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Risikofaktorer enn reyking og insidens av lungekreft: pavirkning av inaktiv livstil,

astma og kroppsmasseindeks

Prospektive kohort og Mendelsk randomisering analyser av HUNT data

Lungekreft er en av de vanligste kreftformene med lave overlevelse over hele verden. Selv
om reyking er den viktigste risikofaktoren for lungekreft, ses den vanligste typen,
adenocarcinom, hos mange som aldri har reykt. Ettersom den sterste ekning i insidens av
lungekreft skyldes adenocarcinom, er det mulig at andre potensielle risikofaktorer enn

royking har en viktig rolle i utvikling av lungekreft.

Denne avhandlingen bestar av tre delstudier med overordnet mal om a avdekke mulige
sammenhenger mellom inaktiv livstil, astma, kroppsmasseindeks (KMI) og insidens av
lungekreft generelt og undergrupper. Datakilder er Helseundersokelsen i Trondelag (HUNT)
og Kreftregisteret. De to forste studiene er prospektive kohort-studier, mens den siste studien
fokuserer pa potensiell arsakssammenheng mellom KMI og forekomsten av lungekreft og

undergrupper ved bruk av bade observasjonelle- og Mendelsk randomisering (MR).

Den forste studien viste ingen klar ssmmenheng mellom langvarig stillesitting og
forekomsten av lungekreft, og smacellet (SCLC) eller ikke-smécellet (NSCLC) lungekreft.
Men kombinasjonen av langvarig stillesitting og fysisk inaktivitet ser ut til & kunne oke

forekomsten av lungekreft generelt og SCLC.

I den andre studien fant vi ingen klar ssmmenheng mellom astma generelt og forekomsten av
lungekreft generelt eller undergrupper. Men delvis kontrollert astma sa ut til & vaere assosiert
med okt foreckomst av lungekreft generelt og NSCLC. Blant voksne med aktiv astma fant
man en tendens til okt forekomst av lungekreft generelt. Men det var ingen klar
sammenhenger mellom ikke-aktiv astma eller kontrollert astma med forekomsten av

lungekreft generelt og undergrupper.



I den observasjonelle delen av tredje studie, s KMI ut til & vaere omvendt assosiert med
forekomsten av adenocarcinom i lungene. Men det ble ikke pavist dose responseffekt av 10
ars endering i KMI og denne kreftformen. Dette tyder dermed pé at det ikke er en
arsakssammenheng. Ved multivariabel MR-analyse fant vi en positiv sammenheng mellom
genetisk bestemt KMI og forekomsten av adenocarcinom nér vi justerte for genetisk bestemt
royking. Men vi fant ingen klar sammenheng mellom KMI og forekomsten av evrige

undergrupper av lungekreft, enten i observasjonelle eller MR-analyser.

Avhandlingen viser at personer med mest inaktiv livstil har okt risiko for lungekreft.
Tilsvarende okt risiko fant man ogsa for personer med delvis kontrollert astma. Imidlertid kan
vi ikke utelukke rest-konfundering av reyking i de to forste studiene. Motstridende resultat
mellom observasjonelle og MR-analyser tyder pa at den paviste inverse sammenheng mellom
KMI og adenocarcinom ikke er kausal. Det er nodvendig med flere MR studier for & avdekke

forklaring for denne assosiasjonen i fremtiden.
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Summary

Lung cancer is one of the most common cancer types with a low survival rate worldwide.
Although smoking is the most important risk factor for lung cancer, many people with lung
adenocarcinoma, the most common lung cancer subtype, are non-smokers. Given the
increasing incidence of lung cancer is mainly accounted by adenocarcinoma, other potential

risk factors than smoking may play important roles for the development of lung cancer.

The current thesis consists of three studies with the overall aim of exploring possible
associations between a sedentary lifestyle, asthma, body mass index (BMI) and the incidence
of lung cancer overall and its subtypes, using data from The Trendelag Health Study (HUNT)
and the Cancer Registry of Norway. The first two studies are prospective cohort studies,
while the last one focuses on the potential causal association between BMI and lung cancer

incidence using both observational and Mendelian randomization (MR) methods.

In the first study, we found that prolonged sitting was not independently associated with
incidence of lung cancer overall, small cell lung cancer (SCLC) or non-small cell lung cancer
(NSCLC). However, the combination of prolonged sitting and physical inactivity might

increase the incidence of lung cancer overall and SCLC.

Although we did not observe a clear association between asthma overall and incidence of
lung cancer overall or its subtypes in the second study, partially controlled asthma was
suggested to be associated with an increased incidence of lung cancer overall and NSCLC.
Adults with active asthma showed a tendency toward increased incidence of lung cancer
overall. There was no clear association between non-active asthma or controlled asthma and

incidence of lung cancer overall or its subtypes.

In the last study, BMI seemed to be inversely associated with the incidence of lung
adenocarcinoma based on observational data. However, the BMI change results did not



support a dose-response relationship. By using a multivariable MR method, we further found
a positive association between genetically determined BMI and the incidence of
adenocarcinoma after genetically controlling for smoking. No clear associations were
observed in other lung cancer subtypes either in observational or MR studies.

In summary, our results suggested that people who were mostly sedentary were at an
increased risk of developing lung cancer. People who had partially controlled asthma also had
an increased risk of lung cancer. However, residual confounding by smoking cannot be
excluded completely in the first two studies. The discrepancy of findings between the
observational and MR analysis suggested that the observed inverse association between BMI
and lung adenocarcinoma might not be causal. More MR studies are needed to explore the

nature of this association in the future.
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1 INTRODUCTION

1.1  Lung cancer and histologic types

Lung cancer is a disease in which abnormal cells uncontrollably grow in the tissues of the
lung. Small cell lung cancer (SCLC) and non-small cell lung cancer (NCSLC) are two major
subtypes of lung cancer. SCLC is an aggressive (fast-growing) cancer that forms at the center
of the lung and can spread to other parts of the body [1]. The cancer cells are small and oval-
shaped [1]. NCSLC is more common and can be categorized into adenocarcinoma, squamous
cell carcinoma, and large cell carcinoma based on how the cell appearance [2].
Adenocarcinoma is a malignant tumor of glandular cells and is seen in breast, prostate and
gastrointestinal tract, and has become the predominant subtype of lung cancer, accounting for
35-40% of all lung cancer cases [3]. More women than men have adenocarcinoma (42% vs

28%), while opposite pattern is found for SCLC (25% of women vs 44% of men) [3].

1.2  Epidemiology of lung cancer

From a worldwide perspective, lung cancer has been one of the most common cancer types
for several decades. In 2020, there were an estimated 2.2 million new cases, which
represented 11.4% of all new cases of cancer [4]. Lung cancer is also the most lethal cancer
type in the world. In 2020, about 1.8 million people died from lung cancer, making it
responsible for 18% of global deaths [4]. Women seemed to be less likely to die from lung
cancer than men, with an estimate of around 0.6 million deaths in 2020 [4]. However, both

incidence and mortality among women continue to rise in most western countries [5].

By the time they are diagnosed, more than half of people have already progressed to an

advanced stage with metastasis, leaving them with a lack of effective treatment options [6].
Thus, the five-year survival rate of lung cancer was earlier reported as just 13% for people
who were diagnosed between 2000-2007 in Europe [7]. Due to improvement in treatment,

mainly for NSCLC, the latest after-diagnosis 5-year survival rate for lung cancer has been

1



increased [5]. In the US, the after-diagnosis 5-year survival rate was reported as around
20.5% between 2010-2016 [5]. Recently, mortality rate of NSCLC has been found to decline

faster than its incidence in the US [8].

In Norway, lung cancer is the second most common cancer for both men and women after
prostate and breast cancer [9]. As in other western countries, there is a gender difference in
the incidence and mortality rate of lung cancer in Norway (Figure 1). For Norwegian men,
the incidence and mortality rate of lung cancer stabilized in the mid-1990s before declining,
but Norwegian women have continued to be diagnosed with, and die from lung cancer at an
increasing rate over the past two decades [9]. Although the after-diagnosis five-year survival
rate of lung cancer is low, it has increased by around 10% over the last 10 years in Norway

[9], with women having a better survival rate than men (29% vs 23%) [9].
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Figure 1. Trends in incidence, mortality rates and five-year relative survival rates in Norway
since 1965, adapted from the Cancer Registry of Norway’s 2019 Report on Cancer [9].

1.3  Smoking and lung cancer

Smoking is the most important risk factor for developing lung cancer. It is reported that over
80% of all lung cancer cases are due to smoking [10]. The influence of smoking on the
development of lung cancer depends on smoking burden (the number of cigarettes smoked

2



daily, pack-years of smoking), and time since smoking cessation [7]. Although women
seemed to have similar risks of lung cancer compared with men, it suggested that the risk of
lung cancer due to smoking in women might be underestimated in a meta-analysis of 99
cohort studies [11]. In the meta-analysis, prevalence and intensity of smoking were higher in
men compared with women in most included studies. Thus women might have a higher risk
of lung cancer when the smoking epidemic reached full maturity in women [11]. In addition,
there is a gender difference in susceptibility to smoking with a higher susceptibility in women
[5, 7]. Compared with male heavy smokers, women with comparable smoking histories seem
to have a higher risk of developing lung cancer [12]. With regard to histology, smoking is
strongly associated with an increased risk of SCLC, while its association with NSCLC
(especially adenocarcinoma) is weaker [7]. During the last decades, the occurrence of SCLC
has decreased in western countries, probably due to successful tobacco legislation [7].
However, the proportion of adenocarcinoma is rising, with many people who are diagnosed
reporting that they have never smoked (10—40%) [13]. This suggests that risk factors other
than smoking may play an important role in the development of lung cancer, especially for

NSCLC.

1.4  Risk factors other than smoking for lung cancer

Apart from smoking, passive smoking, domestic biomass fuels, chronic obstructive
pulmonary disease (COPD) and other pulmonary conditions, ambient air pollution, and other
environmental exposures, such as radon, asbestos, and workplace carcinogens, are also well-
known risk factors for lung cancer [7]. Below, some potential risk factors that are not well
studied are considered.

1.4.1  Sedentary lifestyle and leisure-time physical activity

The term “sedentary lifestyle” describes a series of human behaviors requiring low energy

expenditure (<1.5 metabolic equivalents [METs]) in a sitting or reclining posture when



awake [14]. This kind of lifestyle is highly prevalent in Western countries [15, 16]. More than
one third of the whole population aged 15 years and over in the world was reported to engage
in insufficient physical activity (PA), which accounted for the death of approximately 3.2
million people every year [17]. With the rapid improvement of technology, people spend less
time on household activities and more time watching television, playing video games, or
using a mobile phone/computer. Among American children and adults, over half of their
waking hours are spent sedentarily [18]. In Europe, people spend about 40% of their leisure

time watching TV [18].

There is growing evidence for associations between a sedentary lifestyle and a series of
chronic diseases and mortality [18, 19]. Many epidemiological studies have suggested it as an
independent risk factor for multiple health outcomes, regardless of the intensity of leisure-
time PA levels [18, 20, 21]. Possible associations between a sedentary lifestyle and the
development of colorectal, endometrial, ovarian, and prostate cancer have been suggested
[19], but few have studies potential associations with lung cancer. Also, previous studies have
focused either on occupational sitting [22-24] or leisure-time TV watching [25, 26] in relation
to lung cancer risk. Total sitting time daily is suggested to be a better marker, as it reflects
sedentary behavior across a range of occupational and leisure-time activities [27]. So far,
there have only been two studies on the relationship between total sitting time daily and lung

cancer risk [26, 28], and more studies are required.

Even using total sitting time daily as a marker for a sedentary lifestyle, we can only capture
the majority of what are considered sedentary behaviors. People who exhibit high levels of
prolonged sitting can either have no PA or achieve moderate to high levels of PA during their
leisure time. The relationship between PA and lung cancer risk has been studied more
extensively. Recent meta-analysis studies concluded that moderate to high levels of PA are
associated with a reduced risk of lung cancer in smokers [16, 29, 30]. Like prolonged sitting,

4



inactivity is also at the lower end of the human movement continuum. Focusing on people
who spend a lot of time sitting and are also leisure-time inactive may capture the most
sedentary group of people and allow for a better understanding of the possible association
between a sedentary lifestyle and lung cancer.

1.4.2  Asthma and asthma symptom control

Asthma is a common chronic lung disease, defined by a history of wheeze, shortness of
breath, chest tightness, cough, and sputum production [31]. The most common triggers are
tobacco smoking, allergens (e.g., pollens and the house dust mite), exercise, and stress [32]. It

affects around 300 million people worldwide [32].

In the clinic, asthma is suspected based on family risk of atopic disease and symptoms. The
diagnosis might be confirmed by lung function tests showing variability of bronchial
obstruction (bronchodilator responsiveness test) or peak flow diurnal variability, or airway
hyperreactivity reported by provocation tests or markers of inflammation (Nitric Oxid) [32].
Another chronic obstructive lung disease, COPD, is a progressive inflammatory disease due
to noxious gases or particles, mainly tobacco smoking and is reported as an independent risk
factor for lung cancer [33]. The symptoms and obstruction are chronic, but patients may also
have exacerbations with increased symptoms. Among people who have long smoking
histories or severe asthma, asthma and COPD may co-exist [34]. Before 2000, COPD often
was misclassified as asthma in Norway, but stricter diagnostic criteria and different treatment
recommendations have improved the validity of the diagnoses [35]. Suspected COPD is
confirmed by post-bronchodilator spirometry showing chronic bronchial obstruction. This has
been defined as the forced expiratory flow in 1s (FEV1) / forced vital capacity (FVC) < 0.70
[36], but many now recommend a cut-off similar to lower fifth percentile defined by Global
lung initiative for Chronic Obstructive Lung Disease (GOLD) 2012 reference values in order

to avoid overdiagnosis of COPD among elderly [35].



So far, three meta-analysis studies have investigated the potential association between asthma
and lung cancer incidence [37-39]; most included studies were in a case-control study design
and suggested a positive association between asthma and lung cancer. Recall bias and reverse
causation cannot be excluded in case-control studies. Age and sex-standardized incidence
ratio were also used in some studies to present the relative risk for lung cancer in patients
with asthma compared with a general population [40-42]. However, there is a lack of
adjustment for important confounders in such studies. Prospective cohort studies were
limited, and they either focused on lung cancer mortality [43, 44], had a short follow-up
duration (<10 years) [45, 46] or had a few lung cancer cases [47, 48]. Smoking is not only the
most important risk factor for lung cancer, but also an important trigger for asthma. It can
cause more serious asthma symptoms and lead to poorer clinical outcomes [49]. However,
the influence of smoking is not well controlled in many studies. One prospective cohort study
carried out in 634,039 never smoking women with a follow-up duration of more than 14
years, reported that asthma requiring treatment was associated with an increased incidence of
lung cancer [50]; however, asthma was studied among 34 potential risk factors, and a chance

finding could not be excluded.

Although asthma is not curable, appropriate treatment can help to control the symptoms, and
people with asthma can still have a high quality of life. According to Global Initiative for
Asthma (GINA) 2019 guidelines, inhaled corticosteroid (ICS) is the cornerstone in asthma
treatment [32]. Through reduced airways inflammation patients experience less symptoms,
improved quality of life, reduced exacerbations, and mortality. Previously ICS was only
recommended in patients with symptoms or need for reliever therapy more than twice a week
[32]. From 2020 GINA has recommended that ICS and bronchodilator should be used for all
levels of asthma severity, either regularly or as needed [51]. The adherence to asthma

treatment has been rather low, and about half of people with asthma in Europe are reported to



have their asthma either only partly controlled or uncontrolled [52, 53]. Failure to control
asthma symptoms may not only increase asthma exacerbations but also lead to functional
limitations, higher numbers of comorbidities and incapacity for work [54]. However, little
attention has been devoted to the impact of different levels of asthma symptom control on the
development of lung cancer.

1.4.3  Body mass index

Body mass index (BMI) is calculated as body weight in kilograms per meter squared. Obesity
is defined by BMI greater than or equal to 30 kg/m?, while being overweight is defined by
BMI greater than or equal to 25 kg/m? and less than 30 kg/m? [55]. Since the 1980s, nearly
one-third of people worldwide have become overweight or obese [56]. Obesity is becoming a
global pandemic in modern society. According to the latest report from the World Health
Organization (WHO), in 2016, around 1.9 billion adults aged 18 years and over were
overweight, and over 650 million of them were obese [57]. In the US, 68% of adult

population are overweight and 39.8 % are obese currently [58].

BMI has been positively associated with several cancers, such as colon, kidney, liver,
pancreas, breast (in postmenopausal women), and endometrium cancer [59]. On the contrary,
many observational studies have suggested that BMI is inversely associated with the
incidence of lung cancer [60-62]. However, the inverse association was mainly found among
smokers [63]. The observational evidence has been inconclusive in never smokers [50, 64,
65]. Moreover, the interrelationship between smoking and BMI is complex [66, 67].
Compared with non-smokers, smokers were reported to have a lower BMI [68]. However, it
was also reported that heavy smokers tended to have a higher BMI than lighter smokers [68].
Thus, residual confounding by smoking may explain the observed inverse association [50,

65]. In addition, the inverse association may be explained by reverse causation due to weight



loss shortly before the lung cancer diagnosis [69] or competing causes of death due to obesity

[70].

Further, BMI varies during the lifespan. The measurements of BMI at one time point in most
observational studies may not be sufficient to examine the possible influence of BMI on the
development of lung cancer over time [61, 64, 69, 71]. Investigating BMI change between at
least two time points would be more informative. Generally, BMI change in relation to the
incidence of lung cancer has not been well investigated. One case-control study suggested an
inverse dose—response association between BMI gain in adulthood and risk of lung cancer,

but more evidence from prospective cohort studies is required [72].

As mentioned above, the methodological pitfalls in traditional observational studies may
mask the real relationship between BMI and lung cancer. One approach to solving these
problems is to perform Mendelian randomization (MR) analysis. MR analysis is a statistical
method that mimics the design of randomized control trials (RCTs) by using genetic variants
of the exposure, allowing the inference of causality (Figure 2). Since genetic variants are
naturally assigned randomly at conception [73], bias due to reverse causation is avoided, and
the influence of residual confounding is less likely. Further, genetically determined BMI
reflects BMI across the lifespan and therefore is more accurate than measuring BMI at a

single time point [74].
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e
NUNEE

In A, the orange color represents the treated group, while the green color represents the controlled group. In B,
the orange color represents effect alleles, while the green color represents control alleles. In both A and B,
confounders and measurement errors are equal between groups, and reverse causation is maximally avoided.

Figure 2. Comparison of study design between randomized control trials and Mendelian
randomization.

Pleiotropy may exist in conventional univariable MR since some of the genetic variants for
BMI may be associated with smoking [75, 76]. Multivariable MR is an extension of
univariable MR that can detect the direct causal effects of multiple risk factors
simultaneously [77]. Therefore, it can be used to examine the causal effect of BMI on lung
cancer incidence, taking the influence of smoking into account [78]. To date, only one such
study has been performed, and it suggests an inverse association between BMI and the
incidence of lung adenocarcinoma but a positive association between BMI and SCLC [75].
The result on SCLC is consistent with previous univariable MR studies [74, 79]. However,
the inverse association with adenocarcinoma differs from previous univariable MR studies,
which suggested no association. Thus, more multivariable MR study is needed to clarify the
causal association between BMI and the incidence of lung cancer, in particular with the lung

adenocarcinoma.

1.5  Possible mechanisms linking risk factors other than smoking and lung
cancer

There are several plausible pathways that may explain the possible association of a sedentary

lifestyle or asthma with lung cancer. Some animal studies have shown that a lack of activity



might suppress lipoprotein lipase activity in skeletal muscles and reduce glucose uptake [80,
81]. Both are related to metabolic disorders, which are a known risk factor for several
malignancies [81, 82]. In addition, some pre-clinical studies suggest that weight-bearing
skeletal muscles are not highly engaged during inactivity [83-85]. This may alter the anti-
cancer responses of myokines in skeletal muscles and activate inflammatory pathways that

are important for cancer development [83-85].

Asthma is characterized by chronic airway inflammation [38, 86]. The inflammatory
response in the lung may be associated with the lung carcinogenic process through elevated
levels of free radicals and reduced levels of antioxidants [87]. This may lead to increased

DNA damage and mutations [38], and permanent abnormality of the airways [88].

With respect to the possible mechanisms behind the influence of BMI, a paradox may exist:
some adipokines from adipose tissue may produce tumor-suppressing effects [89], while
others affect the progress of carcinogenesis through irregular immunomodulation or chronic
inflammation [90, 91]. It is also reported that high insulin resistance related to obesity may
contribute to the lung carcinogenesis [90, 92]. Thus, more studies are required to clarify the

association between BMI and lung cancer.
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2 STUDY AIMS

2.1 Overall aim

The overall aim of this thesis was to examine the potential associations of some other risk
factors than smoking (i.e., a sedentary lifestyle, asthma, and BMI) with the incidence of lung
cancer and its histologic types in a large homogeneous population of Norwegian adults with a

long follow-up duration.

2.2 Specific aims of Studies 1-3

Study 1: The aims of this study were to prospectively explore 1) the relationship between
total sitting time daily and the incidence of lung cancer overall and its histologic types and 2)
to investigate how the different combinations of total sitting time daily and leisure-time PA

were associated with the incidence of lung cancer overall and its subtypes.

