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Summary

According to the 2014 World Cancer Report, lung cancer is the most common cancer in men
and the third most frequent in women across the globe, and the leading cause of cancer death
worldwide. In Norway, lung cancer was the second and third most frequent cancer among
men and women, respectively in 2013, as well as being first in the country terms of cancer
mortality in both sexes. The rising worldwide incidence of lung cancer among women has
raised the possibility of a sex difference in the association between smoking and lung cancer.

It has been estimated that approximately 90% of all lung cancer is related to smoking. Other
known and potential risk factors for lung cancer include exposure to passive smoke, and
occupational and environmental carcinogens. Trends in lung cancer incidence among men and
women tend to follow changes in cigarette smoking trends from decades earlier. The smoking
prevalence among women peaked almost 20 years later than that in men in most countries,
and men have consumed more than 70% of the cigarettes smoked in Norway.

The aims of this thesis were to study the association between smoking and risk of lung cancer
(Paper 1) and lung cancer death (Paper 2) by sex, as well as to determine whether the
association between smoking and lung cancer mortality was similar across education levels
for men and women (Paper 2). In Paper 3, we wanted to examine active and passive smoking
and risk of lung cancer in a national random sample of Norwegian women and estimate the
population attributable fraction (PAF). We utilized the Norwegian Health Screening Surveys,
a pooled cohort of three studies that included almost 600,000 Norwegian men and women, in
Papers 1 and 2. In Paper 3, we used data from 142,508 participants of the Norwegian Women
and Cancer study.
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When we analyzed measures of smoking exposure in categorical groups, we detected no
difference in the risk of lung cancer or lung cancer death between men and women. When we
analyzed categories of measures of smoking exposures as continuous variables for current
smokers, females had a significantly higher risk of lung cancer (Paper 1) and lung cancer
death (Paper 2) than males. Among women, low education level was associated with an
increased risk of lung cancer death (Paper 2). In Paper 3, we found that current and former
smokers had a 14- and 4-fold increased risk of lung cancer, respectively, when compared with
never smokers. Passive smokers had a 1.3-fold, non-significant, increased risk of lung cancer
when compared with never smokers. Furthermore, we found that eight in 10 lung cancer cases
among women could have been avoided if the women had never smoked.
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1 Introduction

Cigarette smoking is by far the number one risk factor for lung cancer (1). Trends in lung
cancer incidence among men and women tend to follow changes in cigarette smoking trends
from decades earlier. In most countries, smoking prevalence among women peaked almost 20
years later than it did in men (2). The rising worldwide incidence of lung cancer among
women has raised the possibility of a sex difference in the association between smoking and
lung cancer.

1.1 Lung cancer incidence, prevalence, and mortality

According to the 2014 World Cancer Report, lung cancer is the most common cancer in men
and the third most frequent in women across the globe, and the leading cause of cancer death
worldwide. Due to a high and rather stable fatality rate, trends for lung cancer mortality rates
are similar to those for incidence rates. More people die of lung cancer than of colon, breast,
and prostate cancer combined (1). In 2013, 1,555 lung cancer cases were diagnosed in men
and 1,301 in women in Norway (3).

8

Figure 1: Lung cancer in Norwegian men and women 1955-2014. From the Norwegian Cancer Registry, 2016.

1.2 Smoking and risk of lung cancer

Lung cancer is one of the few cancer types for which the etiology is known in the majority of
cases (1). In 1950, the landmark study by Richard Doll and colleagues investigated lung
cancer incidence among British medical doctors. This study led the scientific community to
categorize tobacco as a carcinogenic substance (4). The increased risk of lung cancer
associated with smoking was first observed with convincing statistical proof in 1956, when
The British Doctors’ Study was published by Doll and Hill (5). It is estimated that
approximately 90% of all lung cancer cases are related to smoking (6).

The risk of lung cancer increases with the number of years one has smoked (i.e., smoking
duration), number of cigarettes smoked (i.e., smoking intensity), and early age at smoking
9

initiation (7). In 1978, Doll and Peto observed that smoking duration is much more important
than smoking intensity in causing lung cancer (8). The close relationship between smoking
and lung cancer can be observed when comparing historical lung cancer incidence and
smoking prevalence, which follow a similarly shaped curve, with a time lag.

1.2.1

The four-stage model of the smoking epidemic

The rise and fall in smoking prevalence over time is remarkably similar across developed
countries. Cigarette consumption was almost non-existent in the late 1800s, then increased
exponentially and peaked around the middle of the 20th century. This increase unfolded much
like the pattern produced by an epidemic, with four distinct stages (9).

In the first stage (1900-1920) was the increased popularity of cigarettes, particularly in higher
social classes, which marked the start of mass smoking among men, while for women,
smoking remained marginal. In the second stage (1920-1950), smoking prevalence rose
sharply, with smokers representing more than half of men and around 20% of women by the
end of the period. During the third stage (1950-1980), smoking among men started to decline,
especially in groups with higher socioeconomic status, while smoking among women reached
a maximum of approximately 40%. In the last stage, which is ongoing (1980-), smoking
prevalence has decreased, and is currently at around 20% for both sexes. The four-stage
model shows that the health consequences of smoking depend on smoking prevalence in the
population, and illustrates the substantial time lag between smoking initiation and smokingassociated death, as the health consequences of smoking appear many decades after smoking
cessation. Thus, the four- stage model predicts that smoking-associated health consequences
for women will increase in the same way smoking prevalence did in this sex – i.e.,
consequences will occur later in women as they entered the smoking epidemic later than men
10

– and both smoking prevalence and smoking-associated mortality will peak at a lower level
among women than men. These facts are crucial when studying the consequences of smoking
among women, and when trying to compare health disparities between the sexes.

Figure 2. The four-stage model of the smoking epidemic. From Lopez et al. (1994). Reprinted with permission from Lopez.
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1.2.2

Smoking in Norway: a birth cohort perspective

Over the last century, there has been large variability in the proportion of smokers within and
across birth cohorts. Within male cohorts, the typical development has been a steady increase
in the proportion of smokers from the youngest age groups to the age of 30 years, after which
the situation tended to stabilize for a number of years, followed by a decrease in smoking
prevalence in the older age groups. In the earliest birth cohorts, this decrease usually started
around the age of 60 years, but in later cohorts it has tended to start earlier. The highest
proportions of male ever smokers were observed in cohorts born between 1905 and 1935,
with a peak prevalence above 70% occurring when the cohorts were between 20 and 45 years
old. Among women, smoking prevalence has changed in a similar manner, but with a 20-year
time lag and a lower prevalence. The highest smoking prevalence among women was 52%
among 25-29-year-olds from cohorts born in 1940-1944, and 20-24-year-olds from cohorts
born in 1945-1949. Even for female cohorts, there was a clear tendency for the proportion of
smokers to increase in younger age groups and decrease in older age groups (2). In 2013, the
percentage of daily smokers is in Norway was 15% for both men and women (10).
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Figure 3: The proportion of current smokers in 1915-2010 among Norwegian men and women by birth cohort. From Lund I,
et al (2014). Reprinted with permission from Lund.

