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Background: Impaired lung health represents a significant burden on global health, including chronic obstructive
pulmonary disease (COPD) and lung cancer. Given its global health impact, it is important to understand the
determinants of impaired lung function and its relation to lung cancer risk independent of smoking. However,
to date, no study has evaluated determinants of impaired lung function in a cohort exclusively of never-
smokers, who also represent a growing proportion of all lung cancers.
Methods: A total of 222,274 never-smokers with reproducible spirograms were identified in the UK Biobank
population-based cohort and included in the analysis. Baseline volumetric measures of lung function, including
forced expiratory volume in 1-s (FEV1) and forced vital capacity (FVC),were used to define lung function impair-
ment. Determinants of impaired lung function were evaluated using Poisson regression with robust variance
estimation. The added value of lung function in lung cancer predictionwas evaluated using Fine and Gray regres-
sion accounting for the competing risk of all-cause mortality.
Findings: Lung function impairmentwas associatedwith low birthweight, ambient air pollution (PM2·5 μg/mm3),
and overweight, after adjustment for other important risk factors.We observedmodest improvement in discrim-
ination by adding lung function to our lung cancer prediction model for never-smokers. The highest optimism-
corrected AUC at 3 (0·700, 95% CI: 0·654–0·734) and 5 years (0·694, 95% CI: 0·658–0·736) included FEV1
(% of GLI predicted FEV1), while the highest AUC at 7 years was based on the inclusion of FEV1/FVC (0·722,
95% CI: 0·687–0·762).
Interpretation: We identified several modifiable risk factors associated with increased risk of lung function im-
pairment among lifetime never-smokers in UKB. We achieved moderate discrimination for lung cancer risk-
prediction for never-smokers, and found modest improvement with the inclusion of lung function.
Fund: This study was supported by a Canada Research Chair to RJH.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Impaired lung health, including chronic obstructive pulmonary dis-
ease (COPD) and lung cancer, represents a significant burden on global
health [1,2]. COPD has an estimated prevalence of 200 million persons
worldwide, and is the 4th leading cause of death globally [1]. A recent
comprehensive analysis of the Global Burden of Disease Study 2015 es-
timated that 3·2 million people died from COPD worldwide in 2015, a
death rate per annum that has increased 12% since 1990 [2].

A recent study found that lung function indices were important pre-
dictors of all-cause mortality among several British cohorts of never-
M5T 3L9, Canada.
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smokers, more so than systolic blood pressure and body mass index
[3], highlighting the importance of studying lung function determinants
for never-smokers. In addition, lung cancer is the leading cause of
cancer-related mortality worldwide [4]. Given its significant global
health impact, it is important to understand the determinants of im-
paired lung function, beyond the known demographic and anthropo-
metric factors and tobacco smoking. While a number of studies have
evaluated risk factors for lung impairment, most include a large propor-
tion of ever-smokers, which may confound these findings. In addition,
there is a dearth of studies that have looked at early life determinants.

Never smokers are of particular interest because they offer a clear in-
sight into determinants of lung function without being confounded by
tobacco smoking. While tobacco smoking is a major risk factor for
COPD, an estimated 25–45% of all patients with COPD are never-
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context
Evidence before this study

Impaired lung health, including chronic obstructive pulmonary dis-
ease (COPD) and lung cancer, represent a significant burden on
global health. Very little is known about the causes of impaired
lung function beyond tobacco smoking, as previous studies
often evaluated lung function determinants in cohorts including
smokers, thus subject to confounding by smoking. Very few stud-
ies have evaluated the effect of early life factors on the risk of im-
paired lung function later in life. Furthermore, lung cancer among
never-smokers is increasingly recognized as a separate disease en-
tity, which represents a growing proportion of all lung cancers, es-
pecially in countries where smoking rates have been declining.
While COPD is known to be associated with lung cancer, the
lung cancer risk prediction model among never-smokers is under-
developed. Therefore, we aim to investigate the determinants of
impaired lung function specifically among never-smokers, and es-
tablish risk-predictions models for non-smoking lung cancer incor-
porating lung function measures.

Added value of this study

To our knowledge, this is the first study to comprehensively eval-
uate the role of lifestyle factors on impaired lung function exclu-
sively in lifetime never-smokers. We identified several modifiable
lifestyle factors which modified risk of lung function impairment,
including air pollution in the form of particulate matter b2·5 μg,
low birthweight, and overweight and obesity. Currently, never-
smokers would not meet most lung screening enrollment criteria
on the basis of absent smoking history. Therefore, we developed
a lung cancer risk-prediction model that included lung function
alongside lung cancer risk factors easily ascertainable at a physi-
cian visit. We were able to achieve moderate discrimination of
lung cancers, and found modest improvement in discrimination
when including lung function in the risk algorithm.