Study 2: The aim of this study was to prospectively explore the potential associations of
asthma overall as well as asthma status and symptom control with the incidence of lung

cancer overall and its subtypes.

Study 3: The aim of this study was to first explore the potential influences of BMI and BMI
change on the incidence of lung cancer overall and its subtypes using an observational
approach. The possible causal associations were further examined using a one-sample

multivariable MR approach after genetically controlling for smoking.
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3 MATERIALS AND METHODS

3.1 The HUNT Study
The Trendelag Health Study (HUNT), formerly known as the Nord-Trendelag Health Study,

is a large population-based health study conducted mainly in the north area of Trendelag,
Norway (Figure 3). The north area of Trendelag was one of 19 Norwegian counties until
2018, when it was merged with the county of Ser-Trendelag to form the Trendelag county
[93]. It includes 24 administrative municipalities and has two local hospitals, one in Levanger
and the other in Namsos. More than 97% of Trendelag’s inhabitants are Caucasian, which
makes the HUNT population largely homogenous. The adult population had also been
relatively stable between the first (125,835 in 1984) and the third HUNT survey (128,694 in
2006). There is a low net migration out of the north area of Trendelag (0.3% per year on
average from HUNT1 to HUNT3) [93]. The region’s socio-demographic characteristics as
well as its mortality and morbidity data also mirror those of Norway. Thus, the HUNT Study

is a suitable source of data for performing prospective cohort studies.
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Figure 3. Norway and the north area of Trondelag. Adapted from Holmen et al. (2003)
Norwegian Journal of Epidemiology [93].
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The HUNT Study currently consists of four consecutive surveys: HUNT1 (1984-1986),
HUNT?2 (1995-1997), HUNT3 (2006-2008), and HUNT4 (2017-2019) [93,94]. It is a
collaborative project of the HUNT Research Centre of Faculty of Medicine and Health
Science, Norwegian University of Science and Technology, the Norwegian Institute of Public
Health, and Trendelag County Council. For the adult part of each survey, all adults aged 20
years or older living in the county were invited to complete extensive health and lifestyle
questionnaires, and to undergo a clinical examination [94]. In total, the HUNT Research
Centre has so far created a database for nearly 145,000 people. Most of the participants took
part in more than one survey. In HUNT2-4, DNA was extracted from blood samples, and
genome-wide association study analyses were performed. In addition, the HUNT Study
includes some sub-studies, for example the Lung Study, which have selected participants to
undergo further examinations and interviews and answer specific questionnaires [94]. More
information on HUNT questionnaires and selection procedures can be found at

http://www.ntnu.edu/hunt.

3.2 Study populations

3.2.1 HUNT2 and HUNT2 Lung Study
HUNT?2 is the baseline for all three studies included in this thesis. HUNT?2 took place

between 1995-1997. A total of 94,194 adults aged 20 years or older were invited to
participate. Among them, 65,229 (70%) participants completed self-administered
questionnaires, and were invited to further questionnaires, clinical measurements, and blood
samples. All participants were asked to fill in a general questionnaire at home (step one) and
then handed it to a health professional when they took the clinical examination. The
participants received a second questionnaire (step two) with more detailed questions about
their health and lifestyle during the clinical examination with a prepaid envelope. The

questionnaire was completely at home and returned by mail.
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Further, the HUNT2 Lung Study selected a 5% random sample of the total HUNT2
participants as well as an asthma symptom group and collected more detailed information on
history of asthma diagnosis, attacks of wheezing or breathlessness during the last 12 months
and use of asthma medication. Lung function was measured by a spirometry test [94]. All
participants in the Lung Study performed pre-bronchodilator spirometry tests. Subsequently,
those participants from the five urban municipalities who had an airflow limitation defined by
a pre-bronchodilator spirometry result of FEV/FVC <0.75 or FEV <80% and all the
participants from the 19 rural municipalities were further invited to perform pre-
bronchodilator and post- bronchodilator spirometry tests.

3.2.2  Study design

The first two studies are prospective cohort studies with two measurement points (baseline
and follow-up). Information on exposures (i.e., total sitting time daily, its combination with
leisure-time PA, asthma, asthma symptom control, and important covariates) was collected
from people free from lung cancer in HUNT2 and they were followed up over time to
observe the incidence of lung cancer. Using unique 11-digit personal identification numbers,
participants’ information from HUNT2 was linked to the Cancer Registry of Norway [9]. The
follow-up period was 18.3 years for the first study and was 21.1 years for the second and
third studies with updated information on lung cancer cases from the Cancer Registry of

Norway.

In the third study, both BMI in HUNT2 and BMI change from HUNT1 to HUNT2 were used
as exposure measures. The multivariable MR method was used to study the possible causal

association between BMI and lung cancer incidence, genetically controlling for smoking.

Study 1: In this study, every participant was followed up from the date of participation in
HUNT?2 until the date of first diagnosis of lung cancer, the date of death, the date of
emigration from Norway, or the end of follow-up on December 31, 2014, whichever came

14



first. We first excluded 6159 participants with previous cancer. This left 59,070 participants
who self-reported no cancer. We then further excluded 13,260 participants who did not have
information on total sitting time daily, leaving 45,810 cancer-free participants with complete
information on total sitting time daily in the main cohort. We also investigated the
combination of total sitting time daily and leisure-time PA in relation to lung cancer
incidence in a sub-cohort of 33,793 participants who provided complete information on
leisure-time PA. A flow chart of the study population for Study 1 (Paper I) is given in Figure

4.

Invited to HUNT2 (1995-1997)
N=94,194

v

Participated in HUNT2 (70%)

N=65,229
Previous cancer
(n=6159)
Cancer-free participants at
baseline
N=59,070

No information on total
sitting time (n = 13,260)

A 4

Main cohort

N=45_810
No information on
physical activity «
(n=12,017) v
Sub cohort
N=133,793

Figure 4. Flow chart of the study population in Study 1 (Paper I).

Study 2: In this study, every participant was followed up from the date of participation in
HUNT?2 until the date of first diagnosis of lung cancer, the date of death, the date of
emigration from Norway, or the end of follow-up on December 31, 2017, whichever came
first. Information on asthma symptoms and lung function was collected from the HUNT2

Lung Study.

15



We first excluded 2053 participants with cancer at or before the baseline based on
information from the Cancer Registry of Norway. Additionally, we excluded 71 participants
without information on asthma. To minimize the influence of COPD, we further excluded
312 adults who had possible COPD based on the GOLD definition [95]: 1) reported doctor-
diagnosed COPD, 2) a post-bronchodilator of FEV1/FVC <0.7 and 3) ever smokers at
baseline. Reported doctor-diagnosed COPD was defined based on the question “Have you
been diagnosed as having chronic bronchitis or emphysema by a doctor?”. Lung function was
measured by spirometry in the HUNT2 Lung Study. The post- bronchodilator fixed ratio
(FEV1/FVC <0.7) is the most used spirometry criterion for diagnosing COPD in the literature
[95]. Finally, 62,791 participants were left for the analyses. A flow chart of the study

population in Study 2 (Paper II) is given in Figure 5.

Tnvited to HUNT2 (1995-1997)
N=94,194

Participated in HUNT2 (69%)

N=65227
Previous cancer (n = 2053) %—
No information on asthma Cancer-free participants at
(n=71) baseline
Possible COPD cases: yes N=63,174
to all the following:
e Reported COPD
e Post-bronchodilator
FEV/FVC <0.7
¢ Ever smokers Study population
(n=312) N=62,791

i i

Asthma No asthma
N=3200 N=159,591

Figure 5. Flow chart of study population in Study 2 (Paper II).

16



Study 3: In this study, we first excluded 2053 participants with cancer at or before the
baseline based on information from the Cancer Registry of Norway. Additional 721
participants with missing information on BMI in HUNT2 were also excluded, leaving 62,453
adults for the analysis of the relationship between BMI in HUNT2 and lung cancer incidence.
Next, we excluded 18,060 participants with missing information on BMI in HUNT1, leaving
44,393 participants for the analysis of BMI change from HUNT1 to HUNT2 and lung cancer
incidence. Among the 18,060 participants who had missing information on BMI in HUNT],
about 50% of them were aged less than 20 years and were not eligible for HUNT1. For the
multivariable MR analysis, 7942 participants without information on genetic variants for
BMI in HUNT2 were excluded, leaving a total of 54,511 participants for the analysis. A flow

chart of the study population in Study 3 (Paper III) is given in Figure 6.
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Figure 6. Flow chart of study population in Study 3 (Paper II).

Measurements of exposures
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Total sitting time daily: Total sitting time daily was assessed by the following question:
“How many hours do you usually spend in the sitting position during a 24-hour period?
(Work, meals, television and car etc.)”. The total number of hours reported by participants (as
a positive integer) were grouped total into three categories (0—4 hours, 5-7 hours and >8

hours) based on similar cutoff criteria in earlier HUNT studies [96, 97] and two meta-analysis




Occupational activity: Occupational activity was used as an alternative marker for a
sedentary lifestyle in Study 1 and regarded as a potential confounder in Study 3. It was
measured by the question: “How would you describe your work?”, with participants able to
choose from four response options. Responses were categorized as mostly sedentary work,
much walking or lifting (two response options collapsed into one category), heavy physical

work, or “unknown” (due to missing information).

Leisure-time PA: Leisure-time PA was measured by the question “How much of your leisure
time have you been physically active per week during the last year?”. Participants were asked
to specify average hours of light (no sweating or not being out of breath) and hard PA
(sweating or out of breath) per week, with the following response options for each intensity:
none, <1 hour, 1-2 hours, and >3 hours (reported as a positive integer). We classified the
participants’ PA levels as inactive (no activity or <2 hours of light activity), low (>3 hours of
light activity only or <2 hours of light activity and <1 hour of hard activity), moderate (=3
hours of light activity and <1 hour of hard activity or 1-2 hours of hard activity regardless of
light activity) and high (=3 hours of hard activity regardless of light activity). This
classification demonstrated a dose—response relationship with mortality [100]. Based on the
new variable, people’s PA levels from low to high were collapsed into one category and
defined as physically active. People who were physically inactive reported no activity or <2

hours of light activity.

Combined categories of total sitting time daily and leisure-time PA: Based on information
about total sitting time daily and leisure-time PA, we defined four combined categories: 1)
total sitting time of <8 hours daily and physically active, 2) total sitting time of <8 hours
daily and physically inactive, 3) total sitting time of >8 hours daily and physically active and

4) total sitting time of >8 hours daily and physically inactive.
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Asthma: Asthma was defined by affirmative answers to the following two questions: “Do
you have, or have you had asthma?” and “Have you been diagnosed as having asthma by a
doctor?”. Asthma status was further categorized into active and non-active asthma.
Participants were considered to have active asthma if they confirmed symptoms of wheezing

or reported using asthma medication in the last 12 months.

Asthma symptom control: The following four items were used to describe the level of asthma
symptom control: 1) daytime symptoms more than twice weekly, 2) any night awakening, 3)
need for reliever medications more than twice weekly or 4) any activity limitation based on
GINA Global Strategy for Asthma Management and Prevention guidelines [32]. The
questions in the HUNT2 Lung Study matched the GINA guidelines (Table 1). According to
the GINA guidelines, controlled asthma refers to asthma without any of the above four
indicators, partly controlled asthma refers to asthma with 1-2 of the indicators and
uncontrolled asthma is asthma with 3—4 of the indicators. We initially classified levels of
asthma symptom control as controlled, partly controlled, uncontrolled and unknown. Partly
controlled and uncontrolled were then collapsed into one “partially controlled” category due

to the uncontrolled category having only a few lung cancer cases.
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Table 1. Comparison of assessment of asthma symptom control between the GINA assessment
and the questions in HUNT2

GINA assessment HUNT?2
1 Daytime symptoms
In the past 4 weeks, has the patient had daytime | Have you at any time in the last

asthma symptoms more than twice/week? 12 months been short of breath
when resting during the day?
(Yes/No)

Controlled: <2 times/week Controlled: No

2 Night awakening
In the past 4 weeks, has the patient had: Any Have you woken up with a

night waking due to asthma? feeling of tightness in your chest
at any time in the last 12
months? (Yes/No)

Controlled: 0 times/week Controlled: No

3 Reliever medication use

In the past 4 weeks, has the patient had: If you currently use asthma

Reliever for asthma needed more than medicines, have you used short-

twice/week? acting beta2 agonists in the last

month? (Never, once or less
often a week, many times a
week, daily)

Controlled: <2 times/week Controlled: < once or less often
a week
4 Activity limitation
In the past 4 weeks, has the patient had: Any How much do your respiratory
activity limitation due to asthma? problems (dyspnea) affect your

daily activities? (Not at all, a
little, much, very much)
Controlled: 0 times/week Controlled: < a little

Abbreviations: GINA: Global Initiative for Asthma; HUNT: The Trendelag Health Study

BMI and BMI change: Weight and height in HUNT1 and HUNT2 were measured by health
professionals at clinical examinations. Height was measured to the nearest centimeter and
weight to the nearest 0.5 kg. BMI was calculated as weight in kilograms divided by height
squared in meters (kg/m?) and was initially grouped into: <18.5, 18.5-24.9, 25.0-29.9, 30.0—
34.9 and >35.0 kg/m? according to the recommendations of WHO [101]. Due to limited lung
cancer cases in the BMI categories <18.5 and >35.0 kg/m?, the BMI categories were

collapsed into three groups such as: <25.0, 25.0-29.9 and >30.0 kg/m?. BMI changes from
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HUNT1 to HUNT2 were categorized into quartiles: 1st (-21.3-0.5), 2nd (0.6—1.7), 3rd (1.8—

3.1) and 4th (3.2-18.6) in kg/m>.

Genetically determined BMI: DNA samples were extracted from blood samples collected
during HUNT? and stored in the HUNT Biobank. Genome-wide genotyping and imputation
were carried out for all participants in HUNT2 with sample and variant quality control by
using [llumina Humina HumanCoreExome arrays [102]. Seventy-seven single nucleotide
polymorphisms (SNPs) were suggested as candidate instrumental variables for BMI with a
P value of <5 x 10" based on European sex-combined analyses in a genome-wide association
study by the Genetic Investigation of Anthropometric Traits (GIANT) consortium [103].
Information on 2 SNPs (rs12016871 and rs2033732) was missing in the HUNT data since
they did not pass imputation quality control, leaving 75 BMI-associated SNPs for our
analysis. We then split the remaining 75 BMI-associated SNPs into two groups [75, 78] : 1)
61 SNPs that only affected BMI (BMI-only SNPs) and 2) 14 SNPs that affected both BMI
and smoking (BMI & smoking SNPs). The 14 BMI & smoking SNPs were identified based
on a P value <0.05 for the association between each of the 75 BMI-associated SNPs and
smoking in our study population.

3.3.2  Ascertaining lung cancer

The International Classification of Diseases version 10 (ICD-10) codes used for registration
of lung cancer are C33-C34 [104]. Histologic types were classified according to the
International Classification of Diseases of Oncology (ICD-O) [105]. The Cancer Registry of
Norway, founded in 1951, includes records of all cancer cases nationally from January 1952.
In addition, the Cancer Registry of Norway matches all information on new cancer cases with
data from death certificates and the Norwegian Patient Registry. Data from the Cancer

Registry of Norway are reasonably accurate and complete [106].
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3.3.3  Other important variables

Age, sex, smoking and passive smoking, alcohol consumption, education, economic
difficulties, and family history of cancer were included a priori as potential confounders in
all the studies. Smoking was classified into seven categories based on detailed information of
smoking status and pack-year: as never, former (<10.0, 10.1-20.0, and >20.1 pack-years),
and current smokers (<10.0, 10.1-20.0, and >20.1 pack-years). Other variables were
categorized as follows: passive smoking (never, only in childhood, only in adulthood, and
both), alcohol consumption (never, 1—4 times/month, and >5 times/month), education
(reported as a positive integer, categorized into three categories in study 1 and 2: <10, 10-12,
and >13 years and simplified into two categories in study 3: <10 and >10 years), economic
difficulty (“During the last year, has it at any time been difficult to meet the cost of food,
transportation, housing and such?” [Yes or no]) and family history of cancer (“Is there any

family member such as father, mother, siblings who reported cancer?” [Yes or no]).

Chronic bronchitis (“Have you had a cough with phlegm for periods of at least three months
during each of the last two years?” [Yes or no]) was included in Study 1 as a proxy for
COPD. Participants were considered to have allergic rhinitis if they reported having allergic
rhinitis in combination with allergy medication use or allergic symptoms around pollen or
pets. This variable was included in Study 2. Use of ICS was included in Study 2’s sensitivity
analysis to evaluate the potential influence of ICS on the risk of lung cancer. People with
regular ICS use were those who answered “yes” to the question “Have you ever regularly
used medicines like Becotide, Flutide, Pulmicort or Viarox™ in the HUNT2 Lung Study. In
Study 3, self-reported COPD was determined by a positive response to the question “Have
you been diagnosed as having chronic bronchitis or emphysema by a doctor?”. An

“unknown” category was created for each of above variables with missing information.
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3.4  Statistical analysis methodology

Directed acyclic graphs (DAGs) were used to visualize hypothetical relations among the
variables of interest in the present thesis. Survival analysis and MR analysis were the main
statistical approaches used for the thesis studies to determine the potential associations
between risk factors other than smoking and the incidence of lung cancer and its subtypes.
Sensitivity analyses were conducted to ensure the robustness of main findings. All statistical
analyses were performed with STATA/SE 14.2, 15.1, or 16.1 (College Station, TX, USA).
We also used the package “MendelianRandomization” from R to perform the multivariable
MR in Study 3. These statistical concepts and analysis methods are described in detail in the
following subsections.

3.4.1 Directed acyclic graphs

DAGs were drawn based on previous knowledge of the possible relations between the
exposures of interest, covariates, and each outcome in the three studies of the thesis [107-
109]. In a DAG, a path refers to the sequence of arrows connecting two variables, irrespective
of the direction of the arrows [110]. An exposure and the outcome can be connected either
directly or indirectly. There are three possible ways they can be connected indirectly (Figure
7). If all the arrows in the path are in the same direction, the covariate is a mediator on the
causal pathway from exposure to outcome. If the arrows point from the covariate toward both
the exposure and outcome, the covariate is a common cause of both the exposure and
outcome—it is a potential confounder. When the arrows point from the exposure and
outcome toward the covariate, the covariate is a common effect of both the exposure and

outcome, and it is regarded as a collider.
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A: Covariate is a mediator; B: Covariate is a confounder; C: Covariate is a collider.

Figure 7. Directed acyclic graphs show the possible underlying relationships between
covariates and their associated exposures and outcome.

Adjusting for a mediator or collider creates bias and should be avoided [110]. However, it is
important to adjust for a confounder to obtain a more valid estimate for the effect of an
exposure on the outcome. DAGs are usually used as an established framework to properly
identify all necessary confounders for the analysis of causal inference in epidemiology [111].
3.4.2  Survival analysis

We used survival analysis to examine the prospective associations between exposures and the
incidence of lung cancer and its histologic types. Cox proportional hazard models were used
to present crude and adjusted hazard ratios (HR) with 95% confidence intervals (CI). A HR,
which should be constant over time, represents the relative risk of an event in one category of
exposure compared with the risk in the reference category after adjusting for covariates [112].
A HR equal to 1 means there is no difference between the compared categories of exposure.
A HR over 1 suggests that the hazard associated with the event of interest has increased with
the exposure of interest, while an HR between 0 and 1 suggests that the event is associated
with a reduced hazard. It is necessary to assess the proportional hazard assumption using both
statistical tests and graphs based on Schoenfeld residuals. In this thesis, age was used as the
time scale, with entry and exit time defined as the subject’s age at recruitment and age at lung

cancer diagnosis or censoring, respectively. Variables that were suggested against the
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proportional hazard assumption were treated as covariates with time-varying effect, and the
tve option of the stcox command in Stata was used to model the non-proportional hazards.
3.43 Mendelian randomization

MR is an important complement to traditional observational methods, as it uses genetic
variants as instruments for the exposure of interest to examine causal associations. The
advantage of MR is that genetic variants are naturally assigned randomly before conception
[73]. Bias due to reverse causation is thus avoided, and the influence of residual confounding
is less likely. Conventionally, in univariate MR, genetic variants are used as instruments for
only one risk factor (Figure 8). There are three key assumptions for a valid univariable MR
analysis: 1) the “relevance” assumption, which suggests that the genetic variants are
associated with the exposure; 2) the “independence” assumption, which suggests that there
are no associations between the genetic variants and the potential confounders; and 3) the
“exclusion” assumption, which suggests there is an association between the genetic variants
and the outcome only through the exposure. If any of the three assumptions are violated, for
example, by pleiotropy, the causal estimates may be biased, and erroneous conclusions may

be drawn [113].

(o]
Confounders

N

z X Y
Genotype Exposure Outcome

Valid instrumental variables (Z) are defined by three assumptions in univariable MR: 1) relevance (Z is
associated with exposure X); 2) independence (no common cause C is between Z and the outcome Y); and 3)
exclusion (Z is only associated with the outcome Y through exposure X).

