We removed these SNPs exhibiting pleiotropic effects from MR
analyses. However, retaining SNP rs2696625 associated with lung
function (forced vital capacity) only marginally changed the ORs.
The effect estimates for self-reported and accelerometer-measured
physical activity traits and lung cancer were similar when using meth-
odologies that are robust to potential pleiotropy of the genetic variants
used in the analysis (Tables 1 and 2). The modified Q statistic sug-
gested no notable heterogeneity across individual SNPs (Supplemen-
tary Table S9). Furthermore, analysis leaving out each SNP and MR-
PRESSO revealed that no single SNP drove the results (Tables 1 and 2;
Supplementary Tables S10-S12). The MR Egger intercept tests sug-
gested no directional horizontal pleiotropy (Supplementary Table S13).

Discussion

In this study, we explored the relationship of physical activity with
risk of lung cancer by taking forward genetic instruments, identified in
GWAS applied to approximately 377,000 UK Biobank participants, to
MR analysis using data from the TRICL-ILCCO/LC3 consortium,
including over 29,000 cases of lung cancer. Our principal findings
suggest that physical activity (assessed using self-reported moderate-
to-vigorous and accelerometer-measured activity) does not affect the
risk of lung cancer. In addition, we found no evidence for associations
between physical activity and histologic subtypes and lung cancer in
ever and never smokers.

In contrast to our findings, meta-analyses of observational studies
concluded that higher levels of self-reported physical activity are
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Table 1. Mendelian randomization estimates for the relationship
between self-reported moderate-to-vigorous physical activity

and lung cancer.

Outcome Method OR (95% CI)? P Q
Overall lung cancer Inverse-variance 0.67 (0.42-1.05) 0.081 0.243

weighted

Maximum 0.67 (0.42-1.06) 0.090 0.269

likelihood

Weighted 0.79 (0.39-1.58) 0.508 0.610

median

MR PRESSO 0.67 (0.42-1.05) 0.099 0.610
Adenocarcinoma Inverse-variance 0.77 (0.38-1.56) 0.470 0.470

weighted

Maximum 0.78 (0.41-1.48) 0.442 0.442

likelihood

Weighted 0.58 (0.23-1.46) 0.250 0.610

median

MR PRESSO 0.77 (0.38-1.56) 0.480 0.610
Squamous cell Inverse-variance 0.45 (0.2-1.05) 0.064 0.243
carcinoma weighted

Maximum 0.46 (0.22-0.97) 0.041 0.245

likelihood

Weighted 0.44 (0.15-1.29) 0.134 0.610

median

MR PRESSO 0.45 (0.2-1.05)  0.081 0.610
Small cell Inverse-variance 0.37 (0.1-1.43) 0.151  0.303
carcinoma weighted

Maximum 0.38 (0.11-1.36) 0.137 0.274

likelihood

Weighted 0.47 (0.08-2.87) 0.416 0.610

median

MR PRESSO 0.37 (0.1-1.43) 0.170 0.610
Never smoker Inverse-variance 0.52 (0.11-2.42) 0.402 0.470

weighted

Maximum 0.52 (0.12-2.25) 0.378 0.442

likelihood

Weighted 0.44 (0.05-3.67) 0.447 0.610

median

MR PRESSO 0.52 (0.1-2.42) 0.414 0.610
Ever smoker Inverse-variance 0.73 (0.39-1.36) 0.320 0.470

weighted

Maximum 0.74 (0.39-1.37) 0.337 0.442

likelihood

Weighted 0.89 (0.4-2) 0.775 0.775

median

MR PRESSO 0.73 (0.46-117)  0.205 0.775

Abbreviation: MR PRESSO, MR Pleiotropy RESidual Sum and Outlier.

20R per 1 SD increment in metabolic-equivalent (MET)-minutes/week.

associated with a lower risk of lung cancer (5-7). A large pooled
analysis of 12 European and U.S. cohort studies including 19,133 lung
cancers reported a relative risk reduction of 24% (HR: 0.76; 95% CI:
0.71-0.77) comparing high and low levels of self-reported physical
activity (30). The most comprehensive meta-analysis comprising 20
cohort studies and 31,807 cases found a 17% relative reduction in lung
cancer risk with highest versus lowest levels of physical activity (HR:
0.83; 95% CI: 0.77-0.90; ref. 7). The findings of another meta-analysis
suggest no heterogeneity between histologic subtypes (5). Of note, the
above-mentioned pooled analysis revealed an inverse association in
current and former smokers and a null association in never smo-
kers (30). Similarly, meta-analyses consistently found that physical
activity was inversely associated with lung cancer among former and
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Table 2. Mendelian randomization estimates for the relationship
between accelerometer-measured physical activity (“average
acceleration”) and lung cancer.