1.2.3

Sex-specific cigarette consumption

The results of the combined effect of higher smoking prevalence and higher cigarette
consumption indicate that, from an epidemiological perspective, men have had a longer and
more intense smoking exposure than women (2).

1.2.4

Passive smoking

The inhalation of tobacco smoke by non-smokers has been referred to as “passive smoking”
or “involuntary smoking”. The first epidemiological studies on passive smoking and the risk
of lung cancer in non-smokers were published in 1981. In 1986, there was sufficient evidence
to conclude that passive smoking causes lung cancer in non-smokers (1). The International
13

Agency For Research on Cancer (IARC) Monograph from 2004, the US Surgeon General`s
Report from 2006, and the World Cancer Report from 2014, state that approximately 20-30%
of all lung cancer cases are related to passive smoking (1, 11, 12). However, data on the risk
of lung cancer in passive smokers are limited. Among the 34 potential risk factors for lung
cancer, including passive smoking, investigated among never smokers in the UK Million
Women Study, only asthma, taller stature, and non-white vs. white ethnicity, were
significantly associated with increased lung cancer incidence. There was little association
with other sociodemographic, anthropometric, or hormonal factors, or with dietary intakes of
meat, fish, fruit, vegetables, and fiber (13).

1.3 Other risk factors for lung cancer

Other known and potential risk factors for lung cancer include exposure to occupational and
environmental carcinogens such as asbestos, radon, polycyclic aromatic hydrocarbons, and
outdoor pollution (1, 14).

1.3.1

Socioeconomic status

Lung cancer is more likely to occur in poorer and less-educated populations, reflecting the
increase in smoking prevalence that is observed in the presence of worse outcomes for
indicators of socioeconomic status, like income, education, and occupation (15). The 2006 US
Surgeon General’s Report pointed out that exposure to secondhand smoke tends to be greater
for persons with lower incomes than those with higher incomes. (12).
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1.3.2

Diet

The 2014 World Cancer Report does not state anything about diet and the risk of lung cancer
(1). A report from the European Prospective Investigation into Cancer and Nutrition (EPIC)
study, which includes women from the Norwegian Women and Cancer (NOWAC) study, did
not find that meat or fish consumption were significantly related to an increased risk of lung
cancer (16). Another report from the EPIC study observed inverse associations between the
consumption of vegetables and fruits and risk of lung cancer in never smokers, but a weak,
significant association was found in current smokers (17).

1.3.3

Alcohol consumption

Alcohol consumption is known to increase the risk of certain cancers, but it is not mentioned
as an independent risk factor for lung cancer in the 2014 World Cancer Report (1). A
publication from the EPIC study reported a non-significant, increased risk of lung cancer
among those with a high lifelong alcohol consumption. They also observed a lower risk of
lung cancer among moderate consumers compared with light consumers of alcohol (18). A
pooled analysis of data from seven prospective studies observed an increased risk of lung
cancer among never smokers, and a slightly higher risk associated with a very high daily
consumption of alcohol (19). However, no association between lung cancer mortality and any
level of alcohol consumption was observed in men or women in a large cohort study of
lifelong non-smokers (20).

1.3.4

Physical activity

The 2014 World Cancer Report does not discuss eventual associations between physical
activity and lung cancer (1), and the 1996 Surgeon General’s Report on physical activity did
15

not mention the risk of lung cancer (21). In 2002, the IARC concluded that the association
between physical activity and risk of lung cancer was inconclusive (22). A study based on the
EPIC cohort observed no inverse association between occupational or household physical
activity and the risk of lung cancer, but saw some reduction in risk associated with sports
(23). Results from a large prospective cohort study did not support any association between
physical activity and the risk of lung cancer (24).

1.3.5

Body mass index

The 2014 World Cancer Report does not discuss eventual associations between body mass
index (BMI) and lung cancer (1), and a report from the IARC concluded that the available
studies are not of sufficient quality to permit a conclusion regarding the presence or absence
of a preventive effect of the absence of excess body fatness on lung cancer (25). Results from
the EPIC study showed a significant inverse association between BMI and the risk of lung
cancer after adjustment for smoking and other confounders. Given the decline in the inverse
association between BMI and lung cancer over time, the association is likely to be at least
partly due to weight loss resulting from preclinical lung cancer that was present at baseline.
They concluded that residual confounding from smoking could have influenced their results
(26).

1.4 Sex and lung cancer

During the last decade in Norway, the prevalence of lung cancer in women has surpassed that
of colon cancer. Lung cancer mortality has also surpassed breast cancer, and is now the most
common cause of cancer death in women. For both men and women, lung cancer is now the
second most common cancer type, as well as being the cancer type that causes the highest
number of deaths (27). The question of whether women are more susceptible to smoking16

associated lung cancer has been raised as a result of the rising incidence of the disease in
women globally. Neither the 2014 World Cancer Report nor the 2014 US Surgeon General’s
Report discussed a possible sex difference in the risk of smoking-associated lung cancer (1,
28). The 2004 IARC Monograph concluded that there was inconsistent and inadequate
epidemiological evidence to support the proposal that women are more susceptible than men
to developing lung cancer as a result of smoking (29). The 2012 IARC Monograph referred to
cohort studies which observed that the risk of smoking-associated lung cancer was generally
similar among men and women, but also referred to a meta-analysis that observed a slightly
higher risk in women than in men (7).

1.5 Histology

Lung cancer can be divided into two broad categories: small-cell lung cancer, which accounts
for 15% of lung cancer cases, and non-small cell lung cancer, which accounts for the
remaining 85% of cases. Non-small cell lung cancer is further divided into three major
histological subtypes: adenocarcinoma, squamous cell carcinoma, and large cell carcinoma
(1). In the past decade, the incidence of adenocarcinoma has increased greatly, replacing
adenocarcinoma as the most prevalent lung cancer subtype. Today adenocarcinoma is the
most prevalent subtype for both men and women in Norway (30).
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2 Aims of the thesis

The aims of this thesis were to study by sex the association between smoking and risk of lung
cancer and lung cancer death. Moreover, this thesis examines whether the association between
smoking and lung cancer mortality was similar for different education levels for men and
women. In addition, we wanted to examine active and passive smoking and risk of lung
cancer in a national random sample of Norwegian women, and to estimate the population
attributable fraction (PAF). We utilized the Norwegian Health Screening Surveys (NHSS), a
pooled cohort of three studies, in Papers 1 and 2. In Paper 3, we used data from the NOWAC
study.

Thus, the specific aims were:

1. To examine if the association between smoking and the risk of lung cancer differed by
sex.

2. To explore if smoking-associated lung cancer mortality differed by sex and education
level.

3. To examine the association of active and passive smoking with risk of lung cancer,
and calculate the PAF of lung cancer due to smoking.