Figure 8. The three assumptions in univariable MR.
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Multivariable MR is an extension of univariable MR that can better account for pleiotropy. In
multivariate MR, it is possible to detect the direct causal effects of multiple risk factors
simultaneously since the genetic variants are used to explain multiple exposures. As such, the
“independence” and “exclusion” assumptions are extended accordingly [77].

3.4.4 Main analyses

Study 1: Based on results from the likelihood ratio test, non-linearity was suggested for total
sitting time daily and the incidence of lung cancer overall (P = 0.02). Thus, the three
categories (0—4 hours, 5—7 hours, and >8 hours) of total sitting time were applied to represent
total sitting time daily in the main analysis. Total sitting time was also categorized into
tertiles to test the robustness of the results from the main analysis. The potential influence of
total sitting time (sitting for >8 hours) on the incidence of lung cancer was further studied by
combining it with leisure-time PA (active or inactive). We categorized lung cancer into two
major subtypes, SCLC and NSCLC, as the statistical power was reduced (with wider ClIs) for
further categorization into adenocarcinoma and squamous cell lung cancer in our sub-cohort
when we studied total sitting time daily combined with leisure-time PA. The potential
confounders in the adjusted models were sex, BMI, smoking, passive smoking, alcohol
consumption, education, economic difficulties, family history of cancer, and chronic

bronchitis (as a proxy for COPD).

In Paper I, we tested the proportional hazard assumption for exposures, and the results
suggested that the hazard functions of both total sitting time daily and its combination with
leisure-time PA were proportional. We deemed that the violation of the proportional hazard
assumption for some covariates would not have major influence on our results, so all
covariates were treated as covariates without time-varying effect in Paper I. We further tested
the proportional hazards assumptions for all important covariates when preparing the thesis.

We found that the proportional hazard assumption was not met for smoking and economic
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difficulties in relation to lung cancer overall. No covariates showed evidence against the
proportional hazard assumption for either SCLC or NSCLC. Treating smoking and economic
difficulties as covariates with time-varying effect showed similar results that were presented

in Paper L.

Study 2: In Study 2, sex, BMI, smoking, passive smoking, alcohol consumption, leisure-time
PA, total sitting time daily, education, economic difficulties, family history of cancer, and
allergic rhinitis were included as confounders in the adjusted models for the associations of
asthma overall, asthma status, asthma symptom control with lung cancer incidence. We
performed analyses for both lung cancer overall and its subtypes as SCLC and NSCLC
separately. We only presented the results based on lung cancer overall in Paper II. The
analyses for SCLC and NSCLC are added as additional results in this thesis. Testing the
proportional hazard assumption revealed that the covariates of sex, smoking and economic
difficulties did not meet the proportional hazard assumption, and were treated as covariates
with time-varying effect in the adjusted models for lung cancer overall. Allergic rhinitis was
included in the adjusted models as a potential confounder because it closely associated with

asthma and is inversely associated with lung cancer risk [114].

Study 3: In the observational part of Study 3, BMI was regarded as both a continuous and
categorized variable. We merged the BMI categories into <25.0, 25.0-29.9 and >30.0 kg/m?
in the main analysis since there were limited lung cancer cases for the BMI categories of
<18.5 (n=11) and >35 (n = 30) kg/m>. As a continuous variable, the likelihood ratio test
showed that BMI did not violate the assumption of linearity (P = 0.57). Sex, smoking, passive
smoking, leisure-time PA, total sitting time daily, education, economic difficulties, family
history of cancer, and self-reported COPD were adjusted in the main models. Asthma,
alcohol consumption, and occupational activity were adjusted in the additionally adjusted
models. For the associations between BMI and the incidence of lung cancer and its subtypes,

28



the covariates with non-proportional hazards were sex, smoking, and economic difficulties
for lung cancer overall; smoking, family history of cancer, economic difficulties, and leisure-
time PA for SCLC; sex, smoking, economic difficulties, and leisure-time PA for
adenocarcinoma; and education for squamous cell lung cancer. For the associations between
BMI change and the incidence of lung cancer overall and for its subtypes, the covariates with
non-proportional hazards were sex, smoking, and economic difficulties for lung cancer
overall; smoking for SCLC; sex, smoking, and economic difficulties for adenocarcinoma; and

education for squamous cell lung cancer.

In the MR part of Study 3, we performed multivariable MR analysis to assess the potential
causal association between genetically predicted BMI per 1 kg/m? increase and the incidence
of lung cancer overall and of its subtypes, accounting for the influence of smoking
genetically. All 75 BMI-associated SNPs (61 BMI-only SNPs and 14 BMI & smoking SNPs)
were used as instrument variables, with the r* measure of linkage disequilibrium among the
instruments <0.01 at a 10-MB window [103]. BMI and smoking in HUNT2 were both
regarded as exposures in the multivariable MR. We obtained estimates for the associations
between SNPs and BMI, between SNPs and smoking (regarded as an ordinal variable) and
between SNPs and lung cancer from the same individuals and applied two-sample MR
methods, such as the inverse variance weighted (IVW) and MR-Egger methods. Both
methods can be used in a one-sample setting [115, 116]. We calculated the regression
coefficients and their standard errors for the SNPs—BMI associations, with adjustment for
sex, age and age-squared [103]. No adjustments were made for the SNPs—smoking and
SNPs—lung cancer associations since no associations other than smoking were identified
between the 75 SNPs and the other confounders. The Sanderson-Windmeijer conditional F-
statistic was used to estimate the strength of the instruments for BMI conditional on smoking

[117]. In addition, Cochran’s Q test was used in both the IVW and MR-Egger to detect the
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heterogeneity of the ratio estimates. The intercept test of the MR-Egger was also used to
assess the possibility of horizontal pleiotropy [113], as indicated by a non-zero intercept and
a P value of <0.05. The outlier SNPs in the multivariable IVW and MR-Egger regression
methods were identified using the MR-Pleiotropy Residual Sum and Outlier (MR-PRESSO)
[118] method.

3.4.5 Sensitivity analyses

Observational parts

Misclassification of exposures: In Study 1, we first conducted a sensitivity analysis to test
the robustness of our results on the association between total sitting time daily and lung
cancer incidence by using occupational inactivity (mostly sedentary work) as exposure. We
then combined the groups of low physical activity and inactivity (no activity, any light
activity only, or light activity <2 hours and hard activity <1 hour weekly) and repeated the
analysis. This allowed us to test whether the original category of a combined sitting time of
>8 hours and physical inactivity (the original definition of inactivity referred to no activity or

<2 hours of light activity) captured the most sedentary individuals.

In Study 2, we used two means to reduce possible misclassification of COPD as asthma: we
excluded participants with asthma who had smoked 10 pack-years or more and were older
than 40 years at the time of asthma diagnosis and were with a) post-bronchodilator
FEV1/FVC <0.7 (fixed ratio criterion) (n = 104) or b) post- bronchodilator FEV1/FVC z score
<-1.64 (lower limit of normal criterion) (n = 75). The fixed ratio criterion is the most often
used approach to define airflow limitation, whereas the lower limit of normal criterion

overcomes the overestimation of COPD among the elderly [35, 95].

Reverse causality: To address reverse causation, exclusion of the first five years of follow-up
has been performed in many studies [119, 120]. However, sometimes, exclusion of the first

five years may lead to the loss of too many cases of the outcome and weaken the study’s
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power. Thus, some studies have preferred exclusion of the first four years [50] or three years
[121, 122]. In Studies 1 and 2, when excluding the first five years of follow-up (n = 32,884 in
Study 1, n = 59,944 in Study 2), the statistical power was notably reduced, and no clear
conclusion could be drawn. Therefore, we instead excluded only the first three years to a
better precision of the results. In Study 3, we were able to exclude the first five years of

follow-up (n = 59,711) without substantially affecting the study’s statistical power.

Residual confounding by smoking: In Study 1, we conducted a complete case analysis for
individuals with complete information on smoking (n = 31,907) to minimize any residual
confounding from smoking in a sub-cohort and smoking that might affect the association
estimates between combined total sitting time daily and leisure-time PA and lung cancer
incidence. The results were presented in Paper 1. Additionally, in the thesis, we conducted
multivariable chained imputation with fully conditional specification (m = 10 imputed
datasets) for all variables including smoking, based on the assumption of missing at random
[123]. In Studies 2 and 3, multivariable chained imputation was performed, and the results

were presented in Papers II and II1.

Further, we performed analysis with a negative control exposure study, using migraine as an
alternative exposure to further address residual confounding by smoking in all three studies
(negative control exposure analysis was performed as sensitivity analysis in Papers II and III,
and as an additional analysis in Study 1 at the time of writing the thesis) [124]. Previous
studies have suggested that migraine is associated with smoking [125-127] but not with lung
cancer. We expected to observe a null association between migraine and lung cancer after
adjustment for smoking, which would indicate that the observed associations were less likely
to be biased by residual confounding from smoking (Figure 9). Participants with migraine
were those who answered yes to the question “Have you suffered from headaches during the
last 12 months?” and specified the type of headache as “migraine.” In this analysis, we first
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adjusted for smoking only and then adjusted for the same confounders as in the primary

studies.

Confounding by smoking

Other confounders

Migraine

©

Total sitting time combined with PA, asthma or BMI Lung cancer incidence

This DAG was created using DAGitty V 3.0 [128] (http://www.dagitty.net/dags.html).

Figure 9. Directed acyclic graph for exposures (total sitting time combined with PA, asthma,
or BMI), negative control exposure (migraine), and outcome (lung cancer incidence).

Competing risk of death: Death is a significant and related competing risk when using
survival analysis to study cancer incidence [129]. To deal with possible competing risk due to
death, a competing risk analysis based on the Fine-Gray model was used in this thesis.
Competing risk analysis was performed as sensitivity analysis in Papers II and III and as an

additional analysis in the thesis for Study 1 [130].
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MR parts
Univariable MR: In Study 3, we applied univariable MR methods based on the 61 BMI-only

SNPs as sensitivity analyses to test the robustness of the results from the multivariable MR
analyses. We used a two-stage method based on a weighted BMI genetic risk score (GRS) to
reduce weak instrument bias [131]. GRS based on the 61 BMI-only SNPs was found to
explain 2% of the variance in BMI in HUNT?2, corresponding to an F-statistic of 905 [132].
In addition, analyses were performed using the IVW and MR-Egger methods, based on
summarized data of the 61 individual BMI-only SNPs. The outlier SNPs in the [IVW and MR-

Egger regression methods were identified using the MR-PRESSO method [118].

3.5 Ethics
The project was approved by the Regional Committee for Medical and Health Research

Ethics of South-East Norway (2015/78/REC South-East). All participants provided informed

written consent for their participation in HUNT.
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4 RESULTS

4.1 Study1
Among the 45,810 participants in the main cohort, 549 participants developed lung cancer

during a median follow-up time of 18.3 years. Compared with those sitting for 5—7 hours
daily, the participants sitting for >8 hours were more likely to be male, alcohol drinkers, and
less physically active, and to have a higher education level and sedentary work. Participants
who sat for >8 hours daily and were physically inactive during their leisure time were more
frequently smokers and non-drinkers, more often had sedentary work, had a higher BMI and
lower education compared with participants who sat for <8 hours daily and were physically
active. Compared with the original cancer-free population, the participants in the main cohort
had a higher percentage of family history of cancer, and the participants in the sub-cohort

were relatively younger.

Unlike in the published article (Paper I), we here treated smoking and economic difficulties
as covariates with time-varying effects in the Cox models (Table 2 and Figure 10), and the
results were similar to those obtained in Paper 1. Total sitting time daily (classified by
category) was not shown to be associated with incidence of lung cancer overall, SCLC, or
NSCLC in the main cohort after adjusting for smoking (based on detailed information on
smoking status and pack-years), leisure-time PA, and other important confounders (Table 2).
Similar results were found for total sitting time classified into tertiles (data not shown). Due
to limited lung cancer cases among never smokers (n = 26), we were not able to perform
analysis with this group and only performed analysis with the ever smoker group. The results

were similar to our main results.
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Table 2. The association of total sitting time daily with the incidence of lung cancer overall
and its major histologic types. Data from the HUNT Study, 1995-97 to 2014 (N = 45,810)

Cases | Adjusted' HR | 95% CI
LC overall Sitting 0—4 hours 185 1.00 Reference
Sitting 5-7 hours 165 0.85 0.69-1.05
Sitting >8 hours 199 1.12 0.91-1.38
SCLC Sitting 0—4 hours 25 1.00 Reference
Sitting 57 hours 20 0.73 0.40-1.31
Sitting >8 hours 31 1.18 0.69-2.03
NSCLC Sitting 0—4 hours 117 1.00 Reference
Sitting 5-7 hours 97 0.76 0.58-1.00
Sitting >8 hours 119 0.97 0.74-1.26

Abbreviations: CI—confidence interval; HR—hazard ratio, HUNT—The Trendelag Health Study; LC—lung
cancer; NSCLC—non-small cell lung cancer; SCLC—small cell lung cancer.

'Adjusted for sex, BMI, smoking, passive smoking, leisure-time physical activity, alcohol consumption,
education, economic difficulties, family history of cancer, and chronic bronchitis. Age was used as the time
scale. The tvc option of the sfcox command in Stata was used to model the non-proportional hazards for
smoking and economic difficulties in lung cancer overall.

Compared to participants who sat for <8 hours and were physically active, participants who
sat for >8 hours and were physically inactive had an increased incidence of lung cancer
overall and of SCLC (overall: adjusted HR =1.65, 95% CI [1.22, 2.21]; SCLC: adjusted HR
=2.58,95% CI[1.23, 5.41]) (Figure 10). Neither of the groups with physical inactivity only
or prolonged sitting only was associated with lung cancer incidence. Similar results were

found among ever smokers.
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SCLC—small cell lung cancer; NSCLC—non-small cell lung cancer; physically active—Ileisure-time physical
activity level from low to high; physically inactive—reported no leisure-time activity or light activity <2 hours
per week. Adjusted for sex, BMI, smoking, passive smoking, alcohol consumption, education, economic
difficulties, family history of cancer, and chronic bronchitis. Age was used as the time scale. The tvc option of
the stcox command in Stata was used to model the non-proportional hazards for smoking and economic
difficulties for lung cancer overall.

Figure 10. The association of the combined categories of total sitting time daily and leisure-
time physical activity with the incidence of lung cancer overall and its major histologic types.
Data from the HUNT Study, 1995-97 to 2014 (N = 33,793).

In the sensitivity analyses, we first used occupational activity as a proxy for a sedentary
lifestyle and found no association between occupational inactivity (mostly sedentary work)
and lung cancer incidence. Including low-level leisure-time PA in the physical inactivity
group caused a weakening in the association between the combined category of sitting time
of >8 hours and physical inactivity and the incidence of lung cancer overall and of its
subtypes compared to the original results (overall: adjusted HR = 1.40, 95% CI [1.03, 1.90];

SCLC: adjusted HR = 1.99, 95% CI [0.85, 4.67]).
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When excluding the first three years of follow-up, the results on the association between
combined sitting for >8 hours and being physically inactive and the incidence of lung cancer
overall and its major subtypes was unchanged. A similar trend was observed when excluding

the first five years of follow-up, but statistical power was reduced.

A complete case analysis for smoking found comparable estimates of the association of
combined sitting for >8 hours and being physically inactive with the incidence of lung cancer
overall. As complements to the published Paper I, multiple imputation for missing data for all
covariates, including smoking, also returned comparable results to those before imputation,

both for the primary cohort, and when excluding the first three years of follow-up.

Finally, when we used migraine as a negative control exposure for the association between
migraine and lung cancer incidence as an additional analysis in Studyl (n = 32,821), we
found that fewer participants with migraine were heavy smokers (>20.1 pack-years)
compared to participants without migraine (5.8% vs 9.4%). However, no clear association
between migraine and lung cancer incidence were found either before or after adjustment for
smoking. Further, competing risk analysis (Fine-Gray model), another additional analysis in
Study 1, showed a similar trend as our main results for the sub-cohort when excluding the

influence of death, with wider CIs due to many cases of death (n = 4579).

4.2  Study 2

In total, 984 of the 62,791 participants developed lung cancer during a median follow-up time
of 21.1 years. Compared to those without asthma, participants with non-active or active
asthma were more likely to be former or passive smokers, and to have allergic rhinitis,
economic difficulties, or a family history of cancer at baseline. Similar patterns were found
among participants with controlled or partially controlled asthma compared with participants
without asthma. The proportion of controlled asthma was 37% among the participants with
asthma, and 29% among the participants with active asthma.
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There was no clear association between asthma overall and lung cancer incidence, with an
HR of 1.19 (95% CI[0.91, 1.57]) after adjustment for smoking and other confounders. Active
asthma tended to be associated with an increased lung cancer incidence with an imprecise
estimate (HR = 1.29, 95% CI [0.95, 1.75]). Notably, partially controlled asthma showed an
increased lung cancer incidence, with an adjusted HR of 1.39 (95% CI [1.00, 1.92]). Neither
non-active asthma nor controlled asthma was associated with the incidence of lung cancer
(Figure 11). In the adjusted model, allergic rhinitis as a possible confounder was not
associated with lung cancer incidence (HR 1.05, 95% CI [0.80, 1.39]). In addition,
participants with both asthma and allergic rhinitis had a similar HR for lung cancer incidence
(HR =1.25, 95% CI [0.86, 1.82]) as participants with asthma and without allergic rhinitis

(HR =1.22, 95% CI[0.81, 1.83]) compared with those without asthma.
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In the adjusted model, sex, BMI, smoking and passive smoking, alcohol consumption, leisure-time physical
activity, total sitting time daily, education, economic difficulties, family history of cancer, and allergic rhinitis
were included as confounders. Age was used as the time scale. The tvc option of the stcox command in Stata
was used to model the non-proportional hazards for sex, smoking, and economic difficulties.

Figure 11. The associations of asthma status and asthma symptom control with incidence of
lung cancer overall. Data from the HUNT Study, 199597 to 2017 (N = 62,791).
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From our additional analysis of the lung cancer subtypes during thesis writing (Table 3), we
found a positive association between partially controlled asthma and the incidence of NSCLC
(HR =1.57, 95% CI [1.05, 2.34]). However, partially controlled asthma was not associated

with SCLC (HR = 0.66, 95% CI1[0.23, 1.84]).

Table 3. The associations of asthma status and asthma symptom control with the incidence of
major lung cancer subtypes, the HUNT Study, 1995-97 to 2017 (N = 62,791)

Adjusted!
Cases HR 95% CI
Asthma overall No 143 1.00 Reference
Yes 9 0.89 0.43-1.82
Asthma status Non-active 3 1.22 0.38-3.92
asthma
SCLC Active asthma 6 0.78 0.33-1.84
Asthma symptom Controlled 5 1.73 0.68-4.38
control Partially 4 0.66 0.23-1.84
controlled
Asthma overall No 565 1.00 Reference
Yes 38 1.20 0.84-1.70
Asthma status Non-active 9 0.98 0.50-1.92
asthma
NSCLC Active asthma 29 1.29 0.87-1.91
Asthma symptom Controlled 6 0.58 0.26-1.32
control Partially 28 1.57 1.05-2.34
controlled

Abbreviations: Cl—confidence interval; HR—hazard ratio; NSCLC—non-small cell lung cancer; SCLC—small cell
lung cancer.

! Adjusted for sex, body mass index, smoking, passive smoking, alcohol consumption, physical activity, total
sitting time daily, education, economic difficulties, family history of cancer, and allergic rhinitis. Age was used
as the time scale. The fvc option of the stcox command in Stata was used to model the non-proportional hazards
for smoking, economic difficulties, BMI, and allergy in the adjusted models for SCLC; tvc option of the stcox
command in Stata was used to model the non-proportional hazards for sex, smoking, economic difficulties, and
BMI in the adjusted models for NSCLC.

In the sensitivity analyses, when we excluded the first three years of follow-up, the
associations between active asthma and partially controlled asthma and the incidence of lung
cancer were stronger (HR = 1.41, 95% CI [1.04, 1.93] for active asthma, and HR = 1.54, 95%
CI[1.10, 2.14] for partially controlled asthma). After excluding the first five years of follow-

up, a similar pattern of results emerged, albeit with wider Cls. Likewise, similar results were
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found after the exclusion of asthma cases with a higher possibility of COPD (using a post-
bronchodilator fixed ratio of FEV/FVC or the lower limit of normal approach). Multiple
imputation for missing data for all covariates including smoking also found comparable
association estimates compared with those before imputation, both for the primary cohort,
and when excluding the first three years of follow-up. Further, the analysis of migraine as a
negative control exposure (n = 49,945) suggested that the associations we found between
partially controlled asthma and the incidence of lung cancer overall were less likely to be
biased by residual confounding due to smoking. Finally, the results of the competing risk
analysis were similar to our main results, although they had wider CIs due to the many cases
of death (n = 15,653).

43 Study3

In total, 1009 of the 62,453 participants in Study 3 developed lung cancer during a median
follow-up time of 21.1 years. Of these cases, 327 were lung adenocarcinoma. Compared to
those with a BMI of <25 kg/m?, participants with a BMI of 25.0-29.9 or >30.0 kg/m? were
older, more likely to be former smokers and non-drinkers, less active and less educated, and

more likely to have a family history of cancer at baseline.