Implications of all the available evidence

Several modifiable lifestyle risk factors were identified and may
help to shape the trajectory of lung health and development of
COPD later in life. Increasing our understanding of risk factors
which contribute to lung morbidity among those without tobacco
use as a primary factormay, in the future, help to guide prevention
strategies and enhance our ability to identify never-smokers who
could benefit from lung screening initiatives.
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smokers [5]. Additionally, the proportion of lung cancers occurring
among never-smokers is increasing [6,7], and it is increasingly recog-
nized as a separate disease entity from tobacco-related lung cancer
with different etiological factors and somatic mutation profiles [8]. If
considered as a separate disease from tobacco smoking- related lung
cancers, it ranks seventh among all cancers [8]. Currently never-
smokers do not meet the guidelines (e.g. U.S. Preventive Services Task
Force Recommendation Statement: Screening for Lung Cancer) [9], or
risk-probability thresholds for screening eligibility [10]. Even though
the causal role of impaired lung function in lung cancer risk remains un-
clear, impaired lung functionmay be leveraged as a useful risk predictor
for identifying those at high risk who should undergo regular screening
[11]. However, the added predictive value for lung function among
never-smokers remains unknown.

To address these gaps in knowledge, we conducted this study to
characterize the determinants of impaired lung function in lifetime
never-smokers, particularly, the effect of exposure over the life- course
from early life determinants to environmental and lifestyle exposures
during adult life. Given the growing proportion of lung cancer in
never-smokers and their ineligibility for CT screening under current
guidelines, we also investigated the added value of lung function for
lung cancer prediction.

2. Methods

2.1. Study participants: UK Biobank

This study is based on data collected in the UK Biobank cohort, the
details of which have been described elsewhere [12]. In brief, this pro-
spective study enrolled 502,616 participants aged 40–69 years between
2006 and 2010 at 22 assessment centres throughout the UK. The assess-
ment centre visit comprised of questionnaires, physical and functional
measures, and collection of biospecimens. Never-smokers are defined
as self-reported non-current smokers with past smoking history re-
ported as “never”, or with b100 lifetime cigarettes smoked for those
with past history reported as “once or twice” or “occasional”; this was
chosen to be consistent with the commonly used definition of never-
smokers (b100 lifetime cigarettes).

Volumetric measures of lung function for this study were: forced-
expiratory volume in 1-s (FEV1), forced vital capacity (FVC), and
FEV1/FVC. We first excluded any participants without at least two
spirograms with acceptable starts. For each participant, we then com-
pared each FEV1 to their maximum FEV1, and spirograms were consid-
ered reproducible if they were within 250 mL of the maximum FEV1,
based on standard spirometry guidelines [13]. Among reproducible
spirograms, the maximum FEV1 and FVC for each participant were se-
lected and used to derive FEV1/FVC. The Global Lung Initiative (GLI)
2012 equations were used to determine reference lung volumes for
FEV1 to compute percent predicted FEV1 [14]. Impaired lung function
was defined threeways: (1) FEV1 b 80% of the GLI predicted FEV1 refer-
ence value, (2) FEV1/FVC b 70%, or (3) both of these (i.e. moderate to se-
vere COPD). Definition 2 and 3 align with COPD guidelines for airflow
obstruction grading according to both Global Initiative for Chronic Ob-
structive Lung Disease (GOLD) and National Institute for Health and
Care Excellence (NICE) [15,16]. As a sensitivity analysis, we also ana-
lyzed FEV1/FVC and FEV1 (% of GLI predicted FEV1) as continuous traits
based on general linear models.

Air pollutionwas estimated as part of the European Study of Cohorts
for Air Pollution Effects (ESCAPE) [17,18]. Physical activity was calcu-
lated as the sum of the duration of vigorous, moderate, and walking ac-
tivities (minimum of 10 min and truncated at 300 min per day)
multiplied by their metabolic equivalents (MET) values (vigorous =
8·0, moderate = 4·0, walking = 3·3), and then discretized into quar-
tiles. Environmental tobacco smoke (ETS) exposure (yes vs. no) was
based on any self-reported exposure to tobacco smoke at home or out-
side the home. Educational attainment was coded by mapping UKB
qualifications to International Standard Classification of Education
(ISCED) categories, as was done in previous studies in this cohort [19].

Linkages to National disease and death registries were used to iden-
tify incident lung cancers and mortality status. We excluded any never-
smokers diagnosed with any respiratory cancer prior to recruitment (n
= 94). Additionally, participants with lung cancers occurring b2 years
from recruitment (n=37) were excluded from all lung function analy-
ses to minimize potential confounding due to subclinical lung cancer at
baseline.