18

3 Materials and methods

3.1 Study population

The study population in Papers 1 and 2 comprised Norwegian men and women born between
1899 and 1975, participating in three large prospective cohort studies conducted by the
National Health Screening Service (now included in the Norwegian Institute of Public
Health): the Norwegian Counties Study (inclusion period: 1974-1978), the 40 Years Study
(inclusion period: 1985-1999), and the Cohort of Norway (CONOR, 1994-2003), hereafter
referred to as the NHSS.

Invitees to the NHSS were selected based on year of birth and place of residence. They then
received an invitation and baseline questionnaire. Trained nurses measured height and weight
at the screening facility. The response rates varied between 56% and 88% in the NHSS (31).

3.1.1

The Norwegian Counties Study

The purpose of the Norwegian Counties Study was to investigate cardiovascular diseases.
This survey was carried out in the three rural Norwegian counties (Finnmark, Sogn og
Fjordane, and Oppland), and consisted of three rounds of health screenings carried out during
the periods 1974-1978, 1977-1983, and 1985-1988. In the first round, all residents aged 35-49
years were invited, as well as a random sample of 10% of the general population aged 20-34
years. In the second and third rounds, a combination of previous participants and new cohorts
were invited, and similar protocols and questionnaires were used. The participation rates were
88%, 88%, and 84% at the three screening rounds, respectively (31-33).
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3.1.2

The 40 years cohort

The purpose of the 40 years cohort was to study cardiovascular diseases. This survey was
carried out between 1985 and 1999, and included 420,000 Norwegian men and women from
all counties of Norway. Mostly men and women aged 40-42 years were invited, though
individuals aged 65-67 years were invited in some counties in the first of four phases of this
study. The overall participation rate was 69% (31, 34, 35).

3.1.3

Cohort of Norway

The purpose of CONOR was to investigate causes of disease on a broad basis. In this survey,
regional data from 10 epidemiological surveys conducted between 1994 and 2003 were
merged into a national database. In all the CONOR surveys, standardized protocols,
procedures, and questionnaires were used. The average response rate for the 10
epidemiological surveys included in CONOR was 56% (31, 36, 37). A further description of
these 10 surveys is included in the appendix.

3.1.4

The Norwegian Women and Cancer study

In Paper 3, we used data from the NOWAC (kvinner og kreft) study. The NOWAC study is a
national, population-based cohort study of women which was initiated in 1991 (38). The study
was originally designed to investigate the association between oral contraceptive use and risk
of breast cancer, and it has gradually expanded to cover other outcomes and risk factors.

NOWAC participants have been sampled randomly from the Norwegian Central Person
Register (38). Participants born in 1927-1965 were enrolled in three main waves in a stepwise
manner, mainly due to practical administrative reasons, limited financial support, and the
20

performance of methodological substudies. In this study, we used data only from
questionnaires in the red boxes in figure 4. Figure 4 (red boxes) shows that the first wave of
enrollment took place in in 1991, the second wave in 1995-1997, and the third wave in 20032007.

A total of 179,388 women were invited to participate in the first and second wave of
enrollment (1991, and 1995-1997), with an overall response rate of 57.5% (39). However, the
response rate for the second wave of enrollment was 81% after correction for emigration and
death. During the third wave of enrollment (2003-2007, Figure 4, red boxes), an additional
148,088 women were invited to participate, with a response rate of 48% after correction for
emigration, death, and unknown addresses. After the exclusion of 29,970 women, our study
sample consisted of 142,508 women.

The participants answered a detailed four-page questionnaire, which collected information on
use of oral contraceptives and hormone replacement therapy, reproductive history, physical
activity, alcohol consumption, anthropometric measures (height/weight), socioeconomic
status, and smoking habits. Furthermore, a large proportion of the questionnaires contained a
four-page food frequency questionnaire.

21

Figure 4: Enrollment in the Norwegian Women and Cancer Study
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3.2 Exposure information in the Norwegian Counties Study, the 40 years cohort,
and the Cohort of Norway

The NHSS had a baseline questionnaire, which collected detailed information on smoking
habits, physical activity, and other lifestyle factors. The variables in CONOR were adequately
structured; thus that questionnaire was used as reference for standardizing the other surveys’
questionnaires. Questions on smoking habits were similar but not identical across all surveys,
and questions asked about current and former daily smoking habits, smoking duration,
average number of cigarettes smoked per day, and in a few surveys, former smokers were
asked about time since smoking cessation. Only CONOR asked about age at smoking
initiation. In the other surveys, this variable was estimated for both current (age at enrollment
minus duration of smoking in years) and former (age at enrollment minus years since smoking
cessation and duration of smoking) smokers. We also found common formats for other
variables, such as alcohol consumption, which were available only in the latest surveys (the
40 years cohort III and IV and CONOR). After receiving specified exposure variables from
the primary data of each survey, a standardized database for the pooled analysis was created.
For participants who took part in more than one survey, only the earliest survey was included.
Information about physical activity was obtained using a self-reported measure. The subjects
were categorized into three groups based on level of physical activity reported at the time of
enrollment: sedentary (reading, watching television, and sedentary activity), moderate
(walking, bicycling, and/or similar activities ≥4 hours per week) and heavy (light sports or
heavy gardening ≥4 hours per week, heavy exercise, or daily competitive sports). Education
level is a reliable indicator of socioeconomic status because it is stable, established in early
adulthood, and not modified by chronic disease (40). The most recent information from
Statistics Norway on the number of completed years of education was used instead of the selfreported information in the questionnaires. We used the number of completed years of
23

education recorded in 1990 or 1980, and if this information was missing, we used data from
1970. Detailed information on how the files from the three surveys were merged into a single
database is included in the appendix (with permission from R. Parajuli and E. Bjerkaas) (41,
42).

3.3 Exposure information in the Norwegian Women and Cancer study

All the different NOWAC questionnaires used in our study asked if the women had ever been
smokers. Those answering “yes” were requested to fill in the number of cigarettes smoked per
day at different age intervals, allowing us to calculate the average number of cigarettes
smoked per day. From questionnaire 10 (Figure 4 red boxes) and later, women were asked if
they presently smoked on a daily basis. We classified former smokers according to years since
smoking cessation. We categorized women who had never smoked as passive smokers if they
reported exposure to passive smoking as children or from their spouse as an adult. We
categorized the remaining never smokers as never smokers. Some of the questionnaires asked
about age at smoking initiation. We calculated average alcohol consumption in g/day among
drinkers based on the content of pure alcohol in different beverages and usual portion sizes in
Norway.