In the observational part of Study 3, BMI in HUNT2 was inversely associated with the
incidence of lung cancer overall after adjustment for smoking and other confounders. The
HRs were 0.79 (95% CI1[0.69, 0.91]) for a BMI of 25.0-29.9 kg/m? and 0.75 (95% CI1[0.62,
0.91]) for a BMI of >30.0 kg/m?, compared with a BMI of <25.0 kg/m?. There was a stronger
inverse association between BMI and adenocarcinoma (P for trend <0.001), with HRs of 0.73
(95% CI[0.58, 0.92]) and 0.53 (95% CI [0.37, 0.76]), for the BMIs of 25.0-29.9 kg/m? and
>30.0 kg/m? respectively. There was no clear association between BMI in HUNT2 and the
incidence of SCLC or squamous cell lung cancer. Additional adjustment for asthma, alcohol

consumption, and occupational activity did not change the results markedly.
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The results of the observational sensitivity analyses provided supportive evidence for the
above findings. First, after excluding the first five years of follow-up, the association estimate
of BMI in HUNT?2 was slightly attenuated for lung cancer overall (n = 854) but remained
similar for adenocarcinoma (n = 281). Second, the competing risk analysis returned similar
results to our primary results, despite the many cases of death (n = 15,472). Third, multiple
imputation for all covariates with missing data, including smoking, showed a comparable
association estimate between BMI in HUNT2 and adenocarcinoma. Fourth, in the analysis
using migraine as a negative control exposure (7 = 49,969), no clear association between
migraine and incidence of adenocarcinoma was identified, suggesting our observed inverse
association of BMI in HUNT2 with adenocarcinoma was less likely to be biased by residual

confounding from smoking.

Despite there was an inverse association between BMI measured at one time point in HUNT2
and adenocarcinoma, there was little evidence of a dose—response relationship between BMI
change from HUNT1 to HUNT?2 in quartiles and the incidence of adenocarcinoma (P for
trend = 0.08). Compared to participants with a BMI change of -21.3-0.5 kg/m? in the 1st
quartile, participants with a BMI change of 0.6-1.7, 1.8-3.1, and 3.2-18.6 kg/m? had HRs of
0.68 (95% CI[0.49, 0.92]), 0.68 (95% CI [0.49, 0.94]), and 0.78 (95% CI [0.56, 1.09]),
respectively. Compared to participants who had information on BMI change from HUNT1 to
HUNT?2 (n = 44,393), those without information on the BMI change (n = 18,060) were

younger, more physically active, and had higher socio-economic status.

We further performed MR analyses with 54,511 of the 62,453 participants with available
BMI-associated SNPs. Most of the baseline characteristics were similar between participants
with (n = 54,511) and without (n = 7942) information on SNPs. The exception was alcohol

consumption and leisure-time PA level, for which there were relatively large differences
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between the two populations. The multivariable MR estimates suggested a positive
association between genetically determined BMI and the incidence of adenocarcinoma after
genetically controlling for smoking. Each 1 kg/m? increment in genetically determined BMI
directly increased the incidence of adenocarcinoma by 28% (HR = 1.28, 95% CI [1.03, 1.58])
when using the multivariable IVW method. The results using the multivariable MR-Egger
method were similar (HR = 1.45, 95% CI [1.01, 2.09]). There were no clear associations
between genetically determined BMI and the incidence of other lung cancer subtypes. The F-
statistic value of the GRS including 75 BMI-associated SNPs was 1174 and explained 2% of
the variance in BMI in HUNT?2. The conditional F-statistic was 196, which suggests that the
SNPs used in the multivariable MR were good instruments for BMI conditional on smoking.
Results from the Cochran’s Q test for adenocarcinoma suggested possible heterogeneity of
the ratio estimates (P for Q = 0.01). After removing one outlier SNP (rs2121279), identified
using the MR-PRESSO method, no heterogeneity between the remaining ratio estimates was
observed (P for Q = 0.09). Using the intercept test from MR-Egger, pleiotropy was found to
be balanced, as the P value for the intercept test was >0.05. The univariable MR analyses (as
sensitivity analysis) using the 61 BMI-only SNPs returned results similar to those from the

multivariable MR analyses with wider 95% Cls.
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5 DISCUSSION

5.1

Summary of main findings

In this thesis, we have investigated the prospective associations between risk factors other

than smoking (i.e., prolonged sitting, its combination with leisure-time PA, asthma, asthma

symptom control, BMI, and BMI change) and the incidence of lung cancer overall and its

histologic types. In Study 3, we also used several MR approaches to explore the potential

causal association between genetically determined BMI and incidence of lung cancer overall

and its subtypes. The main findings can be summarized as follows:

1)

2)

3)

We did not find a clear association between total sitting time daily and incidence of
lung cancer overall or its major subtypes. However, compared with participants sitting
for <8 hours daily and being physically active, participants sitting for >8 hours daily
and being physically inactive appeared to have increased incidences of lung cancer
overall and SCLC.

We did not observe a clear association between asthma overall and incidence of lung
cancer overall or its subtypes. However, partially controlled asthma was associated
with an increased incidence of lung cancer overall and NSCLC. Adults with active
asthma showed a tendency toward increased incidence of lung cancer overall. There
was no clear association between non-active asthma or controlled asthma and
incidence of lung cancer overall or its subtypes.

In the observational part of the last study, we found BMI was inversely associated
with the incidence of lung adenocarcinoma in a dose-response fashion. However, the
dose-response relationship was not supported by our analysis of BMI change. In the
MR part of the study, we observed a positive association between genetically

determined BMI and the incidence of adenocarcinoma after taking account of
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smoking genetically. There were no clear associations between BMI and the incidence

of other subtypes, either in the observational or MR analyses.

5.2  Comparison with previous studies

5.2.1 Studyl

In this study, we did not observe a clear association between total sitting time daily and lung
cancer incidence. This is consistent with the findings of Wang et al. [28]. However, that study
only included menopausal women, and it did not adjust for leisure-time PA. In contrast, we
extended the findings to both men and women and adjusted for different levels of leisure-time

PA.

Previous studies used different markers for a sedentary lifestyle and showed different results
for the association between a sedentary lifestyle and lung cancer risk [22-26, 28].
Occupational sitting was shown to be either protective [22, 24] or not associated with lung
cancer risk [23]. Possible confounding by PA or education might explain the differences in
these results. On the contrary, leisure-time TV watching was suggested to be associated with
an increased risk of lung cancer among Japanese men but not women [25]. Japanese women
seemed to be more active than Japanese men (4.5 hours of housework for women vs 1 hour
for men daily), which might explain the gender difference in lung cancer risk. Residual
confounding by smoking is likely to be another explanation since there was a difference in

smoking habits between Japanese men and women.

We further examined the influence of a sedentary lifestyle on lung cancer incidence using a
combination of total sitting time daily and leisure-time PA level. An increased incidence of
lung cancer was observed among the most sedentary individuals, who were both seated for
extended periods and physically inactive. Our finding was to some extent supported by Lam
et al. [26], who found a marginally increased risk of lung cancer associated with prolonged

sitting among non-smokers [26]. Lam et al. largely avoided the influence of confounding due
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to smoking by focusing on non-smokers. However, their results might be underestimated, and
a more obvious positive association may have been seen if they had used a definition to catch
the most sedentary group of people. Leisure-time TV watching, and occupational inactivity
were also studied by Lam et al., but no associations with lung cancer incidence were found.
In our study, neither prolonged sitting nor occupational inactivity were independently
associated with lung cancer incidence after adjustment for detailed categories of smoking and
leisure-time PA. This indicates that the currently suggested markers for a sedentary lifestyle
may be insufficient. Future studies that define a sedentary lifestyle using objective
measurement such as accelerometer might be useful. In a recent study by Parada et al.,
accelerometer-measured PA was inversely associated with lung cancer incidence and even
replacing 30 minutes of sedentary time with light PA might reduce the lung cancer incidence
[133]. However, based on a new MR study, there was little evidence that PA was associated
with lung cancer incidence by using the genetical variants for PA as exposure [134]. The
discrepancy between the current findings warrants further investigation in future research.
522  Study?2

In this study, we did not observe a clear association between asthma overall and incidence of
lung cancer overall. This was inconsistent with previous meta-analysis studies that suggested
a positive association between asthma and lung cancer [37-39]. One explanation for this
discrepancy may be residual confounding by smoking. Many of the studies included in the

meta-analyses did not thoroughly address the role of smoking in the association [40-42].

We further found that partially controlled asthma was associated with an increased incidence
of lung cancer. Participants with active asthma seemed to have a tendency for increased lung
cancer incidence in our study. In our additional analysis for subtypes in this thesis, we found
partially controlled asthma was associated with an increased incidence of NSCLC but not

with SCLC. In line with our findings, Pirie and his colleagues, whose study included over
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half a million never smoking women from the UK Million Women Study who were followed
up for more than 14 years, found that asthma requiring treatment was associated with an
increased incidence of lung cancer [50]. In our study, 29% of the active asthma patients were
controlled. As there was no association between controlled asthma and the incidence of lung
cancer, this may have diluted the association so that we only observed a tentative association
between active asthma and the incidence of lung cancer. Thus, the degree of asthma symptom
control may better reflect the levels of inflammation in the airways compared to the definition

of active asthma.

However, participants with partially controlled asthma were more likely to visit their
physicians than the controlled asthma group. This may have contributed to an increased rate
of referral for x-rays of the thorax and thus a greater chance of screening for lung cancer. In
addition, 50% of the participants with partially controlled asthma in our study reported
having used ICS regularly. Previous studies have reported an independently inverse
association between the use of ICS and lung cancer risk [135, 136]. However, our study
showed similar HRs for lung cancer incidence among adults with partially controlled asthma
who used ICS compared with those who did not use ICS (data not presented). As we did not
have information on the dosage or the patients’ compliance with ICS use, the potential
influence of ICS on the risk of lung cancer warrants further investigation.

5.2.3 Study3

In the observational part of the study, we observed an inverse association between BMI and
the incidence of lung adenocarcinoma. The inverse association did not seem to be explained
by residual confounding from smoking. This finding was consistent with previous studies
[61, 67, 69]. Our finding was also supported by a recent study with large number of lung

cancer cases (6735) and a long follow-up duration (20 years) [67]. This study suggested that
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residual confounding or within-person variability in smoking seemed unlikely to be the

reason for the observed inverse association between BMI and lung cancer incidence.

Nevertheless, the observed inverse association between BMI and adenocarcinoma did not
seem to be a causal association for the following reasons. First, unlike the results of BMI at
baseline, our results of BMI change over 10 years in adulthood did not show a dose—response
relationship with the incidence of adenocarcinoma. Second, we might not have completely
excluded the residual confounding by smoking even though we had attempted to address it in
several ways. This is supported by the findings from two large cohort studies of 1.2 million
women in the UK [50, 65], in which no clear association between BMI and the incidence of
lung cancer was found in never smokers. Third, unmeasured or unknown confounders always
exist in observational studies. Obesity is accompanied by many other lifestyle factors, some
of which may not be measured or remain unknown. Fourth, our multivariable MR analysis
suggested a positive association between BMI and the incidence of adenocarcinoma, rather

than the inverse association indicated by the observational analysis.

Among the limited MR studies, a positive association has been suggested between BMI and
small or squamous cell lung cancer, while the findings on adenocarcinoma have been
inconsistent [74, 75, 79, 137]. The majority of studies have applied a univariable MR
approach [74, 79]. Since the interaction between BMI and smoking in the development of
lung cancer seemed complicated [75, 79], the assumption of no horizontal pleiotropy might
be violated in the univariable MR. It is possible to jointly examine the effects of BMI and
smoking on lung cancer using a multivariable MR because it can better address horizontal
pleiotropy, when smoking is either a potential confounder or mediator [75, 77]. So far, only
one multivariable MR study, using a two-sample design, has been conducted. In contrast to
our findings, it suggested an inverse association between BMI and the risk of
adenocarcinoma after taking account for smoking [75]. However, this referred study might
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suffer from weak instrument bias since its conditional F-statistic was below 10 [75]. In
contrast, our conditional F-statistic was 196, indicating that the genetic variants in our study
were better instruments for BMI after genetically controlling for smoking. Further, the
assumption of independence could not be checked in a two-sample MR study. Conversely,
our study was a one-sample MR, which allowed a thorough check for associations between
BMlI-associated SNPs and the important confounders. Therefore, we were also able to further
adjust for COPD when calculating the association estimates between BMI-only SNPs and
adenocarcinoma. The causal estimates from our multivariable MR using all the BMI-

associated SNPs and the univariable MR using the BMI-only SNPs showed similar trends.

Taken together, our findings suggest that the observed inverse association between BMI and
lung adenocarcinoma may not be causal. Residual confounding by smoking was less likely to
be the reason for the observed inverse association between BMI and lung adenocarcinoma.
More MR studies are needed to confirm our finding of a positive association between BMI

and lung adenocarcinoma.

5.3  Methodological considerations

Precision and validity are two important components of accuracy in epidemiological studies
[138]. When interpreting our results, we needed to consider both random error and systematic
error since random error might reduce the precision of the association (by causing chance
findings) and systematic error could interfere with the validity of the results (via bias).
Validity can be divided into internal and external validity. Internal validity is a prerequisite
for external validity [138]. There are several types of bias in observational studies that
threaten internal validity, such as selection bias, information bias, and confounding. External
validity is how generalizable the study is to other populations [138]. More detailed discussion

of these methodological considerations follows.
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5.3.1 Random error and statistical precision

Random error refers to the chance difference between observed values and the true value
[138]. The 95% CI is used to measure random error. A wider CI indicates lower statistical
precision and a higher possibility of random error. Random error can be reduced by
increasing the sample size in epidemiological studies. In this thesis, we had relatively large
study samples in all three studies, which ensured our main findings were relatively precisely
estimated, as indicated by narrower Cls. However, in Study 1, the sample size of the main
cohort (n =45,810) and especially of the sub-cohort (n = 33,793) was smaller and the follow-
up duration was shorter than that of the Studies 2 and 3. This was unfavorable for analysis for
lung cancer subtypes. It was thus decided to perform the analysis for the main subtypes,

SCLC and NSCLC.

Compared with Study 1, Studies 2 and 3 had larger sample sizes (62,791 and 62,453
participants, respectively) and a longer follow-up time. This increased the precision of the
association estimates in the main analyses and also in the analysis between migraine and lung
cancer incidence (for the negative control exposure analysis) in these studies compared to
Study 1. Although we only presented results for lung cancer overall in Paper II, the sample
size was large enough for us to do additional analysis for SCLC and NSCLC separately for
the thesis. In Study 3, due to the large sample size and a possible stronger association
between BMI and lung cancer, we were able to investigate the associations for both lung
cancer overall and its specific subtypes. We were also able to present clear estimates of
associations when excluding the first five years of follow-up for investigating potential
reverse causation. On the contrary, the estimates of associations were not clear when we
excluded the first five years of follow-up in Studies 1 and 2. Finally, although we could not
investigate the associations among never smokers in any of the three studies due to fewer

lung cancer cases (lung cancer cases among never smokers were 26 in Study 1, 56 in Study 2,
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and 55 in Study 3), we were able to address residual confounding by smoking using a range
of methods (as discussed further in Section 6.2.4).

5.3.2  Selection bias

Selection bias refers to the differences in exposure—outcome associations between the people
participating in a study and those eligible for participation [138]. In this thesis, selection bias

due to non-participation, missing data, and competing risk of death was evaluated.

Non-participation: In HUNT2, all adults (20 years or older) in the north area of Trendelag
were invited to the study, and around 70% of those eligible participated. This is a relatively
high participation rate, which reduces selection bias. In addition, a non-participation study
was performed, which found that the main reasons for non-participation were lack of time
and moving to other places [94]. In general, no major systematic difference was apparent
between participants and non-participants in HUNT2. But participants tended to be healthier

than non-participants, especially for the older participants [93].

Missing data: In Study 1, selection bias cannot be completely ruled out. Among the cancer-
free population (n = 59,070), 22% (13,260/59,070) of participants were excluded due to
missing information on total sitting time daily. Compared to the cancer-free population,
participants included in the main cohort (n = 45,810) had a higher percentage of family
history of cancer which was taken into adjustment in the statistical models. Further, 26%
(12,017/45,810) of participants were excluded in the sub-cohort due to a lack of information
on leisure-time PA. Nevertheless, there were no major differences between the included and
excluded participants in the sub-cohort which suggested no substantial selection bias. In
Study 2 and 3, the main exposures such as asthma and BMI had very few missing, thus
selection bias might not have a substantial impact to our main results in these two studies. In
Study 3, 13% (7942/62,453) of participants were excluded in the sub-cohort for MR analyses
and the excluded participants were shown to have lower alcohol consumption and lower
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leisure-time PA levels than the included participants. However, the proportions of those with
a BMI of >25.0 kg/m? (59.9 % vs 60.0 %) and of lung cancer cases (1.6% vs 1.7%) were
similar between the included and excluded participants. Thus, selection bias might not be a

concern for the observed associations in the sub-cohorts.

Missing data on covariates is normal in prospective studies, but may introduce selection bias
[139]. As many people (8.2%) were missing data on smoking, the most important risk factor
for lung cancer, we undertook a complete case analysis for smoking in Study 1 to address the
residual confounding by smoking. However, this method has some limitations. First, smaller
sample sizes may reduce statistical power and precision. Second, missing covariate data may
be missing at random, or missing not at random. If we assume missing is completely at
random, missing data is less of a problem, as there would be no systematic difference
between what has been missing and what has been observed. If the missing is not at random,
complete case analysis may systematically bias our results. In this thesis, data was also
largely missing on leisure-time PA (26.2% in Study 1, 30.4% in Study 2 and 30.4% in Study
3) and economic difficulties (13.5% in Study 1, 30.3% in Study 2 and 29.9% in Study 3). All
missing values of the covariates were included in the analysis as an “unknown” category.
This approach would be appropriate if missing was not at random and determined by the
value itself. We further performed multiple imputation for all covariates with missing data
based on the assumption that the data was missing at random. The results after imputation
demonstrate there was no serious bias due to missing data despite the large proportion of

missing for some parts of the study.

Competing risk of death: Loss to follow-up is another source of selection bias. However,
except for competing risk of death during follow-up, this type of selection bias is unlikely to

have been a problem in this thesis, as the migration rate in HUNT2 was less than 0.3% per
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year and all lung cancer cases are tracked via the unique personal identification number

linked to the Cancer Registry of Norway which is a national register [9, 94].

As mentioned in the statistical analysis section (see Section 4.4), competing risk of death
during follow-up may cause biased association estimates. As many people diagnosed with
lung cancer are already in the advanced stage of the disease, other serious comorbidities may
exist at the same time. Thus, people may die of other reasons rather than lung cancer during
the follow-up duration. To deal with possible bias due to competing risk of death, we
performed competing risk analyses for death in all three studies, with the results being
comparable to our main results.

5.3.3 Information bias

Information bias happens when subjects are incorrectly categorized, their exposure or
outcome status is misclassified, thereby potentially altering the observed association estimate
away from the true value[138]. This is also called misclassification, and it may be differential
or non-differential [138]. Differential misclassification happens when the misclassification of
the exposure or the outcome is related to the outcome or the exposure, respectively. Bias
from differential misclassification can either overestimate or underestimate the true
association [138]. When misclassification occurs equally across two groups: exposed and
unexposed or diseased and non-diseased groups in the study, the misclassification is non-

differential and generally attenuates of the true association [138].

Misclassification of exposures: Exposures such as total sitting time daily and leisure-time
PA in Study 1, and asthma and asthma status in Study 2, were self-reported, giving rise to the
risk of misclassification. However, the categorization of total sitting time used in this thesis is
comparable with other HUNT studies [96, 97] and two meta-analysis studies [98, 99]. The
measurement of leisure-time PA in HUNT2 was also validated [140]. Self-reported asthma
has been verified to be highly specific and reliable in many observational studies [141]. In
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addition, the prevalence of asthma and active asthma (5.1% and 3.3%, respectively) in Study
2 was in line with the prevalence reported in a previous HUNT study using a slightly
different definition of asthma [142] and in another Nordic study [143]. In Study 2, 37% of the
participants with asthma had symptom controlled, which is comparable to the findings from
other European studies [52, 53]. Notably, COPD may be misdiagnosed as asthma due to
similar symptoms, especially among elderly people. This can bias the association between
asthma and lung cancer. To deal with this, we excluded participants with possible COPD
according to the GOLD definition at baseline and further excluded asthma cases with a higher
possibility of COPD (people smoked ten pack-years or more and were older than 40 years
when getting the asthma diagnosis and had a) post-bronchodilator FEV1/FVC <0.7 based on
fixed ratio criterion or b) post-bronchodilator FEV/FVC z score <-1.64 based on lower limit
of normal criterion ) in the sensitivity analyses in Study 2. The results from the sensitivity
analyses were similar to our primary results, indicating that possible misclassification of
COPD as asthma was unlikely to explain the observed association. In Study 3, BMI was
measured objectively, and misclassification of BMI was a minor issue compared to the self-
reported exposures in Studies 1 and 2. Further, all information on exposures was collected at
baseline long before the diagnosis of lung cancer. As such, any misclassification of the

exposures is likely to be non-differential and thus underestimate associations.