For lung cancer risk prediction modeling, we included only the first
primary lung cancer occurrence. To exclude lung cancers that were po-
tential metastases or recurrences, lung cancers occurringwithin 5 years
after another primary cancer diagnoses were excluded. Deaths due to
all-causes (excluding lung cancer-specific deaths) were considered a
competing risk for lung cancer. Participants without primary lung can-
cer were observed for follow-up until death or September 30, 2014
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(last date of complete cancer linkage), whichever came first. Due to
incomplete cancer linkage beyond this date, deaths occurring after Sep-
tember 30, 2014 (n= 1379) were censored at this date, as a preceding
lung cancer diagnosis could not be effectively ruled-out.
Fig. 1. Study flow of participants used in lung function and lung cancer risk-prediction
analyses. Additional lung function analyses were performed including physical activity
and birthweight as risk factors, which included a total of 88,874 participants after
removing additional missing data for these variables.
2.2. Statistical analysis

To evaluate lifestyle factors associations with impaired lung func-
tion, Poisson regression models with robust variance estimation were
used to estimate incidence rate ratios (IRR) and 95% confidence in-
tervals (CI) [20], excluding those with prevalent lung cancer, defined
as lung cancer diagnosis before or up to 2 years after baseline.
Potential non-linear relationships for continuous covariates with the
outcomes were evaluated by adding polynomial terms to the regres-
sion models and improvements in model fit were determined using
likelihood ratio tests. Stratified analysis by sex was performed and
is presented in Supplementary Table 4. Given the mechanism of
lung function impairment may differ in asthmatics vs. non-
asthmatics, we also conducted stratified analysis by asthma status
(Supplementary Table 5).

We constructed prediction models for lung cancer risk among
never-smokers using competing-risk regression based on Fine and
Gray models. Absolute risks of lung cancer (cumulative incidences)
were calculated using Breslow-type estimates of the cumulative base-
line subhazard and the linear predictor from the Fine-Gray models
(see Supplementary Methods for more details). We included age, sex,
personal cancer history, family history of lung cancer, and lung function
in risk models based on their consistent associations with lung cancer.
Model calibration was assessed by plotting observed and predicted
risks across quantiles of predicted risks. Model discrimination was eval-
uated using time-dependent area under the receiver operating charac-
teristic curves (AUC). We computed optimism-corrected AUCs using
100 bootstrap replicates [21]. We tested the improvement in model fit
when including lung function in models using likelihood ratio tests,
which has been recommended over directly testing differences in
AUCs [22].

Missing data were generally minimal (b10%) for the potential deter-
minants of impaired lung function, such as BMI, asthma, family history
of lung cancer, previous cancer history, ETS exposures, alcohol drinking,
and air pollution. Since we aim to estimate the association of each
predictor simultaneously, only participants with complete data for all
predictors were included in (n = 181,805) analyses. Given that birth
weight and physical activity were only available in a subset of the pop-
ulation (58% and 78%, respectively), we conducted the analysis for these
two determinants in separatemodels adjusting for the rest of the deter-
minants as covariates based on the subset with complete data (n =
88,874).

To investigate whether any associations in complete-case analyses
were biased due tomissing data, we compared the study characteristics
between those that were included in the analysis versus total popula-
tion, and the frequency distributions were similar (Supplementary
Table 2). In addition, we performed sensitivity analysis using multiple
imputed data and results were materially similar (Supplementary
Table 3). We therefore report the results based on the complete-case
analysis herein. All data preparation and analyses were done using
Stata 14 (Stata Corporation, College Station, Texas) and R version 3.5.3
[23].
2.3. Role of the funding source

This study was support by a Canada Research Chair to RJH. The
funding source had no role in any aspects of the conception, design, im-
plementation, analysis, interpretation of this study, or the decision to
submit the paper for publication.
3. Results

In theUKBiobank study, therewere 222,274 never-smokerswith re-
producible spirograms (see Fig. 1). A total of 218,892 were included for
risk prediction modeling after excluding those with missing predictor
data. Based on 218,892 participants and 1·23 million person-years of
follow-up, we identified 165 incident lung cancers among never-
smokers through cancer registry linkage with a median follow-up of
5·6 years. Among never-smokers, the incidence rate of lung cancer
was 13·4 per 100,000 person-years (95% CI: 11·5–15·6). Never-
smokers accounted for 13% of the total lung cancers in UKB. In terms
of competing risks, there were 2662 deaths due to all-causes (other
than lung cancer-related mortality) and the mortality rate was 216·1
per 100,000 person-years (95% CI: 208·0–224·4). Study characteristics
are summarized in Table 1 according to lung cancer status. Study char-
acteristics by lung function impairment status are summarized in Sup-
plementary Table 1. In general, never-smokers with lung cancer were
older at baseline andmore likely to be female, and had generally poorer
lung function. Lung impairmentwas nearly 1·5 to 2-foldmore common
in those who developed lung cancer (FEV1 b 80%: 22·6% vs. 15·9%, Pχ2