3.4 Follow-up and endpoints
Participants were followed through linkages to the Cancer Registry of Norway and the Central
Population Register, using the unique 11-digit personal identification number, to identify all
lung cancer cases, lung cancer deaths, emigrations, and other deaths. These national registries
are both accurate and virtually complete (43). In Paper 1, we excluded 50,257 individuals:
647 who emigrated or died before the start of follow-up, 11,321 with prevalent cancer, 190
with missing information on vital status, 6,303 with missing measures of smoking exposure,
24

and 31,796 with other missing covariates that were included in the analyses, leaving 585,583
in the analytical cohort. In Paper 2, we excluded 40,091 individuals due to emigration or
death before the start of follow-up, missing information on vital status, measures of smoking
exposure, missing information on education, or missing information on any of the covariates
included in the analysis, leaving 595,675 in the analytical cohort. In Paper 3, we excluded
29,970 individuals: 6.664 due to prevalent cancer, 74 who emigrated or died before start of
follow-up, 32 with an age at exit below the age at recruitment, 590 with missing information
on smoking exposure, 10,879 never smokers with missing information on passive smoking,
and 11.731 with missing information on any of the covariates included in the analysis, leaving
142,508 in the analytical cohort. We classified lung cancer cases using the anatomical sites
and histological codes in the International Classification of Diseases (ICD) for Oncology. We
included all primary incident carcinomas of the trachea, bronchus, and lung (ICD codes 8, 9
and 10). We classified lung cancer into six histological subtypes (squamous cell,
adenocarcinoma, large cell, other not specified non-small cell carcinoma, small-cell
carcinoma and other carcinomas) (44). In Paper 2, we used the histological subtype registered
at lung cancer diagnosis as the type that led to death if the patient died from lung cancer.

3.5 Statistical analysis

In Paper 1, we used a Cox proportional hazards model with attained age as the underlying
time scale to estimate the multivariate-adjusted hazard ratios (HRs) with 95% confidence
intervals (CIs) for the associations between different measures of smoking exposure, using
both categorical variables and continuous variables, and lung cancer. The categorical smoking
exposure variables we used were: smoking duration in years (1-9, 10-19, 20-29, ≥30), number
of cigarettes smoked per day (1-10, 11-20, >20), pack-years (1-5, 6-15, ≥16) and age at
smoking initiation (≥21, 16-20, <16 years). The continuous variables were: smoking duration
25

in 10-year increments, tens of cigarettes smoked per day, tens of pack-years, and age at
smoking initiation for former, current, and ever smokers. We evaluated the association
between the categorical variable years since smoking cessation (0-4, 5-9, ≥ 10) and the
continuous variable time since smoking cessation in 10-year increments and risk of lung
cancer, for former smokers only. Never smokers were used as the reference group in all
categorical smoking analyses, except for the association between years since smoking
cessation and risk of lung cancer, where we used current smokers as the reference group.
Never smokers were not included in analyses where smoking exposure was measured
continuously. The a priori-selected covariates included in the final models were: physical
activity level (sedentary, moderate, or heavy), BMI, and duration of education. We tested for
linear trend across categories of measures of smoking exposure for former, current, and ever
smokers, excluding never smokers, based on the median value in each smoking category,
using the lowest category of each measure of smoking exposure as a reference. We used Cox
models stratified by cohort study and birth cohort (≤1950 and >1950) to overcome any
probable heterogeneity for these variables. We used the Wald test to assess heterogeneity by
sex for the associations between different measures of smoking exposure and lung cancer.

In Paper 2, we used a Cox proportional hazards model with attained age as the underlying
time scale to estimate the multivariate-adjusted HRs with the 95% CIs for the associations
between different measures of smoking exposure using both categorical and continuous
variables, and lung cancer mortality. The categorical smoking exposure variables used were:
smoking duration in years (1-19, 20-29, >30), number of cigarettes smoked per day (1-10, 1120, >20), and pack-years (1-9, 10-19, ≥20)]. The continuous variables were: smoking duration
in 10-year increments, tens of cigarettes smoked per day, and tens of pack-years, for current
smokers. Never smokers were used as the reference group in all categorical smoking analyses,
but they were not included in the continuous smoking analyses. A priori, we considered
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alcohol, physical activity, BMI, and education level as possible confounders. We tested for
interaction between smoking status and sex, and between smoking status and education level,
and decided to stratify by sex and by education level. We decided to adjust on BMI and
physical activity, but did not include alcohol as a covariate due to the large amount of missing
data. We tested for linear trend across categories of measures of smoking exposure for current
smokers, excluding never smokers, based on the median value in each smoking category,
using the lowest category of each measure of smoking exposure as a reference. We used Cox
models stratified by cohort study and birth cohort (≤1950 and >1950) to overcome any
probable heterogeneity for these variables. We used the Wald test to assess heterogeneity by
sex and by education level for the associations between different measures of smoking
exposure and lung cancer mortality.

In Paper 3, we used a Cox proportional hazards model with age as the underlying time scale
to estimate crude and multivariate-adjusted HRs and 95% CIs for the associations between
lung cancer and measures of smoking exposure. The reference group was composed of never
active and never passive smokers, unless otherwise noted. We included the covariates that
changed the HR estimate in the crude model by at least 5%, that could potentially confound
the association between smoking and lung cancer. We included the following variables in the
final multivariate models: age at enrollment, duration of education (<10, 10-12, ≥ 13 years),
and average alcohol consumption (0, ≤ 4, 5-9, ≥ 10 g/day). We stratified all models by
recruitment sub-cohort (1991-1992, 1996-1997 and 2003 -2007) to control for potential
differences in recruitment waves. We tested for linear trend for smoking exposure (smoking
duration, number of cigarettes smoked per day, pack-years, and age at smoking initiation) for
ever smokers, based on the median value in each category, using the lowest category of each
measure of smoking exposure as a reference, i.e., excluding never smokers. We tested for
linear trend among former smokers and years since smoking cessation in three categories
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based on the median value, using the lowest category of years since smoking cessation as a
reference, i.e., excluding current smokers, which was the reference group. We estimated PAF
(%) to indicate the proportion of lung cancer cases that could have been prevented in the
female population in the absence of smoking.

In all 3 papers, we tested and found that the criteria for the proportional hazards assumption
were met using Schoenfeld residuals. Analyses in all 3 papers were done in STATA, version
14.0 or 15.0 (StataCorp LP, College Station, Texas, USA). Two-sided p-values <0.05 were
considered statistically significant.