All the exposures considered in this thesis fluctuate over time. The association estimates
generated from HUNT2’s single time point measurement may not be a true reflection of the
effect of the varying exposures on lung cancer incidence. To deal with this, we performed the
analyses in Studies 1 and 2 again, treating all exposures as time varying since we also had
similar exposure data in HUNT3. The results were comparable to those from the original
analysis (data not shown). Further, in Study 3, genetically determined BMI was used to

reflect average BMI across the lifespan.
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Misclassification of outcome: All information on lung cancer and histologic types came from
the Cancer Registry of Norway, which records relatively complete and accurate information
about lung cancer diagnosis and different histologic types from one year after first diagnosis
[106]. The quality of these data means there is a low risk of outcome misclassification in this
thesis. However, we did need to consider the fact that the participants with partially
controlled asthma in Study 2 were more likely to visit their physicians than participants with
controlled asthma or without asthma. This may have increased their chance of screening for
lung cancer, producing differential misclassification and potentially upwardly biasing the
association estimates.

5.3.4 Confounding

Confounding is a major source of bias in observational studies [138]. In this thesis, we had
information on a panel of potential confounders at baseline, including age, gender, different
lifestyle factors, and comorbidities, which made it possible to control for bias by most

confounders.

Smoking, which is the most important risk factor for lung cancer, there were indications that
smoking status was distributed differentially across the exposed and unexposed groups in all
three studies of the thesis. We could not stratify our analyses by smoking due to the limited
number of lung cancer cases found in never smokers (26 in Study 1, 56 in Study 2 and 55 in
Study 3). Therefore, to minimize the bias due to residual confounding by smoking in the
thesis, we used detailed information on smoking status (never, former, and current) and pack-
years to categorize the smoking variable and performed several sensitivity analyses. First, we
conducted a complete case analysis for smoking in Study 1. Second, and also in Study 1, we
redefined smoking to include cessation years for former daily smokers and categorized
subjects into the groups of never smokers, ex-smokers with smoking cessation of >10.1

years, ex-smokers with smoking cessation of <10.0 years, current smokers with 0.0-20.0
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pack-years and current smokers with >20.1 pack-years. Third, a negative control exposure
(migraine) was used for all the studies. The results for migraine on lung cancer incidence
overall are shown in Table 4. Forth, we performed multiple imputation analysis for all
covariates with missing including smoking. The findings suggested that our primary results
were less likely to be biased by residual confounding by smoking, especially for studies 2 and
3. For study 1, the negative control exposure result was not clear. Thus, residual confounding

by smoking cannot be excluded in study 1.

Table 4. Negative control using migraine as an alternative exposure to address residual
confounding by smoking in all three studies.

Crude! Adjusted? Adjusted?
Cases | HR ‘ 95% CI HR 95%CI | HR 95% CI
Study 1 (N =32,821)
No migraine | 316 | 1.00 | Reference | 1.00 | Reference | 1.00 | Reference
Migraine 17 0.72 | 0.44-1.17 | 0.84 | 0.51-1.37 | 0.84 | 0.51-1.38
Study 2 (N =49,945)
No migraine | 721 1.00 | Reference | 1.00 | Reference | 1.00 | Reference
Migraine 35 0.61 | 0.43-0.86 | 0.75 | 0.53-1.06 | 0.75 | 0.53-1.05
Study 3 (N =49,969)
No migraine | 738 1.00 | Reference | 1.00 | Reference | 1.00 | Reference
Migraine 40 0.68 | 0.49-0.93 | 0.83 | 0.60-1.14 | 0.80 | 0.58-1.11

Abbreviations: CI-—confidence interval; HR—hazard ratio.

! Age was used as the time scale in the crude model. 2 Adjusted for smoking (never, former [<10.0, 10.1-20.0
and >20.1 pack-years (pyrs)], and current [<10.0, 10.1-20.0, and >20.1 pyrs]) in all three studies. Age was used
as the time scale. 3 In Study 1, we adjusted for sex, BMI, smoking, passive smoking, alcohol consumption,
education, economic difficulties, family history of cancer, and chronic bronchitis. In Study 2, we adjusted for
sex, BMI, smoking, passive smoking, alcohol consumption, leisure-time physical activity, total sitting time
daily, education, economic difficulties, family history of cancer, and allergic rhinitis. In Study 3, we adjusted for
sex, smoking, passive smoking, leisure-time physical activity, total sitting time daily, education, economic
difficulties, family history of cancer, and self-reported COPD. Age was used as the time scale. The tvc option of
the stcox command in Stata was used to model the non-proportional hazards in the adjusted® model. The non-
proportional hazards for Study 1 were smoking, economic difficulties, and alcohol; for Study 2 and Study 3,
they were sex, smoking, and economic difficulties.
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In the negative control exposure analysis, we found that combining smoking status with
detailed information on pack-years allowed for greater precision than if using the simpler
smoking status categories of never, former, and current. For instance, in Study 2, the rate of
migraines was similarly distributed across the different smoking categories (8.6% among
never smokers, 7.8% among former smokers and 8.8% among current smokers). However, a
clearer difference emerged when smoking was categorized by pack-year (8.6% of never
smokers reported migraines compared to 4.3% of former smokers with >20.1 pack-years). In
other words, bias due to confounding by smoking was likely reduced when we combined

smoking status with detailed information on pack-years to create more detailed categories.

Still, many confounders may have measurement errors or missing data, and residual
confounding can be introduced and distort the association between exposures and outcomes
even after adjusting for confounders. Further, there are always unmeasured confounders. For
example, we have no information on air pollution, indoor radon, or occupational exposure to
asbestos or other carcinogenic agents, which have all been identified as important risk factors
for lung cancer [144]. However, we can assume that the risk from these potential confounders
is minimal since, except for the two smallest municipalities, which have had mining
industries previously, there was nearly no industrial pollution in the northern area of
Trendelag during the time of the HUNT2 Study [142]. Likewise, when national
measurements were taken between 1999-2000, the level of indoor radon in the north area of
Trendelag was found to be in the safe range (<200 Bg/m?®) [145]. Finally, no asbestos-cement
factories have ever existed in the county [146], and the country-wide prohibition on the
importation of asbestos and strict regulation of its use since 1980 means that vanishingly few

people in the HUNT Study would have had heavy exposure to asbestos [146].

Even though we performed several sensitivity analyses to address residual confounding by
smoking in our thesis, it might not have been excluded entirely due to the nature of the
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observational study design. Some unmeasured or unknown confounders, may or may not be
associated with the measured confounders, also threaten the validity of the epidemiologic

study [147].

However, the MR approach helps to control for residual confounding or unmeasured
confounding. In Study 3, we performed a multivariable MR in which 75 genetic variants for
BMI (including 14 genetic variants also related to smoking) were used as instruments for
BMI and smoking (Figure 12). Given the MR assumptions hold, this study likely avoided
residual and unmeasured confounding by smoking, and a positive causal association for BMI
on lung cancer was found. The discrepancy in our results between the observational and MR
analyses in Study 3 likely demonstrates the problematic nature of residual confounding or

unmeasured confounding in observational studies.

Confounders other
than smoking

/ \_ Lung cancer

BMI SNPs > BMI

incidence

Smoking

BMI—body mass index; MR—Mendelian randomization; SNPs—single nucleotide polymorphisms.

Since 14 of the 75 BMI SNPs are also suggested to be associated with smoking with a strict P value of <0.05,
the influence of smoking can be controlled by using all 75 BMI-associated SNPs as instruments for BMI in the
multivariable MR analysis. BMI and smoking are both regarded as exposures in this situation.

Figure 12. Association between BMI and the incidence of lung cancer, genetically controlling
for the influence of smoking using multivariable MR.
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5.3.5 Reverse causation

Reverse causation refers to a situation in which the outcome or proximal precursor of the
outcome, such as pre-clinical disease, causes the exposure, rather than the exposure causing
the outcome [148]. Since people who are diagnosed with lung cancer are always at a late
stage of the disease, the latent period of lung cancer is usually long. During the latent period,
people may already be experiencing the symptoms of lung cancer, such as tiredness, lack of
energy, and cough, which in turn causes a more sedentary lifestyle or reduces body weight.
More specifically, it is difficult to distinguish whether people have asthma or lung cancer
since some of the symptoms are similar. Thus, reverse causality may exist in all three studies
in the thesis, leading to biased estimates of associations. To deal with this, we excluded the
first three years of follow-up in Studies 1 and 2, and the first five years of follow-up in Study
3. The results indicated that potential reverse causation might not explain the observed
associations. Further, using an MR approach, we were able to avoid bias due to reverse
causation, since genetic variants are fixed from conception. The results from both our
univariable and multivariable MR analyses suggested that positive association between
genetically determined BMI and lung adenocarcinoma in Study 3 was unlikely due to reverse
causation.

5.3.6  Pleiotropy

Pleiotropy is a common phenomenon in the human genome in which a single genetic variant
influences multiple traits [149]. When the genetic variant influences one trait and in turn
influences another, it is called vertical pleiotropy [149]. In this case, the exclusion assumption
of the MR study would not be violated because the genetic variant influences the outcome
only through the exposure and no bias exists in the causal estimate. Conversely, in horizontal
pleiotropy, which is when the genetic variant influences the outcome through an independent

pathway other than the exposure, the causal estimate in the MR study could be biased [149].

58



When multiple SNPs are used, it is possible to perform the MR-Egger and MR-PRESSO
methods among others, to test for horizontal pleiotropy by modeling or removing outliers if
any exist respectively. If the horizontal pleiotropic effects of SNPs are equivalently positive

and negative, this suggests that the pleiotropy is balanced and the MR estimate is unbiased

[149].

In Study 3, there may be two scenarios between BMI and smoking in relation to lung cancer
(Figure 13): A) smoking as a mediator in the BMI-lung cancer association; B) smoking as a
confounder in the BMI-lung cancer association. We assumed scenario B was more likely
based on previous research [69]. Horizontal pleiotropy may be present in both scenarios since
GWAS suggested common genetic variants for BMI and smoking [75, 76]. In our Study 3,
we found that 14 BMI-associated SNPs were also associated with smoking. Thus, the causal
estimate between BMI and lung cancer could be biased if univariable MR was used since it

cannot handle horizonal pleiotropy.

A) Smoking as a mediator

Smoking

Genetic / \ Lung cancer
varlants / incidence
BMI

B) Smoking as a confounder

Smoking
Genetm/ \Lungcancer
varlants l / incidence
BMI

BMI—body mass index.

A: Smoking as a mediator; B: Smoking as a confounder. The pleiotropic associations are shown by the red line.

Figure 13. Directed acyclic graphs showing possible horizontal pleiotropy caused by
smoking when genetic variants for BMI are also associated with smoking.
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Multivariable MR, which is analogous to a factorial randomized trial that estimates the causal
effects of each risk factor simultaneously [78], can be applied to handle the horizontal
pleiotropy and provide unbiased causal estimates. Thus, we used multivariable MR to control
for the possible horizontal pleiotropy by smoking in Study 3 (Figure 13). However, we could
not exclude the possibility of horizontal pleiotropy due to unmeasured confounders since
there was evidence of heterogeneity in the ratio estimates in both the multivariable and
univariable MR analyses before an outlier was removed. Nevertheless, the intercept from the
multivariable MR-Egger, which is sensitive to strong horizontal pleiotropy, did not indicate
strong or unbalanced pleiotropic effects. After removing the outlier SNP, no heterogeneity
was shown, and the MR estimates for the BMI-lung adenocarcinoma association were
similar to the original results.

5.3.7  Causality in epidemiological studies

Epidemiological studies aim to clarify causality; however, it is challenging to obtain reliable
causal evidence for risk factors other than smoking due to bias caused by residual
confounding or reverse causation. In addition, many studies suffer from limited statistical
power in subgroups such as never smokers or lung cancer cases of a specific subtype.
Although prolonged sitting combined with physically inactive and partially controlled asthma
seemed to be associated with an increased incidence of lung cancer in the first two studies,

we could not draw a conclusion on causality.

Well-conducted RCTs are regarded as the gold standard for causal evidence of treatment
[138]. However, it is not always feasible or ethical to perform an RCT, especially when
studying the causal effect of an exposure on cancer. Further, the findings from some large
RCTs contradict expectations based on observational data. For example, the Selenium and
Vitamin E Cancer Prevention Trial found no effect of selenium, vitamin E, or a combination

of both on preventing prostate cancer [150]. This highlights the importance of obtaining valid
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causal evidence and understanding the limitations of observational epidemiology when
interpreting the evidence from associations between risk factors and disease before carrying

out RCTs.

The MR approach offers many benefits, as it attempts to mimic an RCT using observational
data, and it can address some of the important limitations in traditional observational studies
by using genetic variants as a proxy for potential modifiable risk factors. However, MR
studies also have their weaknesses, such as pleiotropy or weak instrument bias. It is therefore
important to address any epidemiological question by comparing the results of a range of
study designs with different and independent sources of bias. In Study 3, we tried to explore
the association between BMI and lung cancer incidence using both a prospective cohort and
MR design. The discrepancy in the results for the association between BMI and lung
adenocarcinoma suggested that limitations such as residual confounding or reverse causation
may have led to erroneous conclusions in previous observational studies. This emphasizes the
difficulty in understanding the relationship between BMI and lung cancer and highlights the
need for more MR studies or alternative causal methods to confirm our finding of a positive
causal association between BMI and lung adenocarcinoma.

5.3.8  External validity

Generalization of the findings to other populations is important for external validity in
epidemiological studies. Differences in demographic, ethnic, or socioeconomic
characteristics may lead to problems with external validity [151]. Our research used data
from a mostly homogenous Caucasian population living in the middle of Norway, which
makes our study sample representative of the Norwegian population. However, the findings

may be less generalizable to other ethnic groups outside Scandinavia.
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6 CONCLUSION AND FUTURE PERSPECTIVES

In this thesis, we provided some new evidence of potential risk factors other than smoking for
lung cancer incidence. We observed a positive association between prolonged sitting in
combination with physical inactivity and the incidence of lung cancer and SCLC.
Intervention targets could therefore focus on the most sedentary group of people, whose risk
of lung cancer may be reduced by replacing a sedentary lifestyle. Our study also showed that
participants with only partially controlled asthma had an increased incidence of lung cancer
and NSCLC. The findings suggested that proper control of asthma symptoms not only
reduced asthma exacerbations but might also contribute to a reduced incidence of lung
cancer. Since NCSLC is the major subtype of lung cancer and is relatively insensitive to
chemotherapy, this finding has important implications for healthcare with regard to both

asthma and lung cancer.

These results, however, should be interpreted with caution since residual confounding by
smoking and unmeasured confounding cannot be completely excluded in observational
studies. Within the framework of multivariable MR, residual confounding by smoking could
be well controlled if assumptions hold, and we likely observed the direct causal association
between BMI and lung cancer incidence. Unlike the inverse association between BMI and
lung adenocarcinoma found in the observational analyses, our results from the multivariable
MR suggested a positive association. If this positive association between BMI and the
incidence of lung adenocarcinoma is proven by future MR studies, reducing body weight will

come to be regarded as an important prevention target for lung adenocarcinoma.

With the increasing availability of large-scale genome-wide data from large cohort studies
(e.g., UK Biobank and large genome-wide association studies for different modifiable risk

factors and individual cancers), there are more opportunities to use human genetics to
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disentangle causal associations between risk factors other than smoking and incidence of lung
cancer overall and its subtypes. The MR approach, and the new knowledge it is generating
will be a cost-effective way of improving prevention strategies for individuals at high risk of

developing disease in the future.
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Background: Prolonged sitting as a major sedentary behavior potentially contributes to
illness, but its relation with lung cancer risk is unclear. Prolonged sitting can be presented
in physically active or inactive individuals. Those who are extendedly seated and also
physically inactive may represent the most sedentary people. We therefore aimed to
prospectively examine if total sitting time daily itself or in combination with physical activity
is associated with lung cancer incidence overall and histologic types.

Methods: We included 45,810 cancer-free adults who participated in the second survey
of HUNT Study in Norway (1995-97), with a median follow-up of 18.3 years. Total sitting
time daily and physical activity were self-reported at baseline. Lung cancer cases were
ascertained from the Cancer Registry of Norway. Cox regression was used to estimate
hazard ratios (HRs) with 95% confidence intervals (Cls).

Results: In total, 549 participants developed lung cancer during the follow-up. Total
sitting time daily was not associated with the incidence of lung cancer overall and
histologic subtypes. Compared with participants sitting <8 h daily and being physically
active, those sitting >8h daily (prolonged sitting) and being physically inactive had an
increased incidence of lung cancer (overall: adjusted HR = 1.44, 95% CI: 1.07-1.94;
small cell lung cancer: adjusted HR = 2.58, 95% ClI: 1.23-5.41). Prolonged sitting only
or physical inactivity only was not associated with the incidence of lung cancer.

Conclusions: Our study suggested that prolonged sitting was not independently
associated with lung cancer incidence. The combination of prolonged sitting and physical
inactivity might increase the risk of lung cancer. However, residual confounding by
smoking cannot be excluded completely even though smoking was adjusted for with
detailed information.

Keywords: prolonged sitting, physical inactivity, lung cancer risk, prospective cohort, HUNT study
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INTRODUCTION

Lung cancer is one of the most common cancer types with a low
survival rate (1). Small cell (SCLC) and non-small cell lung cancer
(NSCLC) are the two major histologic types of lung cancer (2).
Smoking is the most important risk factor for lung cancer, and
less so for NSCLC than SCLC (3, 4). With a declining trend in
smoking, other lifestyle factors may become more important for
the incidence of lung cancer overall and histologic types. Physical
activity or sedentary behavior has been suggested to be associated
with the risk of cancer due to several plausible mechanisms
including suppressed lipoprotein lipase activity (5, 6) and altered
inflammatory pathways by lack of activities (7-9).

The relationship of physical activity with lung cancer risk has
been extensively investigated. Recent meta-analysis studies have
concluded that physical activity is associated with a reduced risk
of lung cancer in smokers (10-12). Nonetheless, potential effects
of physical activity and sedentary behavior might tangle in these
meta-analysis studies since sedentary behavior was not properly
taken into consideration in most of the individual studies.

Sedentary behavior describes a series of human behaviors
requiring low energy expenditure in a sitting or reclining
posture when awake (13). It is highly prevalent in western
countries (14) and may be an independent risk factor for
multiple health outcomes, including cancers (15, 16). Previous
studies focused either on occupational sitting (17-19) or
leisure-time TV watching (20, 21) in relation to lung cancer
risk, with inconsistent results. Total sitting time daily is
a better marker that reflects a sedentary lifestyle in the
workplace, domestic environment and during leisure-time
(22). However, there are limited studies on the relationship
between total sitting time and lung cancer risk, and among
them, one study found the association in a sub-population
(23) and two studies did not adjust for physical activity
properly due to lack of detailed information (21, 23). Physical
inactivity and prolonged sitting are two distinct behaviors.
Prolonged sitting can be present in physically active or inactive
individuals. Those who are extendedly seated and also physically
inactive may represent the most sedentary people. Thus, in
the current study we aimed to prospectively examine the
relationship between total sitting time daily and lung cancer
risk (overall and major histologic types), taking smoking into
consideration. We also investigated if different combinations of
total sitting time and physical activity were associated with lung
cancer incidence.

MATERIALS AND METHODS

Study Design and Population

The HUNT study is a large population-based health study in
Norway, which includes more than 97% Caucasian participants
and well-represents the Norwegian population. It consists of
three consecutive surveys; HUNT1 (1984-1986), HUNT2 (1995-
1997), and HUNT3 (2006-2008) (24). At each survey, all adults
20 years or older living in the area of Nord-Treondelag were
invited to complete extensive health and lifestyle questionnaires
and undergo a clinical examination (25).

A total of 65,229 adults participated (70% of invited) in
HUNT?2. Every participant was followed-up from the date of
participation in HUNT?2 until the date of first diagnosis of lung
cancer, the date of death or emigration from Norway or the end of
follow-up on December 31, 2014, whichever came first. Diagnosis
of lung cancer was obtained from the Cancer Registry of Norway.
Information on vital status and emigration was obtained from the
Central Population Registry.

Among the 65,229 participants, 59,070 self-reported no
cancers at baseline. We included 45,810 cancer-free participants
with complete information on total sitting time daily in the main
cohort. Additionally, we investigated the combination of total
sitting time and physical activity in relation to lung cancer risk in
a sub-cohort of 33,793 participants who also provided complete
information on physical activity.

The study was approved by the Regional Committee for
Medical and Health Research Ethics of South-East Norway. All
participants signed informed written consent on participation in
HUNT, linkage to previous HUNT surveys and specific registries
in accordance with the Declaration of Helsinki.

Ascertainment of Lung Cancer

By using the unique 11-digit personal identification number,
participants’ information from HUNT?2 was linked to the Cancer
Registry of Norway (26). Data from the Cancer Registry of
Norway are reasonably accurate, complete (overall completeness
98.8% in 2001-05) and timely (27). The International
Classification of Diseases version 10 (ICD-10) codes used
for registration of lung cancer are C33-C34 (28). Histologic
types were classified according to International Classification of
Diseases of Oncology (ICD-O) (29).