= 0·018; FEV1/FVC b 70%: 17·9% vs. 11·4%, Pχ2 = 0·008; Both:
10·7% vs. 5·1%, Pχ2 = 0·019).

A total of 181,805 never-smoking participants were included in the
multivariable regression to identify determinants of impaired lung
function, after the exclusions described in the Methods. The association
between putative risk factors and lung function impairment, estimated
as incidence rate ratios (IRR) based on multivariable-adjusted associa-
tions from Poisson models are shown in Table 2. As expected, there is
a strong association between asthma history and impaired lung func-
tion, with IRR of 2·25 (95% CI: 2·20–2·30), 3·17 (95% CI: 3·09–3·25),
5·17 (95% CI: 4·97–5·38) for FEV1, FEV1/FVC, and both criteria, respec-
tively. This association was stronger in males than in females in strati-
fied analysis (Supplementary Table 4). Exposure to ambient air



Table 1
Characteristics of never-smokers with reproducible spirograms according to lung cancer
status in the UK Biobank cohort (N = 222,274).

Variables Healthy Lung cancer

(n = 222,106) (n = 168)

Age at recruitment (y, mean [SD]) 55·6 [8·1] 60·7 [6·5]
Male sex (%) 85,530 (38·5%) 50 (29·8%)
Body mass index (kg/m2, mean [SD]) 27·0 [4·8] 26·6 [4·1]
Ethnicity (%) a

White 208,236 (93·8%) 161 (95·8%)
Black 4123 (1·8%) 2 (1·2%)
Northeast (NE) Asian 992 (0·4%) 0 (0·0%)
Southeast (SE) Asian 5557 (2·5%) 3 (1·8%)
Other/mixed 3198 (1·4%) 2 (1·2%)

University education (%) 81,412 (37·0%) 61 (37·0%)
Positive family history of lung cancer (%) 25,950 (11·9%) 19 (11·5%)
Positive personal history of cancer (%) 15,761 (7·1%) 21 (12·5%)
Asthma, yes (%) 25,730 (11·6%) 17 (10·2%)
Birth weight

Low (b 2500 g) 13,729 (10·6%) 14 (15·4%)
Normal (2500–4200 g) 107,178 (82·9%) 69 (75·8%)
High (N 4200 g) 8438 (6·5%) 8 (8·8%)

PM2·5 (mcg/m2, mean [SD]) 1·0 [0·1] 1·0 [0·1]
ETS exposure, yes (%) 39,892 (19·8%) 28 (18·3%)
FEV1 maximum (L, mean [SD]) 2·8 [0·8] 2·5 [0·7]
FVC maximum (L, mean [SD]) 3·7 [1·0] 3·4 [0·9]
FEV1/FVC (%, mean [SD]) 76·8 [6·4] 75·3 [7·2]
GLI percent predicted FEV1 (%, mean [SD]) b 94·5 [15·9] 91·5 [19·2]
Lung impairment (%)

FEV1 b 80% reference FEV1 35,263 (15·9%) 38 (22·6%)
FEV1/FVC b 70% 25,346 (11·4%) 30 (17·9%)
Both (moderate-to-severe COPD) 11,290 (5·1%) 18 (10·7%)

Abbreviations: COPD, chronic obstructive pulmonary disease; ETS, environmental tobacco
smoke; FEV1, forced expiratory volume, 1-s; FVC, force vital capacity; GLI, Global Lung Ini-
tiative; PM, particulate matter; SD, standard deviation.

a Ethnicities recorded for UK Biobank were grouped into GLI ethnic groups (White,
Black, NE Asian, SE Asian, Other/Mixed) in order to use of the GLI-2012 equations to pre-
dicted reference FEV1 values.

b Reference FEV1 values were derived using the GLI-2012 equations (Quanjer et al.
[14]) based on age, sex, height, and ethnicity.

Table 2
Poisson regression (with robust variance estimation) estimates for the adjusted associations of
FVC b70%, or both criteria, among lifetime never-smokers in the UK Biobank cohort.