3.6 Ethical aspects

For NHSS participants recruited before 1994, returning the completed questionnaire was
considered sufficient as acceptance to participate. As from 1994, participants gave written
informed consent to participate in the surveys. We also obtained approval from the respective
steering committees to all the health surveys included. Our study was approved by the
Regional Ethical Committee and the Norwegian Data Inspectorate. The women included in
the NOWAC study were sent an invitation letter along with the questionnaire. The women
were also informed about later linkages to the Cancer Registry of Norway and the Cause of
Death Register. The Regional Ethical Committee and the Norwegian Data Inspectorate has
approved the NOWAC study.
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4 Results - summary of papers

4.1 Paper 1 - Sex differences in risk of smoking-associated lung cancer: Results
from a cohort of 600,000 Norwegians

In this paper, we examined the association between smoking and the risk of lung cancer by sex.
During nearly 12 million years of follow-up, 6,534 participants (43%) women) were diagnosed
with lung cancer. The age-standardized incidence rate of lung cancer in current smokers was
more than 30-fold greater in men and more than 10-fold greater in women, compared with sexspecific never smokers. Compared with sex-specific never smokers, male and female current
smokers who smoked for ≥16 pack-years had HRs for lung cancer of 27.24 (95% CI: 22.4233.09) and 23.90 (95% CI: 20.57-27.76), respectively. For current smokers, in a model with
pack-years measured continuously, men and women had HRs of 1.43 (95% CI: 1.39-1.48) and
1.64 (95% CI: 1.57-1.71), respectively, for each 10-pack-year increment of smoking (p for
heterogeneity <0.01). When we analyzed different measures of smoking exposure according to
categorical groups (smoking duration, cigarettes smoked per day, and pack-years) and the risk
of lung cancer in current and former smokers, we did not detect a difference between men and
women for most of the measures of smoking exposure. Among current smokers, we observed
a higher risk of lung cancer in men compared with women only in the three lowest categories
(1-9, 10-19, 20-29 years) of smoking duration, and in the lowest category of pack-years (1-5
pack-years). For all the other categorical measures of smoking exposure in current smokers
(≥30 years of smoking, all categories of cigarettes smoked per day, 1-5 pack-years, and 6-15
pack-years), we did not detect a difference in the risk of lung cancer in men compared with
women. For former smokers, we did observe a sex difference, but only among those with a
smoking duration of ≥30 years. When we analyzed the three different measures of smoking
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exposure as continuous variables for current smokers, women had a significantly higher risk of
lung cancer compared with men. We did not detect a sex difference when looking at measures
of smoking exposure as continuous variables and the risk of lung cancer for former smokers.

4.2 Paper 2 - Smoking related lung cancer mortality by education and sex in
Norway

The objectives of the study were to explore a potential heterogeneity in smoking-related lung
cancer mortality by sex and education level. Compared with sex-specific never smokers,
current smokers had a lung cancer mortality HR of 20.05 (95% CI: 16.25-24.74) for men, and
13.97 (95% CI: 11.98-16.29) for women (p for heterogeneity = 0.01). For each 10-year
increase in smoking duration, women had a 65% higher HR (1.65, 95% CI: 1.54-1.78) and
men a 36% higher HR (1.36, 95% CI: 1.28-1.44) for lung cancer mortality (p for
heterogeneity <0.01). For female current smokers, there was a significant difference between
those with <10 years (HR: 15.85, 95% CI: 12.32-20.38) compared with those with ≥13 years
of education (HR: 9.41, 95% CI 6.49-13.68) (p for heterogeneity <0.01). For male current
smokers, the HR did not vary for the different categories of smoking exposure when we
compared those with the lowest and highest education level (all p for heterogeneity >0.05).
Our results suggest that women have an increased risk of dying from lung cancer compared
with men, given the same level of smoking exposure. Among women, low education level
was associated with increased lung cancer mortality, compared with those a middle and high
education level.
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4.3 The fraction of lung cancer attributable to smoking in the Norwegian Women
and Cancer study

In Paper 3, we examined the risk of lung cancer associated with active and passive smoking,
and estimated the PAF of lung cancer due to smoking. During the more than 2.3 million
person-years of observation and 15.9 years of follow-up, we identified 1,507 lung cancer
cases in the Cancer Registry of Norway. Current smokers had a lung cancer HR that was
almost 14-fold (HR: 13.88, 95% CI: 10.18-18.91), and former smokers a HR that was almost
4-fold that of never smokers (HR: 3.69, 95% CI: 2.68-5.09). Compared with never smokers,
passive smokers had a 1.3-fold (HR 1.34, 95% CI: 0.89-20.01), non-significant increased risk
of lung cancer. The PAF of lung cancer due to smoking was 85.3% (95% CI: 80.1-89.2).
More than eight in ten lung cancer cases could have been prevented among women if all had
been never smokers.
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5 Discussion of methodological considerations

Epidemiological studies present considerable opportunities for errors, which could take place
in any step of the research process. The conclusions drawn from any analysis could, therefore,
be limited (45).

5.1 Study design

There are three basic types of observational study designs in which individuals are the units of
observation: the cohort or prospective study, the case-control study, and the cross-sectional
study. Our results are based on cohort studies. Cohort data, if unbiased, reflect the “real-life”
cause-effect temporal sequence of events. This is the only necessary criteria to establish
causality (46). A well-designed cohort study can give powerful results. In a cohort study, an
outcome or disease-free study population is first established by the exposure or event of
interest and followed in time until the disease or outcome of interest occurs. Because exposure
is identified before the outcome, cohort studies have the structure to produce strong scientific
evidence. A main disadvantage of cohort studies is the need for a large sample size and
potentially long follow-up duration due to relatively rare outcomes such as cancer, which
results in high costs. Also, if the data is based on a single measurement, as it is in our study,
the researcher has no information about eventual changes in the main exposure (e.g.,
smoking), or covariates over the study period. This thesis is based on cohorts with large
sample sizes. Given this opportunity, we wanted to examine potential sex differences in the
exposure-disease association between smoking and risk of lung cancer/lung cancer mortality
(Papers 1 and 2). In Paper 3, we estimated the risk of lung cancer in active and passive
smokers, and the number of lung cancer cases that could have been avoided in the absence of
smoking.
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5.2 Validity (external and internal)

Validity is an expression of the degree to which a test or a study is capable of measuring what
it is intended to measure, and consists of two parts: internal validity and external validity (46).
External validity, or generalizability, applies to whether one can generalize beyond the source
population to the target population (45). Our study sample from the NHSS included surveys
that have been validated separately (35-37, 47). NHSS participants were drawn from the
Norwegian population, based on year of birth and residence, and represent a selection of the
Norwegian population, both rural and urban. NOWAC participants were selected randomly
from the general female population of Norway according to age (38, 39). Therefore, the
external validity has been secured to a large extent in the NHSS and the NOWAC study.
Together with the relatively high response rates, this suggest that our results from the NHSS
can be generalized to the Norwegian population and Western countries. Our results from the
NOWAC study can be generalized to middle-aged women in Norway and Western countries.

5.2.1

Internal validity

Internal validity is the degree to which the results of an observation are correct for the
particular group of people studied. Any bias is usually placed into one of three categories:
selection bias, information bias, and confounding (45, 46).

5.2.2

Selection bias

Selection bias occurs when a systematic error in the recruitment of study subjects, exposed
subjects, or unexposed subjects, results in a tendency to distort the association between the
exposure and the outcome. Because participants (exposed and unexposed) in cohort studies
are selected before the outcome occurs, differential selection according to disease status is
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less likely to occur (46). However, selection bias could be caused by a “healthy volunteers
effect”, as volunteers are often characterized as healthier than the general population (48).
Both the NHSS and the NOWAC study have high numbers of ever smokers, reducing the
concern that a large number of smokers did not attend the surveys.