Measurement of Exposures

Time spent sitting daily was measured by the question: “How
many hours do you usually spend in the sitting position during
a24-h period? (work, meals, television, car etc.).” The participant
reported the total number of hours as a positive integer. We
categorized total sitting time daily into three categories (0-4,
5-7, and >8h) based on similar cutoff criteria from former
HUNT studies (30, 31) and two meta-analysis studies (32,
33). Occupational activity was used as an alternative marker
for a sedentary lifestyle and measured by the question: “How
would you describe your work?” Based on four response
options, we categorized it into mostly sedentary work, much
walking or lifting (two response options collapsed into one
category), heavy physical work, and an “unknown” group with
missing information.

Leisure-time physical activity was based on the question “How
much of your leisure time have you been physically active per
week during the last year?” Participants were asked to report
average hours of light (no sweating or not being out of breath)
and hard physical activity (sweating or out of breath) with the
following response options for each intensity; none, <1h, 1-
2h, and >3h (reported as a positive integer). We classified
participants’ physical activity level as inactive (no any activity,
or <2h light activity only), low (>3h light activity only, or
<2h light activity and <1 h hard activity), moderate (>3 h light
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activity and <1h hard activity, or 1-2h hard activity regardless
of light activity), and high (>3 h hard activity regardless of light
activity). This classification has demonstrated a dose-response
relationship with mortality (34). Based on information of total
sitting time and physical activity, we defined four combined
categories: (1) total sitting time <8 h daily and physically active;
(2) total sitting time <8 h daily and physically inactive; (3) total
sitting time >8 h daily and physically active; and (4) total sitting
time >8 h daily and physically inactive. Physically active referred
to physical activity level from low to high. Physically inactive
referred to no any activity or <2 h light activity only.

Information on Other Important Baseline

Variables

Age, sex, body mass index (BMI), active smoking (status and
pack-years), and passive smoking status, alcohol consumption,
education, economic difficulties, family history of cancer
and chronic bronchitis were included a priori as potential
confounders. Weight and height in HUNT2 were measured by
health professionals at clinical examination. BMI was calculated
as weight in kilograms divided by height squared in meter
(kg/m?) and was grouped into three categories (<25.0, 25.0~
29.9, and >30.0 kg/m?) according to the recommendations of the
World Health Organization (WHO) (35). Active smoking status
was classified into never, former, current smokers and further
classified based on pack-years (<10.0, 10.1-20.0, and >20.1).
Other variables were categorized as: passive smoking (never,
only childhood, only adulthood, and both), alcohol consumption
(never, 1-4, and >5 times/month), education (<10, 10-12, and
>13 years, reported as a positive integer), economic difficulty
(During the last year, has it at any time been difficulty to meet the
cost of food, transportation, housing and such? yes/no), family
history of cancer (Is there any family member such as father,
mother, siblings who reported cancer? yes/no), and chronic
bronchitis (Have you had a cough with phlegm for periods of
at least 3 months during each of the last 2 years? yes/no). All
missing information on the aforementioned variables was taken
into analysis as an “unknown” category.

Statistical Analysis

Baseline characteristics of participants were presented by the
categories of exposure variables. We used Cox proportional
hazard models to examine the associations between total sitting
time, and its combinations with physical activty and lung cancer
incidence overall and histologic types and presented crude and
adjusted hazard ratios (HR) with 95% confidence intervals (CI).
Age was used as the time scale, with entry and exit time defined as
the subject’s age at recruitment and age at lung cancer diagnosis
or censoring, respectively. When potential linear association
between total sitting time and lung cancer risk was evaluated
by likelihood ratio test, non-linearity was suggested (p = 0.02
for comparison between total sitting time used as a categorical
variable and it used as an ordinal variable). Thus, the three
categories (0-4, 5-7, and >8 h) of total sitting time were applied
in the main analysis. Total sitting time was also categorized
into tertiles.

In the sensitivity analysis, we first used occupational inactivity
(mostly sedentary work) to test the robustness of our results
on the assciation between total sitting time daily and lung
cancer risk. Secondly, we performed analysis on the association
of the combination groups of total sitting time and physcial
activity with lung cancer risk after excluding the first three
years of follow-up (n = 33,322) to reduce possible reverse
causality by existing but undiagnosed lung cancer. In addition, we
redefined the combination groups by including low activity into
the physical inactivity level and repeated the analysis. Physical
inactivity was thus redefined as no activity, any light activity only,
or light activity <2 h and hard activity <1 h weekly. In this way,
we could test if the original category of the combined sitting
time >8h and physical inactivity captured the most sedentary
individuals. We further conducted complete case analysis among
individuals with complete information on smoking (n=31,907)
to minimize residual confounding from smoking. All statistical
analyses were performed with STATA/SE 14.2 (College Station,
TX, USA).

RESULTS

In total, 549 participants developed lung cancer during a
median follow-up time of 18.3 years among the 45,810 subjects.
Tables 1, 2 describe the distribution of baseline characteristics of
participants according to total sitting time and its combination
with physical activity levels. Compared to participants sitting
<4h or between 5 and 7h daily, participants sitting >8h were
more likely to be males, frequent drinkers, have higher education
and sedentary work (Table 1). Compared to participants who
were sitting <8h daily and physically active, people who
were sitting >8h daily and physically inactive were older,
lower educated, more frequent smokers and sedentary workers.
Supplementary Table 1 shows that as compared to the original
cancer-free population, participants in the main cohort had a
higher percentage of family history of cancer and participants in
the sub-cohort were relatively younger.

In Table 3, categories of total sitting time daily were not
associated with lung cancer risk overall, SCLC or NSCLC in
the main cohort after adjustment for a number of potential
confounding factors including smoking status and physical
activity. Total sitting time classified by tertiles was not
associated with lung cancer risk either (data not presented).
Results in ever smokers were similar to the main cohort
(Supplementary Table 2). We were not able to perform analysis
in never smokers as there were only 26 cases of lung cancer
overall, no cases of SCLC and 19 cases of NSCLC among the never
smokers.

Table 4 presents the association of the combined groups of
total sitting time and physical activity with lung cancer risk
overall and different histologic types. Compared to participants
sitting <8h and being physically active, participants sitting
>8h and being physically inactive had increased risks of lung
cancer overall and SCLC in the main cohort (overall: adjusted
HR = 1.44, 95% CI: 1.07-1.94; SCLC: adjusted HR = 2.58,
95% CI: 1.23-5.41). Neither of the group with prolonged
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TABLE 1 | Baseline characteristics of participants according to total sitting time,
the HUNT Study, 1995-97 (N = 45,810).

Total sitting time (hours*/day)

Variables 0-4 5-7 >8
N = 14,258 N = 14,549 N = 17,003

Age (years) 48.5 16.1 491 16.8 47.0 16.3
Body mass index (kg/m?)  26.1 40 263 41 263 4.0
SEX

Female 8,013 562 7,796 536 7,977 46.9
Male 6,245 438 6,753 46.4 9,026 531
SMOKING STATUS (PACK-YEARS)
Never 6,181 434 6,075 418 7477 440
Former <10.0 1,992 140 2,065 141 2387 14.0
Former 10.1-20.0 730 5.1 858 5.9 981 5.8
Former >20.1 408 2.9 486 3.3 649 3.8
Current <10.0 1,668 11.0 1,651 107 1,708 10.1
Current 10.1-20.0 1,327 9.3 1,395 9.6 1,509 8.9
Current >20.1 855 6.0 1,022 7.0 1,287 7.3
Unknown 1,197 8.4 1,107 7.6 1,055 6.2
PASSIVE SMOKING STATUS
Never 2,716 19.1 2596 178 3,190 18.8
Only childhood 3,187 224 2962 204 3,888 229
Only adulthood 2,364 166 2,446 168 2,467 145
Both childhood and 5689 399 6,260 430 7,152 4241
adulthood
Unknown 302 2.1 285 2.0 306 1.8
PHYSICAL ACTIVITY
Inactive 2,801 203 3,129 215 3911 230
Low 2,467 173 2672 184 3,331 196
Moderate 3,123 219 3438 236 4,499 265
High 1,457 102 1,302 9.0 1,573 9.3
Unknown 4,320 303 4,008 276 3689 217
ALCOHOL CONSUMPTION (TIMES/MONTH)
Never 4,994 350 4,983 343 4,751 279
1-4 6,810 478 6,946 47.7 8558 50.3
>5 1,298 9.1 15670 108 2,785 16.4
Unknown 1,156 8.1 1,050 7.2 909 5.4
EDUCATION (YEARS*)
<10 5145 361 5170 355 4,063 239
10-12 5281 370 5133 353 5281 311
>13 3376 237 3,783 26.0 7,246 426
Unknown 456 3.2 463 3.2 413 2.4
ECONOMIC DIFFICULTIES
Yes 4,102 288 3927 27.0 4305 253
No 8230 57.7 8451 581 10617 624
Unknown 1,926 135 2,171 149 2,081 122
FAMILY HISTORY OF CANCER
Yes 4171 293 4,382 30.1 4,888 28.8
No 10,087 70.8 10,167 69.9 12,115 70.7
CHRONIC BRONCHITIS
Yes 433 3.0 471 3.2 550 3.2
No 13,661 951 13,811 949 16,182 095.2
Unknown 264 1.9 267 1.8 271 1.6
(Continued)

TABLE 1 | Continued

Total sitting time (hours*/day)

Variables 0-4 5-7 >8

N = 14,258 N = 14,549 N = 17,003
OCCUPATIONAL ACTIVITY
Most sedentary work 839 5.9 1,736 11.9 8,706 51.2
Much walking or liting at 8,409 59.0 7,678 528 4,323 254
work
Heavy physical work 2226 156 1655 11.4 721 4.3
Unknown 2,784 195 3480 239 3253 1941

Continuous variables are presented with mean and standard deviation.Categorical
variables are presented with number and column percentage of observations. "Hours
of total sitting time daily and years of education were reported as a positive integer.

sitting only or physical inactivity only was associated with lung
cancer risk. Similar results were found among ever smokers
(Supplementary Table 3).

In the sensitivity analysis, we found no association
between occupational inactivity (mostly sedentary work)
and lung cancer risk (Supplementary Table4). The
association of combined sitting >8h and physical inactivity
with lung cancer risk was not altered after excluding
the first 3 years of follow-up (Supplementary Table 5).
When grouping low level physical activity into the
physical inactivity group (Supplementary Table 6), the
associations of the combined sitting time >8h and
physical inactivity with the risks of lung cancer overall
and histologic types became weaker compared to the
original results. Complete case analysis for information of
smoking showed comparable results for lung cancer overall
(Supplementary Table 7).

DISCUSSION
Main Findings

In this prospective cohort study with 549 incident lung cancer
cases, total sitting time daily was not associated with lung cancer.
However, compared with participants sitting <8h daily and
being physically active, participants sitting >8 h daily and being
physically inactive appeared to have increased risks of lung cancer
overall and SCLC.

Comparison With Previous Studies

Previous studies showed different results on the association
between sedentary lifestyle and lung cancer risk (17-21, 23).
Occupational sitting was shown to be either protective (17,
19) or not associated with lung cancer risk (18). Different
adjustment for physical activity and education might explain
the differences in the results. On the contrary, leisure-time
TV watching was associated with an increased risk of lung
cancer among Japanese men but not women (20). Residual
confounding by smoking was likely to be the explanation. In
addition, Japanese women seemed to be more active than men
(4.5h housework for women & 1h for men daily), which might
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TABLE 2 | Baseline characteristics of participants according to combined total sitting time and physical activity level, the HUNT Study, 1995-97 (N = 33,793).

Total sitting time and physical activity level

Variables Sitting <8 h &Physically Sitting <8 h & Physically Sitting >8h & Physically Sitting >8 h& Physically
active N = 14,459 inactive N = 6,020 active N = 9,403 inactive N = 3,911
Age (years) 44.2 16.3 49.4 16.5 422 14.0 49.8 17.2
Body mass index (kg/mz) 25.8 3.8 26.7 4.4 25.8 3.7 26.8 4.5
Female 7,215 49.9 3,616 60.1 4,030 42.9 2,018 51.6
Male 7,244 50.1 2,404 39.9 5,373 57.1 1,893 48.4
Never 6,636 45.9 2,407 40.0 4,564 48.5 1,514 38.7
Former <10.0 2,283 16.8 829 13.8 1,469 16.6 517 13.2
Former 10.1-20.0 744 5.2 340 5.7 482 5.1 248 6.3
Former >20.1 371 28 213 35 275 29 179 4.6
Current <10.0 1,690 1.7 710 1.8 977 10.4 437 11.2
Current 10.1-20.0 1,158 8.0 671 1.2 713 7.6 402 10.3
Current >20.1 723 5.0 464 7.7 497 5.3 394 10.1
Unknown 854 59 386 6.4 426 4.5 220 5.6
Never 2,844 19.7 1,016 16.9 1,890 20.1 667 171
Only childhood 3,600 24.9 1,208 201 2,632 26.9 747 19.1
Only adulthood 2,056 14.2 1,082 171 1,125 12.0 660 16.9
Both 5,775 39.9 2,692 44.7 3,745 39.8 1,787 45.7
Unknown 184 1.3 72 1.2 111 1.2 50 1.3
Never 3,980 27.5 2,398 39.8 1,904 20.3 1,385 35.4
1-4 7,855 54.3 2,744 45.6 5,282 56.2 1,814 46.4
>5 1,808 12.5 496 8.2 1,864 19.8 521 133
Unknown 816 5.6 382 6.4 353 3.8 191 4.9
<10 3,640 252 2,674 42.8 1,344 14.3 1,305 33.4
10-12 5,714 39.5 2,196 36.5 2,847 30.3 1,288 32.9
>13 4,817 34.0 1,111 18.5 5117 54.4 1,248 31.9
Unknown 188 1.3 139 2.3 95 1.0 70 1.8
Yes 4,295 29.7 1,843 30.6 2,474 26.3 1,057 27.0
No 8,964 62.0 3,266 54.3 6,453 68.6 2,187 55.9
Unknown 1,200 8.3 911 156.1 476 5.1 667 171
Yes 3,944 27.3 1,801 29.9 2,446 26.0 1,166 29.8
No 10,515 72.7 4,219 701 6,957 74.0 2,745 70.2
Yes 402 2.8 229 3.8 234 25 169 4.3
No 13,861 95.7 5,677 94.3 9,067 96.4 3,678 94.0
Unknown 196 1.4 114 1.9 102 11 64 1.6
Most sedentary work 1,389 9.6 668 111 5,322 56.6 1,959 50.1
Much walking or lifting at work 8,966 62.0 3,385 56.2 2,650 28.2 938 24.0
Heavy physical work 2,225 16.4 771 12.8 397 4.2 159 4.0
Unknown 1,879 13.0 1,196 19.9 1,034 11.0 855 21.9

Continuous variables are presented with mean and standard deviation. Categorical variables are presented with number and column percentage of observations. Physically active:
physical activity level from low to high. Physically inactive: reported no activity or only light activity <2 h per week. “Years of education were reported as a positive integer.
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TABLE 3 | The association of total sitting time with lung cancer risk overall and histologic types, the HUNT Study, 1995-97 to 2014 (N = 45,810).

Cases IR (per 1000 person-years) Crude HR 95% ClI Adjusted® HR 95% ClI
LC overall Sitting 0-4 h 185 0.76 1.00 Reference 1.00 Reference
Sitting 5-7h 165 0.67 0.86 0.70-1.06 0.82 0.66-1.01
Sitting >8h 199 0.69 1.09 0.89-1.33 1.05 0.66-1.29
SCLC Sitting 0-4 h 25 0.10 1.00 Reference 1.00 Reference
Sitting 5-7 h 20 0.08 0.78 0.43-1.40 0.73 0.40-1.31
Sitting >8h 31 0.11 1.28 0.76-2.17 1.18 0.69-2.03
NSCLC Sitting 0-4 h 117 0.48 1.00 Reference 1.00 Reference
Sitting 5-7 h 97 0.40 0.80 0.61-1.05 0.76 0.58-1.00
Sitting >8h 119 0.41 1.02 0.79-1.32 0.97 0.74-1.26

ClI, Confidence interval; HR, Hazard ratio; IR, Incidence rate; LC, Lung cancer; NSCLC, Non-small cell lung cancer; SCLC, Small cell lung cancer. @Adjusted for sex, body mass index,
smoking status (pack-years), passive smoking status, physical activity, alcohol consumption, education, economic difficulties, family history of cancer and chronic bronchitis. Age is
used as the time scale.

TABLE 4 | The association of combined groups of total sitting time and physical activity with lung cancer risk overall and different histologic types, the HUNT Study,
1995-97 to 2014 (N = 33,793).

Cases IR (per 1,000 person-years) Crude HR 95% CI Adjusted®HR 95% CI
LC overall Sitting <8 h & Physically active® 133 0.52 1.00 Reference 1.00 Reference
Sitting <8 h & Physically inactive® 81 0.80 1.15 0.87-1.52 1.06 0.80-1.40
Sitting >8 h & Physically active® 62 0.37 0.87 0.64-1.18 0.93 0.68-1.26
Sitting >8h & Physically inactive® 70 1.11 1.74 1.30-2.32 1.44 1.07-1.94
SCLC Sitting <8 h & Physically active® 15 0.06 1.00 Reference 1.00 Reference
Sitting <8 h & Physically inactive® 11 0.11 1.44 0.66-3.14 1.35 0.61-2.99
Sitting >8h & Physically activeP 5 0.03 0.60 0.22-1.65 0.59 0.21-1.64
Sitting >8h & Physically inactive® 14 0.22 3.26 1.67-6.76 2.58 1.23-6.41
NSCLC Sitting <8 h & Physically activeP 78 0.31 1.00 Reference 1.00 Reference
Sitting <8h & Physically inactive® 54 0.54 1.34 0.95-1.90 1.21 0.85-1.72
Sitting >8h & Physically activeP 41 0.25 0.96 0.65-1.40 1.01 0.68-1.48
Sitting >8 h & Physically inactive® 39 0.62 1.68 1.15-2.48 1.36 0.92-2.01

Cl, Confidence interval; HR, Hazard ratio; IR, Incidence rate; LC, Lung cancer; NSCLC, Non-small cell lung cancer; SCLC, Small cell lung cancer. @Adjusted for sex, body mass index,
smoking status (pack-years), passive smoking status, alcohol consumption, education, economic difficulties, family history of cancer and chronic bronchitis. Age is used as the time

scale. P Physically active: physical activity level from low to high. °Physically inactive: reported no activity or only light activity <2 h per week.

be another reason for the gender difference in lung cancer
risk. However, no adjustment for physical activity was made
in this study.

Total sitting time daily, as a better measure of sedentary
lifestyle, was not associated with lung cancer risk in the
current study. Our result was consistent with findings from
the study by Wang et al. (23). We included both men and
women and adjusted for levels of physical activity, whereas
only menopausal women were included and no adjustment
for physical activity was made in the referred study. In
contrast, Lam et al. found a marginally increased risk of
lung cancer associated with prolonged sitting among non-
smokers (21). Although the cited study largely avoided
confounding by smoking among non-smokers, the adjustment
for physical activity only included vigorous activity. Leisure-
time TV watching and occupational inactivity were also
studied by Lam et al. but no associations with lung cancer
risk were found. In our study, neither prolonged sitting
nor occupational inactivity was independently associated

with lung cancer incidence after adjustment for detailed
categories of smoking and physical activity. However, we
observed an increased risk of lung cancer among the most
sedentary individuals who were both extendedly seated and
physically inactive.

Possible Mechanisms

Although the underlying mechanisms on how the most sedentary
individuals might have an increased risk of lung cancer
are unclear, animal studies showed that lack of activities
might suppress lipoprotein lipase activity in skeletal muscles
and reduce glucose uptake (5, 6). Both are related to
metabolic disorder that have been shown to be risk factors
for several malignancies (6, 36). In addition, some pre-clinical
studies suggest that weight-bearing skeletal muscles are not
highly engaged during inactivity (7-9). This may alter anti-
cancer responses of myokines in the skeletal muscles and
activate inflammatory pathways that are important for cancer
development (7-9).
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Strengths and Limitations

Scientific evidence regarding total sitting time daily in relation to
lung cancer risk overall and histologic types is scarce. Our study is
the first prospective cohort study to investigate lung cancer risk
among people who were both extendedly seated and physically
inactive. In addition, the sample size of our study is relatively
large with homogeneous study population and the follow-up
period is long to allow for study of rare disease outcome such as
lung cancer. The Cancer Registry of Norway records information
about lung cancer diagnosis and different histologic types 1 year
after the first diagnosis, and the information is soundly complete
and accurate (26). The distribution of key baseline characteristics
in both the main and sub-cohorts are generally similar to
the original cancer-free population, suggesting no substantial
selection bias. We also had information on a panel of potential
confounders at baseline. In addition, we excluded participants
with cancer at baseline in the main analysis and excluded the first
3 years of follow-up in the sensitivity analysis. Thus, potential
reverse causation due to preexisting but undiagnosed lung cancer
may not be a major problem.

However, our study has several limitations. First,
misclassification of total sitting time and physical activity
was possible due to self-reporting, and weak correlations with
accelerometer counts (r~20.3) were reported in a previous study
(31). Since all information on exposures was collected at baseline
before the diagnosis of lung cancer, it was more likely to be
non-differential misclassification. We further used occupational
inactivity as an alternative marker of sedentary lifestyle to test
the robustness of the association between total sitting time and
lung cancer risk, and similar results were observed. Additionally,
in our sensitivity analysis, the magnitude of association of sitting
time >8h in combination with physical inactivity with the lung
cancer risk was reduced by grouping individuals who had low
level physical activity into the inactive group. This suggested
that the original combination of prolonged sitting and physical
inactivity identified the most sedentary individuals and thereby
the highest risk group for lung cancer.