FEV1 b 80%

IRR (95% CI)

(a) Based on complete-case analysis (N = 181,805)
Asthma (yes vs. no) 2·25 (2·20–2·30)
PM2·5 (per 10 micrograms) 1·29 (1·16–1·43)
BMI groups

Normal (b25 kg/m2) 1·0 (ref.)
Overweight (25–30 kg/m2) 1·11 (1·08–1·13)
Obese (≥30 kg/m2) 1·52 (1·48–1·56)

Family history of lung cancer (yes vs. no) 0·96 (0·93–1·00)
Previous cancer (yes vs. no) 1·08 (1·04–1·12)

Alcohol status
Never 1·0 (ref.)
Rarely 0·89 (0·86–0·92)
Monthly/weekly 0·84 (0·81–0·87)
Daily 0·83 (0·79–0·87)

ETS exposure (yes vs. no) 1·07 (1·05–1·10)

(b) Based on complete-case analysis in the subset (N = 81,874)
Birth weight groups

Low (b2500 g) 1·19 (1·13–1·25)
Normal (2500–4200 g) 1·0 (ref.)
High (N4200 g) 0·90 (0·85–0·97)

MET quartiles (per quartile) a 0·94 (0·93–0·95)

Abbreviations: BMI, body mass index; ETS, environmental tobacco smoke; FEV1, forced expir
matter.
Note: (a) Multivariable regression models including all determinants listed under a; (b) multiv
Note: All models are adjusted for age, sex, ethnicity, height, education, and household income. E
the International Standard Classification of Education as has been done in previous studies usin

a The boundaries used to discretize metabolic equivalents into quartiles were: b824, 824–18
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pollution in the form of PM2·5 micrograms per cubic meter was associ-
ated with increased risk of impaired lung function across all 3 criteria
definitions, with IRRs ranging from 1·29–1·85 (per 10 micrograms
per cubic meter). PM2·5 was a stronger association among non-
asthmatics, across all of the definitions of lung function impairment
(Supplementary Table 5).

In terms of alcohol consumption, each category of drinkers had
lower risk of lung impairment when compared to abstainers, according
to impaired FEV1, FEV1/FVC, or both. For FEV1 lung impairment (FEV1
b 80% predicted), the largest difference in risk was between abstainers
and daily consumers of alcohol (0·83 [95% CI: 0·79–0·87]). Increased
physical activity was found to be associated with decreased risk based
on FEV1 (per quartile, IRR = 0·94, 95% CI: 0·93–0·95), but not based
on FEV1/FVC or both combined. For body mass index, a trend was ob-
served for increased risk of impaired FEV1 with obesity, but the reverse
trend was shown for FEV1/FVC. ETS was low variance and lacked de-
tailed dosage data, but were suggestive of a modest increase in risk for
lung impairment. No consistent relationship was found for a previous
cancer (excluding lung cancers) history, or for family history of lung
cancer.

In terms of early life determinants, an individuals with low birth
weight (b 2500 g) had an increased risk of lung function impairment
with IRR of 1·19 (95% CI: 1·13–1·25), 1·06 (95% CI: 1·00–1·13), and
1·21 (95% CI: 1·10–1·33), based on impaired FEV1, FEV1/FVC, or
both, respectively. No significant associations were observed for mater-
nal smoking status (data not shown). The results of analyzing lung func-
tion as continuous traits are shown in Supplementary Table 6,wherewe
observed similar direction of the associations based on the general lin-
ear estimates.

For never-smoker lung cancer risk-prediction, age was the strongest
single predictor among the set of variables we evaluated. The model
without lung function included the predictors age, sex, personal history
of cancer (yes vs. no), and family history of lung cancer (yes vs. no). The
modelwith lung function included all of these predictors plus FEV1/FVC.
Exponentiatedmodel coefficients for the Fine and Graymodel (sub-dis-
tribution hazard ratios) are shown in Table 3. We computed absolute
risk factors on impaired lung function according to FEV1 (b80% GLI predicted FEV1), FEV1/

FEV1/FVC b 70% Both

IRR (95% CI) IRR (95% CI)

3·17 (3·09–3·25) 5·17 (4·97–5·38)
1·85 (1·64–2·09) 1·80 (1·49–2·17)

1·0 (ref.) 1·0 (ref.)
0·73 (0·72–0·76) 0·88 (0·84–0·91)
0·58 (0·56–0·60) 0·83 (0·79–0·88)
0·98 (0·94–1·01) 0·95 (0·90–1·01)
1·02 (0·97–1·06) 1·03 (0·96–1·11)