NHSS participants represent a selection of the Norwegian population, both rural and urban, as
the participants were selected based on age and county of residence. The participation range
was higher in the earliest surveys, ranging from 88% in the Norwegian Counties Study to
56% in CONOR. However, the overall participation rate in CONOR was influenced by the
low participation rate in those aged ≤30 years (37). As the enrollment period in CONOR was
1994-2003, the low proportion of young participants likely does not disturb our results, since
mean age at lung cancer diagnosis in our study was 64 years. Previous reports showed that
individuals who choose to participate in research studies have either a high or a low education
level (49). Recent studies have found an increasing over-representation of highly educated
women as the age of study samples increases (39). In the HUNT study, non-participants had
lower socioeconomic status and higher mortality than participants (50). Thus, as lung cancer
is more common in men and women with a low education level, possible selection bias should
be taken into consideration. For the NHSS, selection bias could lead to a reduced estimate of
the effect of smoking on lung cancer. Furthermore, we had a similar proportion of male and
female participants in the NHSS. A total of 50,257 (55% women) participants were excluded
in Paper 1, and of the 11,321 excluded participants with prevalent cancer, 63% were women.
In Paper 2, the proportion of excluded participants among men and women were quite similar
to those in Paper 1. As our study had the same proportion of men and women excluded due to
missing data, it is unlikely that our analytical sample suffers from severe selection bias
according to the proportion of men and women.
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Since its beginnings, the NOWAC study has been designed to create a representative,
population-based, prospective study cohort. The response rate in the NOWAC study was
investigated at the time the study was initiated in order to describe the responders versus the
non-responders. The results showed that recruitment decreased with age, and that nonresponders were less likely than responders to reside in northern part of Norway. Validation
studies of the population within the NOWAC cohort have shown that the distribution of
exposures is independent of response rate (51). Furthermore, the incidence rates of total
cancer correspond with national figures (39). As the response rate decreased with age, our
observed risk of lung cancer and our PAF could be underestimated, as the mean age at lung
cancer diagnosis was above 60 years, and the proportion of daily smokers declined more in
2005-2016 among those <45 year compared to older age groups. If the smoking prevalence in
the NOWAC cohort is lower than in the Norwegian, population of middle-aged women
because of the “healthy volunteer effect”, our PAF could be underestimated. Within the
NOWAC cohort, we assume that the possibility of selection bias in our study is limited.

In cohort studies, differential loss to follow-up is an analogue of selection bias. That is,
whether participants who are lost to follow-up over the course of the study are different from
those who remain under observation up to the event of interest or the end of the study.
Participants who leave the study due to mortality from other causes instead of to the outcome
of interest, called competing risk, tend to have different probabilities of the outcome than the
participants who remain in the cohort until the end of the study (46). In Norway, men have a
higher mortality from cardiovascular diseases than women; indeed until 2017, cardiovascular
diseases were the most common cause of death in Norway (52). As a result, men are less
likely than women to survive long enough to develop lung cancer. This scenario would mean
that our observed risk of lung cancer in men is underestimated. Thus, the observation of a
higher risk of lung cancer (Paper 1) and risk of lung cancer death (Paper 2) in women
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compared with men could be biased toward a reduced risk in men. Likewise, in the NOWAC
study, the observed risk of lung cancer in smokers could be underestimated, but not to the
same extent in women as in men, because cardiovascular diseases are not as common in
women as in men (53). One of the main strengths of both the NHSS and the NOWAC study is
the lack of loss to follow-up (37, 39).

5.2.3

Information bias

Information bias can occur if either the measurements of risk factors, like smoking, the
outcome (diagnosed lung cancer or lung cancer mortality), or other covariates, are
systematically distorted. Information bias leads to misclassification of the exposure and the
outcome. Misclassification bias can be classified as either differential (dependent on the
outcome) or non-differential (not dependent on the outcome). In cohort studies, information
bias tends to be non-differential, meaning that the bias does not affect any one group more
than another (46). In the NHSS and in the NOWAC study, standard protocols were used to
minimize such errors. As measurements of exposure data were based on self-administered
questionnaires in both the NHSS and the NOWAC study, inaccurate exposure measurements
may be a main source of information bias, as discussed in the next section.

5.2.4

Information bias according to measures of smoking exposure in the NHSS

Self-reported smoking status has been widely used to assess the detrimental health effects of
smoking. However, self-reporting can be unreliable if the subject feels under pressure because
of social or medical disapproval. A systematic review found trends of underestimation when
smoking prevalence was based on self-reported information (54). Furthermore, smokers may
adopt a healthier lifestyle when participating in health studies, making it more difficult to
detect associations.
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All measures of smoking exposure were done at the time of enrollment. The relevance of an
exposure depends on the stability of the variable. A variable that is unstable over time will
usually veil the association in the direction of a zero association (55). As we only measured
smoking exposure at enrollment, we do not know if smoking exposure changed during
follow-up. Likewise, we do not know if some of those who reported that they did not smoke
at enrollment started to smoke during follow-up. In Norway, smoking prevalence has
decreased among men since the late 1950’s, and among women since 1970 (2). We believe
that our information regarding all measures of smoking exposure could be biased as a
consequence of the decreased smoking prevalence in Norwegian men and women during
follow-up. In other words, smoking exposure has been an unstable variable throughout
follow-up for both men and women. In Norway, the decline in the smoking prevalence has
been greatest among men. This could veil the association between smoking and lung cancer in
the direction of zero, increasingly in men compared with women. Our results of an increased
risk of lung cancer (Paper 1) and lung cancer death (Paper 2) in women compared with men,
could be biased because of the unstable smoking variable. To increase the accuracy of
measures of smoking exposure in our study, differences in smoking behavior should have
been measured throughout follow-up, instead of only at baseline.

Never smokers were the reference in all Cox regression analyses in Papers 1 and 2, but we did
not explain how never smokers were defined in the methods section of either paper.
Participants who reported to have smoked less than 100 cigarettes in their lifetime were
defined as never smokers. As most men and women in Norway initiate smoking before age 25
years (56), we consider it unlikely that a significant number of men or women who reported
being never smokers at study enrollment started smoking during follow-up. Passive and
occasional smoking was not considered, as no data was available; therefore passive and
occasional smokers were included in the reference group (among never smokers). During our
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follow-up period, around 10% of the Norwegian population reported to be occasional smokers
(57). Norwegian occasional smokers often define themselves as never smokers (58). Some of
these occasional smokers may have been excluded from our analytical sample due to
insufficient smoking information, whereas others may have been included as never smokers.
If some of the occasional smokers in our cohort are in the reference group as never smokers,
the risk estimates between smoking and lung cancer/lung cancer mortality may be
underestimated. If there is a different proportion of occasional smokers among never smokers
by sex, this could have distorted our results of an increased risk of lung cancer and lung
cancer mortality in women compared with men.