Second, individuals who were extendedly seated and
physically inactive were more likely to be smokers than those
who were shortly seated and physically active. To minimize
confounding by smoking, we used detailed information on
smoking status together with pack-years to categorize this
variable, but we were not able to perform analysis in never
smokers among which there were only 26 lung cancer cases.
We further conducted complete case analysis for information
on smoking and similar results were obtained. In addition,
we redefined smoking status by including cessation years for
former daily smokers and categorized subjects into the groups
of never smokers, ex-smokers with smoking cessation >10.1
years, ex-smokers with smoking cessation <10.0 years, current
smokers with 0-20.0 pack-years, and current smokers with >20.1
pack-years. The results were similar to our original findings
(data not presented). Nevertheless, residual confounding by
smoking cannot be excluded entirely. Other unmeasured factors
such as hazardous occupational exposures might also confound
the association. Indoor radon exposure is suggested to be the
second important risk factor for lung cancer after smoking (37),

but the level of indoor radon at any of the seven municipalities
in Nord-Trendelag was shown to be in the safety range (< 200
Bg/m3) (38). At last, we could not look into specific histologic
types of NSCLC such as adenocarcinoma and squamous cell
carcinoma due to limited statistical power.

In conclusion, our study suggested that prolonged sitting
was not independently associated with lung cancer risk, but
prolonged sitting in combination with physical inactivity might
increase the risk of lung cancer. However, our results should
be interpreted with caution due to a possibility of residual
confounding of smoking.

ETHICS STATEMENT

The study was carried out in accordance with the
recommendation of the Regional Committee for Medical
and Health Research Ethics of South-East Norway. All subjects
gave written informed consent on participation in HUNT,
linkage to previous HUNT surveys and specific registries in
accordance with the Declaration of Helsinki. The protocol was
approved by the Regional Committee for Medical and Health
Research Ethics of South-East Norway.

AUTHOR CONTRIBUTIONS

Y-QS and X-MM contributed to the study design and statistical
analyses. AL and X-MM were responsible for data collection.
L] conducted statistical analyses, interpreted and wrote the
initial draft of the manuscript. All authors participated in the
data interpretation, contributed to the manuscript writing with
important intellectual content and approved the final version of
the manuscript.

FUNDING

L] was supported by funding from the Extrastiftelsen through
the Norwegian Cancer Society (Contract no. 77513001) and
top-up funding from the collaboration partner between the
Liaison Committee for Education, Research and Innovation in
Central Norway and Central Norway Regional Health Authority.
Y-QS was supported by the Norwegian Cancer Society (Project
ID:5769155-2015).

ACKNOWLEDGMENTS

The HUNT Study is collaboration between HUNT
Research Center (Faculty of Medicine and Health Sciences,
Norwegian University of Science and Technology—NTNU),
Nord-Trendelag ~ County  Council,  Central =~ Norway
Regional Health Authority and the Norwegian Institute of
Public Health.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fonc.
2019.00101/full#supplementary-material

Frontiers in Oncology | www.frontiersin.org

February 2019 | Volume 9 | Article 101



Jiang et al.

Sedentary Lifestyle and Lung Cancer Risk

REFERENCES

—

20.

21.

. Hamilton

. International Agency for Research on Cancer. GLOBOCAN 2012, Estimated

cancer incidence, mortality and prevalence worldwide in 2012. 2016. Available
online at: http://globocan.iarc.fr/factsheet.asp

. Travis WD, Harris C. Pathology and Genetics of Tumours of the Lung, Pleura,

Thymus and Heart. IARC Press (2004).

. Khuder SA. Effect of cigarette smoking on major histological types

of lung cancer: a meta-analysis. (2001)  31:139-48.

doi: 10.1016/S0169-5002(00)00181-1

Lung Cancer

. Lee PN, Forey BA, Coombs K]J. Systematic review with meta-analysis of the

epidemiological evidence in the 1900s relating smoking to lung cancer. BMC
Cancer (2012) 12:385. doi: 10.1186/1471-2407-12-385

. Bey L, Hamilton MT. Suppression of skeletal muscle lipoprotein lipase activity

during physical inactivity: a molecular reason to maintain daily low-intensity
activity. J Physiol. (2003) 551:673-82. doi: 10.1113/jphysiol.2003.045591

MT, Hamilton DG, Zderic TW. Exercise physiology
versus inactivity physiology: an essential concept for understanding
lipoprotein lipase regulation. Exerc Sport Sci Rev. (2004) 32:161.
doi: 10.1097/00003677-200410000-00007

. Pedersen BK, Febbraio MA. Muscles, exercise and obesity: skeletal

muscle as a secretory organ. Nat Rev Endocrinol. (2012) 8:457.

doi: 10.1038/nrendo0.2012.49.

. Hojman P, Dethlefsen C, Brandt C, Hansen J, Pedersen L, Pedersen BK.

Exercise-induced muscle-derived cytokines inhibit mammary cancer cell
growth. Am ] Physiol (2011) 301:E504-10. doi: 10.1152/ajpend0.00520.2010

. Aoi W, Naito Y, Takagi T, Tanimura Y, Takanami Y, Kawai Y, et al.

A novel myokine, secreted protein acidic and rich in cysteine (SPARC),
suppresses colon tumorigenesis via regular exercise. Gut (2012) 62:882-9.
doi: 10.1136/gutjnl-2011-300776

. Schmid D, Ricci C, Behrens G, Leitzmann MF. Does smoking influence the

physical activity and lung cancer relation? A systematic review and meta-
analysis. Eur ] Epidemiol. (2016) 31:1173-90. doi: 10.1007/s10654-016-0186-y

. Brenner DR, Yannitsos DH, Farris MS, Johansson M, Friedenreich

CM. Leisure-time physical activity and lung cancer risk: a
systematic review and meta-analysis. Lung Cancer (2016) 95:17-27.
doi: 10.1016/j.lungcan.2016.01.021

. Zhong S, Ma T, Chen L, Chen W, Lv M, Zhang X, et al. Physical activity

and risk of lung cancer: a meta-analysis. Clin ] Sport Med. (2016) 26:173-81.
doi: 10.1097/JSM.0000000000000219

. Barnes J, Behrens TK, Benden ME, Biddle S, Bond D, Brassard P,

et al. Letter to the Editor: Standardized use of the terms sedentary”
and“ sedentary behaviours”. Appl Physiol Nutr Metab. (2012) 37:540-2.
doi: 10.1139/h2012-024

. Matthews CE, Chen KY, Freedson PS, Buchowski MS, Beech BM, Pate RR,

et al. Amount of time spent in sedentary behaviors in the United States,
2003-2004. Am ] Epidemiol. (2008) 167:875-81. doi: 10.1093/aje/
kwm390

. Thorp AA, Owen N, Neuhaus M, Dunstan DW. Sedentary behaviors

and subsequent health outcomes in adults: a systematic review of
longitudinal studies, 1996-2011. Am ] Prevent Med. (2011) 41:207-15.
doi: 10.1016/j.amepre.2011.05.004

. Shen D, Mao W, Liu T, Lin Q, Lu X, Wang Q, et al. Sedentary behavior

and incident cancer: a meta-analysis of prospective studies. PLoS ONE (2014)
9:¢105709. doi: 10.1371/journal.pone.0105709

. Steindorf K, Friedenreich C, Linseisen ], Rohrmann S, Rundle A, Veglia F,

et al. Physical activity and lung cancer risk in the European prospective
investigation into cancer and nutrition Cohort. Int ] Cancer (2006) 119:2389—
97. doi: 10.1002/ijc.22125

. Thune I, Lund E. The influence of physical activity on lung-cancer risk: a

prospective study of 81,516 men and women. Int ] Cancer (1997) 70:57-62.

. Bak H, Christensen ], Thomsen BL, Tjonneland A, Overvad K, Loft S, et al.

Physical activity and risk for lung cancer in a Danish cohort. Int ] Cancer
(2005) 116:439-44. doi: 10.1002/ijc.21085

Ukawa S, Tamakoshi A, Wakai K, Noda H, Ando M, Iso H. Prospective
cohort study on television viewing time and incidence of lung cancer: findings
from the Japan Collaborative Cohort Study. Cancer Causes Control (2013)
24:1547-53. doi: 10.1007/s10552-013-0231-z

Lam TK, Moore SC, Brinton LA, Smith L, Hollenbeck AR, Gierach GL, et al.
Anthropometric measures and physical activity and the risk of lung cancer

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

in never-smokers: a prospective cohort study. PLoS ONE (2013) 8:€70672.
doi: 10.1371/journal.pone.0070672

Katzmarzyk PT, Church TS, Craig CL, Bouchard C. Sitting time and mortality
from all causes, cardiovascular disease, and cancer. Med Sci Sports Exerc.
(2009) 41:998-1005. doi: 10.1249/MSS.0b013e3181930355

Wang A, Qin E Hedlin H, Desai M, Chlebowski R, Gomez S, et al. Physical
activity and sedentary behavior in relation to lung cancer incidence and
mortality in older women: The Women’s Health Initiative. Int ] Cancer. (2016)
139:2178-92. doi: 10.1002/ijc.30281

Holmen J, Midthjell K, Kriiger @, Langhammer A, Holmen TL, Bratberg
GH, et al. The Nord-Trendelag Health Study 1995-97 (HUNT 2): objectives,
contents, methods and participation. Norsk Epidemiologi. (2003) 13:19-32.
doi: 10.5324/nje.v13i1.305

Krokstad S, Langhammer A, Hveem K, Holmen T, Midthjell K, Stene T, et al.
Cohort profile: the HUNT study, Norway. Int ] Epidemiol. (2013) 42:968-77.
doi: 10.1093/ije/dys095

Cancer Registry of Norway.
kreftregisteret.no/

Larsen IK, Smastuen M, Johannesen TB, Langmark F, Parkin DM, Bray
E et al. Data quality at the Cancer Registry of Norway: an overview of
comparability, completeness, validity and timeliness. Eur J Cancer (2009)
45:1218-31. doi: 10.1016/j.€jca.2008.10.037

Cancer Registry of Norway. Cancer in Norway 2014-Cancer Incidence,
Mortality, Survival and Prevalence in Norway. Oslo: Cancer Registry of
Norway (2015).

ICD-O. International Classification of Diseases for Oncology (ICD-0O). 3rd ed.
World Health Organization (2013).

Asvold BO, Midthjell K, Krokstad S, Rangul V, Bauman A. Prolonged
sitting may increase diabetes risk in physically inactive individuals: an 11
year follow-up of the HUNT Study, Norway. Diabetologia (2017) 60:830-5.
doi: 10.1007/s00125-016-4193-z

Chau JY, Grunseit A, Midthjell K, Holmen ], Holmen TL, Bauman AE,
et al. Sedentary behaviour and risk of mortality from all-causes and
cardiometabolic diseases in adults: evidence from the HUNT3 population
cohort. Br ] Sports Med. (2013) 49:737-42. doi: 10.1136/bjsports-2012-091974
Ekelund U, Steene-Johannessen J, Brown W], Fagerland MW, Owen N, Powell
KE, et al. Does physical activity attenuate, or even eliminate, the detrimental
association of sitting time with mortality? A harmonised meta-analysis of
data from more than 1 million men and women. Lancet (2016) 388:1302-10.
doi: 10.1016/S0140-6736(16)30370-1

Chau JY, Grunseit AC, Chey T, Stamatakis E, Brown W], Matthews CE, et al.
Daily sitting time and all-cause mortality: a meta-analysis. PLoS ONE (2013)
8:¢80000. doi: 10.1371/journal.pone.0080000

Moe B, Eilertsen E, Nilsen TI. The Combined Effect of Leisure-Time Physical
Activity and Diabetes on Cardiovascular Mortality The Nord-Trendelag
Health (HUNT) cohort study, Norway. Diabetes Care (2013) 36:690-5.
doi: 10.2337/dc11-2472

WHO. Preventing and Managing the Global Epidemic. Report of a WHO
Consultation on Obesity. Geneva: World Health Organization (2004).
Wilmot EG, Edwardson CL, Achana FA, Davies MJ, Gorely T, Gray L], et al.
Sedentary time in adults and the association with diabetes, cardiovascular
disease and death: systematic review and meta-analysis. Diabetologia (2012)
55:2895-905. doi: 10.1007/s00125-012-2677-z

WHO. WHO Handbook on Indoor Radon: A Public Health Perspective.
Geneva: World Health Organization (2009).

Kommunekartlegginger-radon (Municipal Surveys-Radon). (2013) Available
online at:  http://www.nrpa.no/temaartikler/90379/kart- og-data-radon
(Accessed April 19, 2018).

(2017). Available online: http://www.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Jiang, Sun, Brumpton, Langhammer, Chen, Nilsen and Mai.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Oncology | www.frontiersin.org

February 2019 | Volume 9 | Article 101



Supplementary material: Paper |



Supplementary table 1. Comparison of baseline characteristics of participants in the main and
sub-cohorts with the original cancer-free population, the HUNT Study, 1995-97

Original cancer-

Variables free population I\I/EIaLn 4(;();1 f (1; SNUk);ggh;);;
(N =59,070) (N=453810) (N'=33,793)
Age (years) 48.7 16.8 48.1 16.4 45.2 15.7
Body mass index (kg/m?) 26.3 4.1 26.2 4.0 26.1 4.0
Sex
Female 30,819 522 23,786 | 519 16,879  50.0
Male 28,251 478 22,024 | 48.1 16,914  50.0
Smoking status (pack-years)
Never 25299 428 19,733  43.1 15,121 4438
Former <10.0 7826 13.3 6434 14.0 5098 15.1
Former 10.1-20.0 3116 5.3 2569 5.6 1814 5.4
Former >20.1 1911 3.2 1543 3.4 1038 3.1
Current <10.1 6366 10.8 4827 10.5 3814 11.3
Current 10.1-20.0 5638 9.5 4231 9.2 2944 8.7
Current >20.1 4087 6.9 3114 6.8 2078 6.2
Unknown 4827 8.2 3359 7.3 1886 5.6
Passive smoking status
Never 10,889 184 8502 18.6 6417 19.0
Only childhood 12,587 213 10,037 219 8087 23.9
Only adulthood 9539 16.2 7277 15.9 4873 14.4
Both 24,640 @ 41.7 19,101 41.7 13,999 414
Unknown 1415 2.4 893 2.0 417 1.2
Alcohol consumption
(times/month)
Never 19,910  33.7 14,728 322 9667 28.6
1-4 27,663  46.8 22,314 | 487 17,695 524
>5 6907 11.7 5653 12.3 4689 13.9
Unknown 4590 7.8 3115 6.8 1742 52
Education (years)
<10 19,652 333 14378 314 8863 26.2
10-12 19,672 333 15,695 343 12,045  35.6
>13 17,428  29.5 14,405 31.5 12,393 36.7
Unknown 2318 3.9 1332 2.9 492 1.5
Economic difficulties
Yes 12,974  22.0 12,334 269 9669 28.6
No 29,065  49.2 27,298  59.6 20,870  61.8
Unknown 17,031  28.8 6178 13.5 3254 9.6
Family history of cancer
Yes 14,757  25.0 13,441 29.3 9357 27.7
No 44313  75.0 32,369  70.7 24,436 | 723
Chronic bronchitis
Yes 1914 3.2 1454 32 1034 3.1
No 56,054 949 43,554  95.1 32,283 955
Unknown 1102 1.9 802 1.8 476 1.4
Occupational activity
Most sedentary work 13,835 235 11,281 24.6 9338 27.6
\“:;‘rckh walking or lifting at 25722 435 20410 445 15939 472
Heavy physical work 5911 10.0 4602 10.1 3552 10.5
Unknown 13,602  23.0 9517 20.8 4964 14.7

Abbreviations: HUNT, Nord-Trendelag Health Study; SD, standard deviation. Continuous
variables are presented with mean and standard deviation.Categorical variables are presented
with number and column percentage of observations.
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Asthma and asthma symptom
control in relation to incidence
of lung cancer in the HUNT study

Lin Jiang'™, Yi-Qian Sun®**, Arnulf Langhammer®®, Ben Michael Brumpton’:®°, Yue Chen??,
Tom IL Nilsen!%, Linda Leivseth'? Sissel Gyrid Freim Wahl?3 & Xiao-Mei Mai'

Large prospective studies on asthma, especially asthma symptom control, as a potential risk factor for
lung cancer are limited. We followed up 62,791 cancer-free Norwegian adults from 1995-1997 to 2017.
Self-reported doctor-diagnosed asthma was categorized into active and non-active asthma. Levels

of asthma symptom control were classified into controlled and partially controlled (including partly
controlled and uncontrolled) according to the Global Initiative for Asthma guidelines. Incident lung
cancer cases were ascertained from the Cancer Registry of Norway. Cox regression models were used
to estimate hazard ratios (HRs) with 95% confidence intervals (Cls) for possible associations. Totally,
984 participants developed lung cancer during a median follow-up of 21.1 years. After adjustment for
smoking and other potential confounders, an increased incidence of lung cancer was found for adults
with partially controlled asthma (HR 1.39, 95% CI 1.00-1.92) compared with those without asthma at
baseline. Adults with active asthma had a tendency of increased lung cancer incidence (HR 1.29, 95%
C10.95-1.75). Sensitivity analyses indicated that the observed associations were less likely resulted
from reverse causation or residual confounding by smoking. Our findings suggested that proper
control of asthma symptoms might contribute to a reduced incidence of lung cancer.

Asthma is a common chronic lung disease characterized by chronic inflammation, reversible airway obstruction
and enhanced bronchial reactivity'2. The chronic inflammatory state of the lung among those with asthma has
been suggested to cause oxidative injuries that may lead to lung cancer development’.

Given the relatively high prevalence of asthma and low survival rate of lung cancer worldwide, it is important
to clarify if asthma is a risk factor for lung cancer. So far, three meta-analysis studies have investigated the possible
association between asthma and lung cancer and a positive association has been suggested>*>. More case-control
studies than prospective studies were included in the meta-analysis studies. Among the included prospective
studies, several used age and sex-standardized incidence ratio (SIR) to present the relative risk for lung cancer
in patients with asthma compared with a general population®*. Smoking, the most important confounding fac-
tor, was not controlled for. Also, the included prospective cohort studies tended to have inadequate number of
lung cancer cases due to short follow-up duration (< 10 years)*!’ or small sample size''. A recent prospective
cohort study using data from the UK Million Women Study with more than 14 years of follow-up reported that
asthma requiring treatment was associated with an increased incidence of lung cancer in never smoking women';
however, it investigated 34 potential risk factors simultaneously and a chance finding could not be excluded.

*Department of Public Health and Nursing, Faculty of Medicine and Health Science, Norwegian University of
Science and Technology (NTNU), Postbox 8905, MTFS, N-7491, Trondheim, Norway. 2Department of Clinical and
Molecular Medicine, Faculty of Medicine and Health Science, Norwegian University of Science and Technology,
Trondheim, Norway. 3Department of Pathology, Clinic of Laboratory Medicine, St. Olavs Hospital, Trondheim
University Hospital, Trondheim, Norway. “TkMidt-Center for Oral Health Services and Research, Mid-Norway,
Trondheim, Norway. SHUNT Research Centre, Department of Public Health and Nursing, Norwegian University
of Science and Technology, Levanger, Norway. ®Levanger Hospital, Nord-Trendelag Hospital Trust, Levanger,
Norway. “Clinic of Thoracic and Occupational Medicine, St. Olavs Hospital, Trondheim University Hospital,
Trondheim, Norway. ®K.G. Jebsen Centre for Genetic Epidemiology, Department of Public Health and Nursing,
Norwegian University of Science and Technology, Trondheim, Norway. °MRC Integrative Epidemiology Unit,
University of Bristol, Bristol, UK. 1°School of Epidemiology and Public Health, Faculty of Medicine, University of
Ottawa, Ottawa, Canada. *Clinic of Anesthesia and Intensive Care, St. Olavs Hospital, Trondheim University
Hospital, Trondheim, Norway. *?Centre for Clinical Documentation and Evaluation (SKDE), Northern Norway
Regional Health Authority, Tromse, Norway. “‘email: lin.jiang@ntnu.no
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Variables No asthma Non-active asthma | Active asthma
Number of subjects 59,591 1090 2110

Age (years) 49.5+17.0 47.3+17.2 51.1+17.3
Body mass index (kg/m?) 26.3+4.0 26.7+4.4 27.4+49
Number of lung cancer cases (%) 921 (1.6) 14 (1.3) 49 (2.3)

Sex, % (women/men) 53.0/47.0 51.2/48.8 56.2/43.8
Allergic rhinitis, % (no/yes/unknown) 70.5/5.5/24.0 40.2/45.8/14.0 35.6/50.0/14.4
Smoking status, % (never/current/former/unknown) 43.0/28.6/26.3/2.2 | 40.6/28.2/29.0/2.2 37.3/28.5/32.0/2.1
Passive smoking, % (never/ever/unknown) 18.5/79.6/1.9 15.9/83.0/1.1 14.7/83.2/2.0
Alcohol consumption (times/month), % (never/ > 1/unknown) 34.6/56.9/8.6 33.9/58.0/8.2 39.0/52.4/8.2
Physical activity, % (inactive'/active?/unknown) 21.6/48.0/30.4 25.4/50.4/24.2 22.4/45.9/31.7
Total sitting time daily (hours), % (<8/=8/unknown) 48.1/27.8/24.1 52.2/35.2/12.6 54.6/31.9/13.6
Education (years), % (<10/>10/unknown) 34.0/61.0/5.1 31.8/63.1/5.1 38.5/55.5/6.0
Economic difficulties, % (no/yes/unknown) 48.0/21.1/30.9 51.5/28.1/20.5 47.4/31.1/21.5
Family history of cancer, % (no/yes) 75.0/25.0 72.8/27.2 69.1/30.9

Table 1. Distribution of baseline characteristics according to asthma categories in the HUNT2 Study,
1995-1997 (n=62,791). HUNT: Nord-Trondelag Health Study. Data are given as mean + standard deviation
or percentage of subjects in each asthma category. 'Inactive: no physical activity or only light physical
activity <2 h per week. 2Active: physical activity level from low to high.