1·0 (ref.) 1·0 (ref.)
0·90 (0·85–0·94) 0·87 (0·81–0·94)
0·95 (0·91–0·99) 0·89 (0·83–0·96)
0·95 (0·90–1·00) 0·91 (0·84–0·99)
1·02 (0·99–1·05) 1·04 (0·99–1·10)

1·06 (1·00–1·13) 1·21 (1·10–1·33)
1·0 (ref.) 1·0 (ref.)
0·99 (0·92–1·06) 0·95 (0·85–1·07)
1·01 (0·99–1·03) 0·98 (0·95–1·00)

atory volume, 1-s; IRR, incidence rate ratio; MET, metabolic equivalents; PM, particulate

ariable regression model including all variables listed under both (a) and (b).
ducation (qualifications) in the UKBweremapped to their nearest equivalent according to
g this cohort.
06, 1806–3653, N3653.



Table 3
Subdistribution hazard ratios (SHR) and beta coefficients (log-SHR) frommultivariable Fine &Gray competing risk regressionmodels for the risk of lung cancer, with the competing risk of
all-cause mortality, among never-smokers in the UK Biobank cohort.

With lung function Without lung functiona

Beta coefficients SHR (95% CI) Beta coefficients SHR (95% CI)

Age (per year) b 0·083100 1·09 (1·06–1·11) 0·085519 1·09 (1·07–1·11)
Sex (male vs. female) −0·399,467 0·67 (0·48–0·94) −0·387,205 0·68 (0·48–0·95)
Family history of lung cancer (yes vs. no) −0·156,943 0·85 (0·53–1·38) −0·158,382 0·85 (0·53–1·38)
Previous cancer (yes vs. no) 0·331,328 1·39 (0·87–2·24) 0·334,233 1·40 (0·87–2·24)
FEV1/FVC (per 5% increase) b −0·071250 0·93 (0·84–1·04) NA NA

Abbreviations: CI, confidence interval; FEV1, forced expiratory volume, 1 s; FVC, forced vital capacity; NA, not applicable; SHR, subhazard ratio.

Note: Absolute risk predictionsweremade by computing the cumulative incidence function (CIF) for cause k as ÎkðtÞ ¼ 1− expð−ĤkðtÞÞ, where k is lung cancer, t is the time horizon, and

Ĥk is the cumulative subdistribution hazard for lung cancer for a particular covariate pattern using a Breslow-type estimator of the baseline cumulative subdistribution hazard.More details
are provided in the Supplementary Methods.

a The P-value for the likelihood ratio test (LRT) for the improvement in model fit when including lung function was 0·216.
b Age was centered to 55 years. FEV1/FVC was centered to 75% and then scaled to a 5% change in FEV1/FVC. Therefore, the cumulative baseline subdistribution hazard used for com-

puting absolute risks represents the baseline risk for a 55-year old, female, no family history of lung cancer, no personal history of other cancers, with a FEV1/FVC of 75%.
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risks of lung cancer at 3, 5, and 7-years to assess time-dependent model
calibration and discrimination (AUC). Model calibration for the Fine-
Graymodel including lung function at fixed-year time horizons are pre-
sented in Supplementary Fig. 1, and the model-predicted absolute risks
and observed risks showed moderate calibration across model-
predicted risk quantiles.

Due to the relatively rare occurrence of lung cancers among never-
smokers in this population-based cohort, we decided against using
split-sample methods for model training and validation. Instead,
model discrimination was internally validated by computing
optimism-corrected AUCs using bootstrap methods with 100 bootstrap
replicates. The 3, 5, and 7-year optimism-corrected AUCs and bootstrap
quantile-based confidence intervals for the models without lung func-
tion were 0·686 (95% CI: 0·642–0·733), 0·687 (95% CI:
0·647–0·729), and 0·719 (95% CI: 0·688–0·763), respectively. The
optimism-corrected time-dependent AUCs for the full model (incl.
FEV1/FVC) at 3, 5, and 7 years were 0·686 (95% CI: 0·638–0·733),
0·688 (95% CI: 0·647–0·730), and 0·722 (95% CI: 0·687–0·762), re-
spectively. Minimal improvement in model fit was observed when in-
cluding FEV1/FVC (PLRT = 0·22, Table 3). We note that FEV1 (% of GLI
predicted FEV1) was modestly informative as a lung function predictor
at 3- and 5-year time horizons, conferring a 1·4% and 0·7%AUCgain, re-
spectively (Supplementary Table 7).

4. Discussion

Based on one of the largest analyses of never-smokers conducted to
date, we identified an association between low birthweight, ambient air
pollution (PM2·5), obesity, alcohol intake and the risk of impaired lung
function. However, we found limited improvement in predictive perfor-
mancewhen incorporating lung function into the risk prediction model
for lung cancer among never-smokers.