Outcomes Method OR (95% CI)? P Q
Overall lung cancer Inverse-variance 0.98 (0.93-1.03) 0.375 0.562
weighted
Maximum 0.98 (0.93-1.03) 0.372 0.742
likelihood
Weighted 0.99 (0.93-1.05) 0.742 0.557
median
MR PRESSO 0.98 (0.94-1.02) 0.352 0.557
Adenocarcinoma Inverse-variance 0.96 (0.9-1.02) 0.217 0.508
weighted
Maximum 0.96 (0.9-1.02) 0.214 0.742
likelihood
Weighted 0.96 (0.88-1.05) 0.341 0.499
median
MR PRESSO 0.96 (0.9-1.02) 0.255 0.499
Squamous cell Inverse-variance 1.05 (0.97-1.13) 0.254 0.508
carcinoma weighted
Maximum 1.05(0.97-114)  0.250 0.742
likelihood
Weighted 1.05 (0.94-1.17)  0.387 0.499
median
MR PRESSO 1.05 (0.97-113)  0.262 0.499
Small cell Inverse-variance 1.05 (0.91-1.21) 0.478 0.573
carcinoma weighted
Maximum 1.05(0.91-1.22) 0.467 0.742
likelihood
Weighted 1.05 (0.86-1.28) 0.625 0.561
median
MR PRESSO 1.05 (0.91-1.21) 0.509 0.561
Never smoker Inverse-variance 0.90 (0.79-1.03) 0.126 0.508
weighted
Maximum 0.90 (0.79-1.03) 0.123 0.742
likelihood
Weighted 0.89 (0.75-1.05) 0.164 0.499
median
MR PRESSO 0.90 (0.82-0.99) 0.080 0.499
Ever smoker Inverse-variance 0.98 (0.93-1.04) 0.584 0.584
weighted
Maximum 0.98 (0.93-1.04) 0.585 0.742
likelihood
Weighted 0.98 (0.91-1.06) 0.658 0.585
median
MR PRESSO 0.98 (0.93-1.04) 0.549 0.585

Abbreviation: MR PRESSO, MR Pleiotropy RESidual Sum and Outlier.
20R per 1SD increment in “mean accelerations” (in milli-gravities).

current smokers but unrelated to lung cancer among never
smokers (5-7), suggesting that negative confounding by smoking or
a reduction in physical activity levels prior to diagnosis could be an
explanation (8, 9).

Traditional observational studies assessing the association between
behavioral factors and cancers strongly associated with smoking are
susceptible to confounding and reverse causation (8, 31). MR offers the
possibility to overcome confounding and reverse causation using
genetic proxies of physical activity that are unrelated to smoking and
other confounding factors when instrumental variable assumptions
are fulfilled. We verified these assumptions, most notably possible
pleiotropic effects, and conducted additional MR analyses using
methods robust to potential unbalanced horizontal pleiotropy. The
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repertoire of robust MR approaches that seek to act as a sensitivity
analysis (11, 20, 32) each makes a different series of assumptions,
providing triangulating evidence (33) for our finding. The major
strength of this study was the use of MR, which is less susceptible
to problems of confounding, reverse causation, and exposures non-
differentially measured with error in comparison to conventional
observational studies (34). The use of two-sample summary data MR
enabled the use of the largest GWAS of lung cancer (17) to date. The
study had sufficient statistical power to detect the previous observa-
tionally reported effect sizes for self-reported physical activity and
overall lung cancer risk (6, 7).

The study also has some limitations. First, the genetic instruments
for accelerometer-assessed physical activity explained a small fraction
of the phenotypic variability, which resulted in some of the subgroup
analyses being underpowered. Consequently, the CIs for our MR
analysis by histologic type and lung cancers in never smokers were
wide. Had there been more independent genome-wide significant
SNPs available that explain more of the phenotypic variability, the
statistical inference could have provided more precise estimates.
Second, for the two-sample MR to provide unbiased estimates, the
risk factor and outcome sample should come from the same underlying
population. The discovery GWAS of physical activity consisted of UK
Biobank participants of European descent, aged 40 to 70 years (12, 13).
The SNP-lung cancer associations were derived from cohort and case-
control studies of men and women of European descent aged 18 years
and older (17). Given the limited age range of the UK Biobank and
inclusion of European ancestry individuals only, our results may not be
generalizable to other age groups or ancestral populations. Therefore,
replication of our findings in other age groups and non-European
populations is warranted. The availability of larger physical activity
and lung cancer GWAS will facilitate MR studies with higher statistical
power to examine subtype-specific risks. In conclusion, our findings
provided little evidence that physical activity would help to prevent
lung cancer.
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