In the NHSS, we divided participants into never, former, and current smokers. Participants
who reported being current or former smokers were classified as ever smokers in Paper 1. By
dividing smokers into current and former smokers, we made more homogenous smoking
groups, although there are differences within the respective groups. Current smokers had an
increased risk of lung cancer compared with former smokers in both men and women in Paper
1. The increased risk in current smokers compared with former smokers shows that the risk is
dependent on time. Also in former smokers, we observed an increased risk of lung cancer by
duration of smoking in years, number of cigarettes smoked per day, and pack-years. Likewise,
for male and female former smokers, we observed a reduced risk of lung cancer (Paper 1) by
time since smoking cessation. According to the smoking variables used to assess doseresponse (smoking duration in years, number of cigarettes smoked per day, pack-years), all
showed an increased risk of lung cancer (Paper 1) and lung cancer death (Paper 2) in both
men and women.

38

In the NHSS, we also used continuous variables for smoking duration in 10-year increments,
tens of cigarettes smoked per day, and tens of pack-years in addition to the categorical
analyses to estimate dose-response associations for lung cancer. Using continuous variables,
we managed to bypass the fact that in each category of smoking duration (e.g., 1-9, 10-19, 2029 years of smoking), men were in the upper threshold of each category. When we used
measures of smoking exposure as categorical variables, we observed an increased risk of lung
cancer in men compared with women. In contrast, when we used the measures of smoking
exposure as continuous variables, we observed an increased risk of lung cancer and lung
cancer death in women compared with men. We believe that using smoking exposure as a
continuous variable improved our risk estimates for the purpose of studying eventual sex
differences in the risk of smoking-associated lung cancer and lung cancer death.

5.3 Information bias according smoking exposure in NOWAC
In the NOWAC study, we measured smoking exposure only from time of enrollment. At
enrollment, women reported whether they had ever smoked, the average number of cigarettes
smoked per day, if they currently smoked daily, if their parents smoked during childhood, and
if they lived with a smoker as adults. Based on the answers to these questions, we computed
total years of smoking, number of cigarettes smoked per day, pack-years, age at smoking
initiation, and, for former smokers, years since smoking cessation. We used never smokers
not exposed to passive smoking as the reference group. As we had information about passive
smoking, we could calculate the risk of lung cancer in passive smokers compared with never
smokers. Participants who reported to have smoked less than 100 cigarettes in their lifetime
were defined as never smokers. Among passive smokers, we did not find any significant,
increased risk of lung cancer compared with never smokers. There are several explanations as
to why we did not find any clear association between passive smoking and risk of lung cancer.
There may be inaccuracies in self-reported passive exposure, which is likely most pronounced
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for childhood exposure. There was no information regarding smoking exposure at the
workplace in our study, thus we can’t exclude any increased risk of lung cancer associated
with passive smoking at workplace. Additionally, we observed few lung cancer cases among
never smokers, resulting in a lack of statistical power. By dividing smokers into current and
former smokers, we created more homogenous smoking groups, but there were still
differences. Current smokers had an increased risk of lung cancer compared with former
smokers. Additionally, in Paper 3, any decreased smoking prevalence in Norwegian women
during follow-up would have reduced our PAF estimates.

5.3.1

Information bias according to outcomes: lung cancer and lung cancer mortality

The outcomes of interest were lung cancer (Papers 1 and 3) and lung cancer mortality (Paper
2). In a cohort study, information about endpoints should be obtained in the same way (59). In
Norway, all medical doctors are instructed by law to report new cancer cases to the Cancer
Registry of Norway. The report is done by physicians based on clinical evidence, and by a
pathologist based on the histological report. The Cancer Registry of Norway is regarded as
one of the most complete in the world; in evaluations it has shown a high degree of
comparability, accuracy, and timeliness (43).

Doctors, who are required to complete a death certificate, report information about cause of
death in Norway. The cause of death is based on the doctor’s clinical evaluation, previous
knowledge of the deceased, previous radiological examinations, and other relevant
information. Lack of clinical experience, lack of time, and lack of knowledge about the
patient may lead to erroneous conclusions (60).

To correct for errors and incorrect conclusion regarding cause of death, rules from the World
Health Organization are used to ensure that the correct cause of death is recorded on the death
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certificate (61). In 2012, a Norwegian report compared the underlying cause of death in death
certificates with the results from all medical autopsies; it revealed a change in the underlying
cause of death in 61% of cases (61). Further, the researchers observed a change in the
assigned ICD code in 32% of the reports, illustrating considerable uncertainty when cause of
death is taken from death certificates only. Overall, the validity of the mortality data from the
Norwegian Death Registry should be considered with some reservation.

5.3.2

Confounding in the Norwegian Health Screening Surveys and the Norwegian Women
and Cancer study

Confounding refers to a situation in which a non-causal association between a given exposure
and an outcome is observed as a result of the influence of a third variable, usually called a
confounder. The confounding variable must be related to both the exposure and the outcome
of interest. In an observational cohort study, a confounding variable would differ between
exposed and unexposed participants (46). In contrast to bias, it is possible to control for
confounders by statistical techniques like adjustment and stratification in multivariate models
(46, 62). The comparison of unadjusted and adjusted associations is the best approach to
support the presence of confounding if the estimates differ (46). The identification of potential
confounders is usually based on a priori knowledge of the dual association of the possible
confounder with the exposure and outcome. In the multivariate models of Paper 1, we a priori
selected physical activity, BMI, and duration of education as covariates, and they were all
available, in an attempt to exclude the possibility that these factors confounded our results
regarding smoking and lung cancer. In Paper 2, we considered alcohol, physical activity,
BMI, and duration of education as possible confounders. As we tested and found an
interaction between smoking and sex, and a borderline interaction between smoking and
duration of education, we decided to stratify by sex and duration of education. We decided to
41

adjust for BMI and physical activity, but did not include alcohol as a covariate due to a large
amount of missing data. A recent cohort study based on data from the Tromsø study examined
the association between occasional smoking and total mortality; it observed that adjustment
for alcohol consumption changed total mortality only marginally (63). As lung cancer has
been one of the most frequent causes of death in Norway recent years (64), lung cancer
mortality constituted a high proportion of deaths in the cohort study from Tromsø. Therefore,
we did not do a subanalysis with alcohol as a covariate in Paper 2. In Paper 3, we included
covariates that changed the HR estimates in the crude model by at least 5%, that could
potentially confound the association between smoking and lung cancer. We included the
following variables in the final multivariate models; age at enrollment, duration of education
(<10, 10-12, ≥13 years), and average alcohol consumption. We observed a tendency of a
higher HR in the crude models compared with the multivariate-adjusted HR. This could be
due to confounding by education level and alcohol consumption. As we did not include
alcohol consumption as a covariate in Papers 1 or 2, this could distort the HR toward higher
estimates. As men tend to consume more alcohol than women, the risk estimates could
potentially be distorted toward an increased risk in men (65). Alcohol consumption is not an
independent risk factor for lung cancer according to the 2014 World Cancer Report (1).
Cohort studies are inconsistent regarding the association between alcohol consumption and
lung cancer (19, 20), and we do not consider missing information on alcohol consumption to
be a big limitation of Papers 1 or 2.