4.1. Impaired lung function

Our study found that low birthweight is a risk factor for impaired
lung function or COPD in adulthood among a large cohort of never-
smokers with no confounding by smoking. Previous studies with
much smaller sample sizes found that those with low birthweight
have poorer lung function in adulthood, but these studies contain
large proportions of smokers [24,25]. To our knowledge, this is the
very first time the association between low birthweight and impaired
lung function has been reported among otherwise healthy never-
smokers.

Our finding that increased exposure to ambient air pollution in the
form of PM2·5 increased lung impairment is consistent with previous
studies [26–29]. However, many previous studies contained consider-
able proportions of former and current smokers, and were limited by
their cross-sectional nature, smaller sample sizes, and self-report expo-
sures. Particulate matter are considered Group I carcinogens according
to the International Agency for Research on Cancer (IARC) and has
been consistently associated with increase lung cancer risk [30]. Simi-
larly, the finding that increased physical activity is associated with bet-
ter lung function in otherwise healthy adults is consistentwith previous
studies in the literature [31,32]. Thepossibility of reverse-causation can-
not be ruled out in our study, and it is likely that the relationship be-
tween physical activity and lung function is bi-directional.

The association of alcohol consumption with lung function impair-
ment and COPD is contentious. Early studies of alcohol consumption
on COPD included notable proportions of heavy-drinkers (including al-
coholics) and smokers that may partially confound the results [33]. In
the early 2000's, two epidemiologic studies from Europe reported a U-
shaped dose-response relationship between alcohol and COPD, similar
to those reported for cardiovascular mortality [34,35]. The hypothetical
mechanisms are that low alcohol exposure may enhance mucociliary
clearance, stimulate bronchodilation, andmay attenuate airway inflam-
mation and injury found in those with COPD, while chronic and high-
dose alcohol exposure likelyworsens lung function. In our study, we ob-
served higher risk of impaired lung function among abstainers. This is
likely to be due to the difference in general health background of the
complete abstainers, rather than a true causal relationship. However,
the alcohol consumption in this healthy population-based cohort is un-
likely to be extreme enough to observe the deleterious effects expected
at chronically-high doses.

We observed generally null associations for ETS exposure and lung
impairment. This was likely due, at least in part, to the sparsity of ETS
data collected, and the low-dose and low-frequency SHS exposure
among these never-smokers. The effect of ETS on pulmonary function
and COPD has been well-described in the literature and several synthe-
sizing studies have been conducted and evidence suggests SHS in-
creases COPD. Although, weaknesses in existing studies, such as
potential confounding by smoking need to be addressed to provide
more definitive evidence [36,37].

We observed opposite effects for the association of BMI with FEV1
and FEV1/FVC ratio, with overweight being associated with increased
risk of impairment according to FEV1, but a decreased risk for a reduced
FEV1/FVC ratio (b70%). We also observed that compared to normal
weight, overweight and obesity were associated with a decrease in ab-
solute FEV1 and FVC in adjusted analyses, but an increase in the FEV1/
FVC ratio. This association remained when body fat percentage was
tested in place of BMI (results not shown), which suggests this finding
is unlikely to be residually confounded by height. Previous studies
have similarly observed a decrease in FEV1, FVC, and total lung capacity
with increasing BMI [32,38–41]. One potential explanation for this find-
ing is that being overweight can result in the diaphragm being pushed
upward, effectively reducing the FVC and can artificially increase the
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FEV1/FVC ratio. Overall, these findings suggest the effect of obesity is
primarily on lung volume and not airway obstruction [40].

For the sex-stratified analysis, there wereminor differences in effect
estimates by sex, and no clear differential patternwas observed. Asthma
was a strong risk factor for impairment in males, compared to females.
We observed that particulate matter (PM2·5) was a more pronounced
risk factor in non-asthmatics, and the association between low birth
weight and lung function impairment was slightly stronger among
non-asthmatics. The stratified analysis by asthma status provided addi-
tional insight to the determinants of lung function impairment, where
we observed a stronger association with air pollution and low
birthweight among the non-asthmatics. This is potentially related to
the different mechanisms of lung function impairment between asth-
matics, where lung function impairment is reversible, versus non-
asthmatics, where lung impairment is irreversible [42].

4.2. Lung cancer risk prediction

The mechanistic relationship between COPD and lung cancer has
been suggested to operate through many pathways including genetic
susceptibility, DNA damage and repair, epigenetics, downregulation of
specific microRNA, expression of pro-inflammatory genes, and immune
adaptive responses [43]. Several studies have shown that COPD confers
a 2- to 4-fold increase in lung cancer risk [43–46]. An increase in lung
cancer risk has been shown for as little as a 10% reduction in FEV1
from predicted reference values [44].