Asthma is not curable, but it is controllable with appropriate treatment. Nonetheless, about half of people
with asthma in Europe are reported to be either partly controlled or uncontrolled'*"’. Failure to control asthma
symptoms may not only increase asthma exacerbations but also increase risk of other disease such as atrial
fibrillation'®. Few studies have investigated the possible associations between the levels of asthma symptom
control and lung cancer risk.

The aim of the current study was to explore the potential associations of asthma overall as well as asthma
status and symptom control with lung cancer incidence in a large prospective cohort study with a long follow-
up duration.

Results

In total, 984 of the 62,791 participants developed lung cancer during a median follow-up of 21.1 years. Table 1
describes the distribution of baseline characteristics of participants by asthma categories. Compared to those
without asthma, participants with non-active or active asthma (active asthma was defined if participants with
asthma confirmed symptoms of wheezing or reported using asthma medication at the baseline survey) were
more likely to be former or passive smokers, and to have allergic rhinitis, economic difficulties or a family his-
tory of cancer at baseline (Table 1). Similar patterns were found among participants with controlled or partially
controlled asthma (the latter was defined as fulfilling one or more items based on the Global Initiative for Asthma
guidelines) compared with participants without asthma (Supplementary Table S1). The proportion of controlled
asthma was 37% among the participants with asthma and was 29% among the participants with active asthma.

There was no clear association between asthma overall and lung cancer incidence, with a HR of 1.19 (95% CI
0.91-1.57) after adjustment for smoking and other confounders (Table 2). Active asthma tended to be associ-
ated with an increased lung cancer incidence with an imprecise estimate (HR 1.29, 95% CI 0.95-1.75). Notably,
partially controlled asthma showed an increased lung cancer incidence with an adjusted HR of 1.39 (95% CI
1.00-1.92). Neither non-active asthma nor controlled asthma was associated with the incidence of lung cancer
(Table 2). In the adjusted model allergic rhinitis, as a possible confounder, was not associated with lung cancer
incidence (HR 1.05, 95% CI 0.80-1.39). In addition, participants with both asthma and allergic rhinitis had a
similar HR (1.25, 95% CI 0.86-1.82) for lung cancer incidence as participants with asthma and without allergic
rhinitis (1.22, 95% CI 0.81-1.83) compared with those without asthma.

Results from the following sensitivity analyses provided supportive evidence for the above findings: (1) After
excluding the first three-year follow-up, the associations of active asthma and partially controlled asthma with
lung cancer incidence were strengthened (HR 1.41, 95% CI 1.04-1.93 for active asthma and HR 1.54, 95% CI
1.10-2.14 for partially controlled asthma, Table 3). After exclusion of the first five-year follow-up, it showed
similar pattern of results as the originals (Supplementary Table S2). (2) The results after exclusion of asthma cases
with a higher possibility of COPD using the post-bronchodilator fixed ratio of FEV,/FVC or the lower limit of
normal approach were similar to the original ones (Supplementary Tables S3 and S4). (3) Multiple imputation
for missing data of all covariates including smoking showed comparable association estimates (Supplementary
Table S5) compared with those before the imputation both in the primary cohort (Table 2) and in the cohort
excluding the first 3-year follow-up (Table 3). (4) In the analysis using a negative control exposure (details are
given in Supplementary Text, Figure and Table S6), migraine was inversely associated with heavy smoking in
our study population. However, migraine was not associated with lung cancer incidence after adjustment for
smoking, suggesting that our observed associations of active asthma and partially controlled asthma with lung
cancer incidence were less likely biased by residual confounding due to smoking. (5) The results of competing
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No 59,591/921 | 0.82 1.00 | Reference |1.00 | Reference
Yes 3200/63 1.08 1.29 | 1.00-1.67 |1.19 |0.91-1.57
Asthma status
Non-active asthma | 1090/14 0.69 1.01 |0.59-1.71 ]0.94 | 0.55-1.61
Active asthma 2110/49 1.28 141 |1.06-1.88 |129 |0.95-1.75
Asthma symptom
control®
Controlled 1170/15 0.66 0.88 |0.53-1.46 | 091 |0.54-1.52
Partially controlled | 1622/42 1.47 158 |1.16-2.16 |1.39 | 1.00-1.92

Table 2. The associations of asthma overall, asthma status and levels of asthma symptom control with lung
cancer incidence, the HUNT Study, 1995-97 to 2017 (n=62,791). CI: confidence interval; HR: hazard ratio;

IR: incidence rate. ' Age was used as the time scale in the crude model. 2Adjusted for sex, body mass index,
smoking [(never, former (<10, 10-20, and > 20 pack-years (pyrs)), current (< 10, 10-20, and > 20 pyrs)], passive
smoking, alcohol consumption, physical activity, total sitting time daily, education, economic difficulties,
family history of cancer and allergic rhinitis. Age was used as the time scale. Tvc option of the stcox command
in Stata was used to model the non-proportional hazards for sex, smoking and economic difficulties in the
adjusted models. *An “unknown” level of asthma symptom control is not shown due to limited lung cancer
cases (n=6).

No 58,211/834 | 0.88 1.00 | Reference |1.00 | Reference
Yes 3104/60 1.23 1.38 | 1.06-1.79 |1.27 | 0.96-1.68
Asthma status
Non-active asthma | 1051/12 0.70 0.96 |0.54-1.70 | 0.90 |0.51-1.61
Active asthma 2053/48 1.50 154 | 1.15-2.07 | 141 |1.04-1.93
Asthma symptom
control®
Controlled 1152/15 0.78 0.96 |0.57-1.60 |0.98 |0.58-1.66
Partially controlled | 1564/41 1.73 1.74 | 1.27-2.39 | 1.54 | 1.10-2.14

Table 3. The associations of asthma overall, asthma status and levels of asthma symptom control with lung
cancer incidence after excluding the first three-year follow-up, the HUNT Study, 1995-97 to 2017 (n=61,315).
CI: Confidence interval; HR: Hazard ratio; IR: Incidence rate. ' Age was used as the time scale in the crude
model. >Adjusted for sex, body mass index, smoking [(never, former (< 10, 10-20, and > 20 pack-years (pyrs)),
current (< 10, 10-20, and > 20 pyrs)], passive smoking, alcohol consumption, physical activity, total sitting
time daily, education, economic difficulties, family history of cancer and allergic rhinitis. Age was used as the
time scale. Tvc option of the stcox command in Stata was used to model the non-proportional hazards for sex,
smoking and economic difficulties in the adjusted models. *An “unknown” level of asthma symptom control
with limited lung cancer cases (n=4) is not shown.

risk analysis excluding the influence of death showed a similar trend as our main results with wider CIs due to
many cases of death (n=15,653) (Supplementary Table S7).

Discussion

In this prospective cohort study with 984 incident lung cancer cases during a median follow-up of 21.1 years,
we did not observe a clear association between asthma overall and lung cancer incidence. However, partially
controlled asthma was associated with an increased lung cancer incidence. Adults with active asthma showed
a tendency of increased lung cancer incidence. There was no association of non-active asthma or controlled
asthma with the lung cancer incidence.

Previous meta-analysis studies have suggested a positive association between asthma and lung cancer®"°.
We did not observe a clear association between asthma overall and lung cancer incidence. One of the explana-
tions for this discrepancy may be due to residual confounding by smoking. Many of the studies included in the
meta-analyses did not thoroughly address the role of smoking in the association®®. The best way to address
confounding by smoking is to study the association among never smokers or with certain lung cancer histologic
types. Rosenberger et al. found that the positive association between asthma and lung cancer became weaker in
a sub-analysis among never smokers or when lung cancer was restricted to adenocarcinoma, a histologic type
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that is less strongly associated with smoking than other lung cancer subtypes*. We were not able to evaluate the
associations in never smokers and with histologic types due to small number of lung cancer cases (e.g. there were
only 56 lung cancer cases in the never smokers). Instead, we classified smoking status into detailed categories
including pack-years in the adjusted model and performed sensitivity analyses such as multiple imputations
and negative control exposure to address the possibility of residual confounding by smoking. Although we did
not observe a clear association with asthma overall, we found that partially controlled asthma was associated
with an increased incidence of lung cancer. Participants with active asthma had a tendency for increased lung
cancer incidence. Analyses after multiple imputations for the missing data of all confounders including smoking
showed similar pattern of results. The negative control exposure analysis using migraine also suggested that the
observed associations were less likely biased by residual confounding from smoking, but residual confounding
by smoking cannot completely be excluded. In line with our findings, Pirie and his colleagues included over
half a million never smoking women from the UK Million Women Study who were followed up for more than
14 years and found that asthma requiring treatment was associated with an increased incidence of lung cancer'.

Active airway inflammation linked with active asthma or partially controlled asthma may be associated
with the lung carcinogenic process through elevated levels of free radicals and reduced levels of antioxidants?,
increased DNA damages and mutations?, and permanent abnormality of the airways'”. In our study 29% of the
active asthma patients were controlled. As there was no association between controlled asthma and incidence
of lung cancer, this would dilute the association so that we only observed a tentative association between active
asthma and incidence of lung cancer. Thus, levels of asthma symptom control may reflect the levels of inflam-
mation better than the definition of active asthma. On the other hand, participants with partially controlled
asthma were likely to visit their physicians. This might have led to an increased referral to x-ray of thorax and
thus a greater chance for screening of lung cancer. In addition, 50% of the participants with partially controlled
asthma in our study reported having used inhaled corticosteroid (ICS) regularly. Previous studies have reported
an independently inverse association of the use of ICS with lung cancer risk'®"”. Our study showed similar HRs
for lung cancer incidence among adults with partially controlled asthma who used ICS compared with those who
did not use ICS (data not presented). As we did not have information on the dosage or the patients’ compliance
with ICS use, the potential influence of ICS on the risk of lung cancer warrants further investigation.

Our study is one of few prospective cohort studies that have investigated the potential associations of asthma
overall, asthma status and symptom control with the incidence of lung cancer. We had a large and homogeneous
study population and a long follow-up duration over 20 years. We also had information on a panel of potential
confounders at baseline, which made it possible to minimize confounding. The information of lung cancer
cases from the Cancer Registry of Norway is complete and accurate?’. Misclassification of asthma due to early
undiagnosed lung cancer, the so-called reverse causation, might not be an important problem in this study as
we observed strengthened results after exclusion of the first three years of follow-up.

Our study has several limitations. First, misclassification of asthma was possible due to self-reporting. Nev-
ertheless, self-reported asthma has been verified to be highly specific and reliable in many population studies?'.
In addition, the prevalence of asthma and active asthma (5.1% and 3.3% respectively) in our study was similar
to a previous HUNT study using a slightly different definition of asthma?®? and another Nordic study®. In our
study 37% of the participants with asthma were symptom controlled, which was comparable with the findings
from other European studies'*"*. All information on asthma was collected at baseline long before the diagnosis
of lung cancer. Thus, the misclassification of asthma was likely to be non-differential that in general would lead
to an underestimated association. However, asthma symptoms fluctuate over time. The association estimates
generated from the one-time measure of asthma symptoms from HUNT2 may not reflect the true effect of the
varying asthma symptoms on lung cancer incidence. Second, COPD may be misdiagnosed as asthma due to
similar symptoms, especially among elderly people. This can bias the association between asthma and lung cancer.
However, we excluded participants with possible COPD according to the GOLD definition at baseline and further
excluded asthma cases with higher possibility of COPD in the sensitivity analyses. Third, we did not have infor-
mation on air pollution, radon, or occupational exposure to asbestos and other carcinogenic agents, which are
also important risk factors for lung cancer’. However, except for two smallest municipalities having had mining
industries previously, there was nearly no industrial pollution in the northern area of Trondelag during the time
of HUNT?2 study®. The level of indoor radon in the county was shown to be in the safety range (<200 Bq/m3)
in the national measurement during 1999-2000%. No asbestos-cement factories have existed in the county?.
In any case, people with heavy exposure to asbestos should be minorities due to prohibition of importation and
strict regulation to the use of asbestos in Norway since 1980%. At last, even if we have attempted to adjust for a
large panel of potential confounders in our analyses, we cannot exclude the possibility of unknown confounding.

In conclusion, our study showed that participants with partially controlled asthma had an increased inci-
dence of lung cancer. The finding suggested that proper control of asthma symptoms not only reduced asthma
exacerbations but might also contribute to a reduced incidence of lung cancer.

Methods
Study designand population.  The baseline data were derived from the second survey of The HUNT Study
(HUNT?2, 1995-1997). All adults aged 20 years or older living in the area of northern Trendelag, Norway were
invited to complete general questionnaires on health and lifestyle factors and undergo clinical examinations®.
A total of 65,227 adults (69% of the invited) participated in HUNT2. Every participant was followed up from
the date of participation in HUNT2 until the date of first diagnosis of lung cancer, the date of death or emigra-
tion from Norway or the end of follow-up on December 31, 2017, whichever came first. Lung cancer diagnoses
were obtained from the Cancer Registry of Norway. Information on vital status and emigration was obtained
from the National Population Registry.
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FEVI/FVC <0.7 Y .
o Ever smokers Study population
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Asthma No asthma
(N=3200) (N=59591)

Figure 1. Flow chart of study participants.

We first excluded 2053 participants with previous cancer diagnoses before the baseline based on information
from the Cancer Registry of Norway. Additionally, we excluded 71 participants without information on ever
asthma. To minimize the influence by chronic obstructive pulmonary disease (COPD), we further excluded 312
adults who had possible COPD with all of the following criteria according to the Global Initiative for Chronic
Obstructive Lung Disease (GOLD) definition®*: reported doctor-diagnosed COPD, post-bronchodilator FEV,/
FVC<0.7 and ever smokers at baseline. Reported doctor-diagnosed COPD was defined based on the ques-
tion “Have you been diagnosed as having chronic bronchitis or emphysema by a doctor?”. Lung function was
measured by spirometry in HUNT2. The FEV,/FVC ratio was calculated from forced expiratory volume in 1 s
(FEV,) and forced vital capacity (FVC)?. The post-bronchodilator fixed ratio (FEV,/FVC<0.7) is the recom-
mended spirometric criterion for diagnosing COPD?. This left 62,791 participants in the primary cohort for
analyses (Fig. 1).

Asthma definition. Detailed information on asthma history, symptoms and medication use was obtained
from questionnaires”’. Asthma was defined by affirmative answers to the following two questions: “Do you have,
or have you had asthma?” in combination with “Have you been diagnosed as having asthma by a doctor?”
(n=3200). Asthma status was further categorized into active (n=2110) and non-active (n=1090) asthma. Par-
ticipants were considered having active asthma if they confirmed symptoms of wheezing or reported using
asthma medication in the last 12 months. The following four items were used to describe the level of asthma
symptom control: 1) daytime symptoms more than twice weekly, 2) any night awakening, 3) need for reliever
medications more than twice weekly or 4) any activity limitation based on the Global Initiative for Asthma
(GINA) Global Strategy for Asthma Management and Prevention guidelines®. According to the GINA guide-
lines, controlled asthma refers to asthma without any of the above four items, partly controlled asthma refers to
1-2 items and uncontrolled asthma 3-4 items. We initially classified levels of asthma symptom control as con-
trolled (n=1170), partly controlled (n=1227), uncontrolled (n=395), and unknown (n=408). Partly controlled
and uncontrolled were collapsed into one category named “partially controlled” due to a small number of lung
cancer cases in the uncontrolled category.
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Other baseline variables. Weight and height were measured by health professionals at clinical examina-
tion. Body mass index (BMI) was calculated as weight in kilograms divided by height squared in meter (kg/m?)
and was grouped into three categories (< 25.0, 25.0-29.9, and > 30.0 kg/m?) according to the recommendations
of the World Health Organization (WHO)*. Based on information of smoking status and pack-years, partici-
pants were classified into the detailed categories of smoking: never, former (<10, 10-20, and >20 pack-years
(pyrs)) and current (<10, 10-20, and > 20 pyrs). Other covariates were categorized as: passive smoking (never,
only childhood, only adulthood, and both), alcohol consumption (never, 1-4, and>5 times/month), physical
activity (inactive, low, moderate, and high), total sitting time daily (0-4, 5-7, and 28 h), education (<10, 10-12,
and > 13 years), economic difficulty (yes/no) and family history of cancer (yes/no). Participants were considered
having allergic rhinitis if reporting having allergic rhinitis in combination with use of allergy medication or
allergic symptoms to pollen or pets. Missing information on each of the aforementioned variables was included
in the analyses as an “unknown” category.

Ascertainment of lung cancer. By using the unique 11-digit personal identification number, participants’
information from HUNT2 was linked to the Cancer Registry of Norway®!. The International Classification of
Diseases version 10 (ICD-10) codes used for registration of lung cancer are C33-C34°!. Data from the Cancer
Registry of Norway are reasonably accurate and complete®”.

Statistical analysis. Baseline characteristics of the participants were presented by asthma categories (no
asthma, non-active asthma, and active asthma). We used Cox proportional hazard models to examine the poten-
tial associations of asthma overall, asthma status, and levels of asthma symptom control with lung cancer inci-
dence. Crude and adjusted hazard ratios (HRs) with 95% confidence intervals (CIs) were calculated. Age was
used as the underlying time variable. Potential confounders were selected based on previous knowledge*-*
and directed acyclic graph (DAG). In the adjusted model, detailed categories of smoking status combined with
pack-years was used to minimize confounding by smoking. The model also took account of sex, BMI, passive
smoking, alcohol consumption, physical activity, total sitting time daily, education, economic difficulties, fam-
ily history of cancer and allergic rhinitis. Allergic rhinitis was included in the model as a potential confounder
because it commonly occurs together with asthma and has been reported to be inversely associated with lung
cancer risk*.

We assessed the proportional hazards assumption by Schoenfeld Residuals for exposures and all covariates.
Apart from sex, smoking and economic difficulties, other covariates did not show evidence against proportional
hazards assumption. We therefore used the tvc option of the stcox command in Stata to model the non-propor-
tional hazards for sex, smoking and economic difficulties.

We performed several sensitivity analyses to test the robustness of our findings: (1) To address reverse cau-
sality by existing but undiagnosed lung cancer, we excluded both the first three-year and five-year follow-up.
(2) To further minimize the misclassification of COPD as asthma, we used two ways to exclude asthma cases
with a higher possibility of COPD: we excluded asthma cases who had smoked ten pack-years or more and were
older than 40 years when getting the asthma diagnosis and had (a) post-bronchodilator FEV,/FVC<0.7 (fixed
ratio criterion) (n=104) or (b) post-bronchodilator FEV/FVC z score < -1.64 (lower limit of normal criterion)
(n=75). The fixed ratio criterion is the mostly used approach to define airflow limitation, whereas the lower
limit of normal criterion overcomes the overestimation of the number of COPD among elderly?. (3) To address
residual confounding by smoking and other covariates due to information missing, we conducted multivariable
chained imputation with fully conditional specification (m = 10 imputed datasets) for the missing data of all
covariates based on the assumption of missing at random. (4) To further address residual confounding by smok-
ing, we performed analysis using migraine as a negative control exposure. This negative control exposure should
be associated with the same confounder as the main exposure but not causally associated with the outcome .
The aim of analysis using a negative control exposure is to identify residual confounding that may have resulted
in invalid causal inference for the main exposure-outcome association®’. Previous study suggested that migraine
was associated with smoking® but not with lung cancer. If we observed no association between migraine and
lung cancer after adjustment for smoking, it indicated that the main exposure-outcome (asthma-lung cancer)
association was less likely resulted from residual confounding by smoking. (5) To deal with possible competing
risk due to death, a competing risk analysis based on Fine-Gray model was used®. All statistical analyses were
performed with STATA/SE 15.1 (College Station, TX, USA).

Ethics approval

The study was approved by the Regional Committee for Medical and Health Research Ethics of South-East Nor-
way (2015/78/REC South-East). All participants signed informed written consent on participation in HUNT. The
study was performed in accordance with the ethical standards as laid down in the 1964 Declaration of Helsinki
and its later amendments or comparable ethical standards.
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Data from the HUNT Study is available on request to the HUNT Data Access Committee (hunt@ medisin.ntnu.
no) when is used in research projects. The HUNT data access information describes the policy regarding data
availability (https://www.ntnu.edu/hunt/data).
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