Lung cancer in never-smokers is a growing issue and an increasingly
larger proportion of lung cancers are being diagnosed in lifetime never-
smokers [6]. We found that using only a simple set of predictors (age,
sex, family history of lung cancer, and personal non-lung cancer his-
tory), we were able to achieve moderate discrimination of lung cancers
after correcting for model over-optimism. At 3 and 5 years time hori-
zons, the continuous measurement of FEV1 (% of GLI predicted FEV1)
added modest predictive value to the lung cancer prediction model.
This aligns with the fact that low FEV1 values reflect obstruction of the
airway and it is an indicator of the impairment severity. All of these
measures can be collected from a routine physician visit. Despite the
modest improvement in model fit and discrimination when including
lung function, the overall absolute risk of lung cancer remains low in
this population-based cohort, consisting of healthy recruits at baseline.

To our knowledge, there are only two studies on lung cancer risk
prediction specifically in never-smokers [10,47]: PLCOM2014, which
was developed in ever-smokers [48], andwas later adapted and applied
to never-smokers with an AUC of 0·662 in never-smokers [10]; the risk
model developed by Wu et al, in a Taiwanese cohort that reached an
AUC of 0·806 (95% CI: 0·790–0·819) using demographics, family his-
tory, alpha-fetoprotein, maximum mid-expiratory flow, and
carcinoembryonic antigen as predictors [47]. The results of the
Taiwanese study suggest that further incremental gain in prediction
for never-smokers can be achieved through the inclusion of lung func-
tion and the key biomarkers. Comparing to a previous study that
assessed the role of lung function in lung cancer risk prediction based
on the overall population, where lung cancer patients are predomi-
nantly smokers [49], our approach substantially differs from this previ-
ouswork becausewe focused solely on building a never-smokermodel,
andmodeled risk at several fixed time-points of lung cancer (e.g. 5-year
risk, a commonly used time horizon for screening programenrollment).

Our study has several strengths. We were able to conduct this study
in one of the largest cohorts of never-smokers with an extensive collec-
tion of lifestyle, demographic, and physical measurements combined
with National disease and death registries. We were able to investigate
the determinants of lung function using spirometry measures in a co-
hort exclusively of never-smokers, whose lung function would not be
confounded due to primary smoking habits. The large cohort size and
length of follow-up allowed us to exclude never-smokers with poten-
tially subclinical lung cancer at baseline in order minimize the potential
confounding effect on lung function associations and provided sufficient
accrual of never-smoking lung cancer cases for risk analysis.

A limitation of this study is that more detailed ETS history was not
available. A small set of questions with substantial missing data hin-
dered the ability to sufficiently evaluate the role of ETS on lung impair-
ment or lung cancer risk. There is potential for selection bias for the
participants included in the complete case analysis, especially for birth
weight and physical activity where data is only available in a subset of
the participants. The subset with available data contains more males
and whites and are less overweight compared to the total population.
However, sex and ethnicity are adjusted for in the models and having
a larger proportion of participants with normal BMI is likely to bias
the results toward the null, and thus would be unlikely to have created
the observed associations. To utilize the GLI-2012 equations, we
grouped the ethnicities in UKB cohort into the 5 GLI ethnic groups
(such as Caucasian, Black, Northeastern Asian, Southeastern Asian, and
Other). Some of the UKB self-reported ethnicities do not have a direct
correspondence to a GLI ethnic group, therefore we have aligned them
to the closest GLI ethnic subgroup. For example participants with
Indian, Pakistani, and Bangladeshi ancestry were aligned with the GLI-
SE Asian group, as the closest proxy. The GLI-SE Asian equations have
been shown to be applicable to Indian children, although the validity
in adults is less clear [50]. To assess whether this would affect our re-
sults, we conducted a sensitivity analysis by excluding Indian,
Pakistani, and Bangladesh participants (n = 3417) and the results
were very similar to the results based on the full never smoker popula-
tion presented in Table 2.

In conclusion, low birthweight, ambient air pollution, asthma,
and obesity were found be associated with impaired lung function
in lifetime never-smokers. We achieved moderate discrimination of
lung cancers among never-smokers when using a small set of pre-
dictors that can be routinely collected during physician visits. Lung
function demonstrated a limited increase in model predictive perfor-
mance based on the small number of lung cancer cases available.
Future investigation of these models based on a larger sample size
of never-smoking lung cancers may help to determine whether
lung function can improve risk-stratification among never-smokers
and identify those who would potentially benefit from lung cancer
screening.
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