5.3.3

Residual confounding in the Norwegian Health Screening Surveys and the Norwegian
Women and Cancer study

Residual confounding occurs when adjustment does not completely remove the confounding
effect of a variable or a set of variables (46). We adjusted for smoking using the categorical
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definitions never, former, current, and ever smokers. The variability in cumulative dose
within former, current, and ever smokers may be large, and could have resulted in important
residual confounding when we evaluated the relationship between smoking and lung
cancer/lung cancer mortality. As we studied possible sex differences in smoking-associated
lung cancer/lung cancer mortality, broad categories like former, current, and ever smokers
could have led to an increased risk in men compared with that in women, because men were
at the upper threshold of each smoking category. Thus, the increased risk of lung cancer/lung
cancer death in men compared with women, when using such broad categories of smoking is
likely a result of residual confounding. To reduce the confounding effect of smoking, we used
other measures of smoking exposure, such as duration and intensity. In addition, we estimated
dose-response associations between lung cancer/lung cancer mortality and continuous
variables for smoking duration in 10-year increments, tens of cigarettes smoked per day, and
tens of pack-years. If some other important confounding variables were not included in our
models, our adjusted estimates would still be confounded. In the NHSS, we lack information
about passive smoking. Our reference group (never smokers) is therefore most likely
contaminated with passive smokers. Since more men than women among our participants
were smokers, it is likely that more female never smokers than male never smokers were
exposed to passive smoke. For women, this would have attenuated our observed risk of lung
cancer among ever smokers. In Paper 3, we did not find any significantly increased risk of
lung cancer in passive smokers compared with never smokers, which could be due to few
cases in never smokers. Causes of lung cancer other than smoking include some occupational
exposures, like radon, certain metals, asbestos, and diesel engine exhaust (1). Although
occupational exposure might be a confounding variable, we could not adjust for it in any of
the three papers, as we did not have this information. The types of occupational exposures

43

associated with lung cancer are most frequent in men, and as a confounder, could lead to a
higher risk of lung cancer in men compared with women.

5.4

Information about education in the Norwegian Health Screening Surveys and
the Norwegian Women and Cancer study

We used the most recent information regarding duration of education obtained from Statistics
Norway to classify each participant by education level. In 1965, duration of compulsory
school attendance in Norway changed from 7 to 9 years. Therefore, 10 years of education
means primary school with at most 2 years of additional education. Similarly, those with 1012 years of education have completed secondary school, or at most 5 years of professional
training. Education lasting ≥13 years corresponds to university level in terms of education, or
a lower level of education with several years of professional training. Information about
education in Statistics Norway comes from three population censuses conducted in 1970,
1980, and 1990 (each census year is November 1st) (66, 67). In the 1970 census (as in the
1960 census), education was coded accorded to information from personal visits to each
household. Register data for highest duration of education was used to determine education
level in the 1980 and 1990 censuses. From the 1970 census onwards, education was coded
according to the Norwegian Standard Classification of Education, which is compatible with
the International Standard Classification of Education (68). We assigned participants to one of
three categories of education: low (< 10 years), moderate (10-12 years), and high (≥ 13 years).
We do not think that there is much information bias according to education level in the NHSS
or the NOWAC study.

Education is an indicator of socioeconomic status and has been shown to be inversely
associated with cancer mortality and survival (69, 70). Both the NHSS and the NOWAC
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study contained information about income. We found it problematic to use this information in
our longitudinal study, as it is difficult to compare income levels across groups recruited at
different time periods. Therefore, we used education as a measure of socioeconomic status.

5.5

Time variable in the model

We used the Cox proportional hazards model to calculate our risk estimates. The timeindependent model was used, with age (at enrollment) as the time scale. In the Cox model, the
assumption underlying the model was that the risk factor is associated with the fixed relative
increase in the instantaneous risk of the outcome of interest, compared with the reference
hazard (46), i.e., the hazard among those exposed is constant at any given point in time. The
two papers from the NHSS had a long follow-up period that varied from 10 to 39 years; thus
the hazard will fluctuate with time (“calendar time”). As recommended, we stratified by birth
cohort to account for some of these changes (71). One problem with using age as the time
scale (underlying time variable) is that the three surveys included in NHSS were conducted
decades apart. The model considers a woman who was 40 years of age at enrollment in 1975
in exactly the same manner as a woman who was 40 years of age at enrollment in 1995. A
model using calendar year of birth would have accounted for this possible bias. However,
when stratifying by birth cohort, our model with age should have accounted sufficiently for
this problem.

6 Discussion of main results

The main results have been discussed in detail in the enclosed papers (Papers 1, 2, and 3). In
this section, we present a more general discussion of the main findings, in the context of what
was known previously.
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6.1 Sex differences in smoking-associated risk of lung cancer and lung cancer
death

In Papers 1 and 2, we found that the proportion of heavier smokers and former smokers were
higher among men than among women. This is in accordance with the knowledge of smoking
habits in Norway, where men have consumed more than 70% of the cigarettes smoked (2).
During the nearly 12 million person-years of follow-up in each of the studies (Papers 1 and 2),
we identified 6,534 lung cancer cases [43% women (Paper 1)] and 5,702 (42% women) lung
cancer deaths (paper 2). The higher lung cancer incidence and mortality observed in men
compared with women reflects the differences in smoking prevalence by sex, as men and
women entered the stages of the smoking epidemic at different calendar times (72). The 2017
report, Cancer in Norway, showed optimistic signs of stabilization of the lung cancer rate in
women. However, the following report in 2018 showed the rate for lung cancer in women at
an all-time-high, with 1,674 new cases (73). Since lung cancer mortality rates for Norwegian
women have not yet peaked, they may go even higher than previously expected, as noted by
Tverdal in a paper published in 2001 (74). We observed a small difference in the number of
lung cancer cases and lung cancer deaths by sex, but this is due to the high fatality rate for
lung cancer. In Norway in 2013, the 5-year survival rate for lung cancer was 13% for men and
19% for women (3). When we analyzed smoking exposure according to categorical groups
(smoking duration in years, cigarettes smoked per day, and pack-years of smoking), we did
not detect any difference in the risk of lung cancer or lung cancer death between men and
women. Similar observations have been reported from other recent cohort studies on smoking
and the risk of lung cancer. Bain and colleagues (75) found a HR of 1.11 (95% CI: 0.87-1.42)
in female current smokers compared with male ones, adjusted for number of cigarettes
smoked per day and age at smoking initiation. In a 2008 study from the US by Freedman et al.
(76), current smokers who smoked 1-10 cigarettes per day showed a HR of 0.7 (95% CI: 0.646

0.9) for women compared with men in regard to the risk of lung cancer. In a study published
in 2016 (77), Freedman et al., found that the relative risk of lung cancer for current smokers
who smoked 1-10 cigarettes per day compared with never smokers, 17.3 (95 CI: 14.3-20.9)
men and 12.2 (95% CI: 10.4-14.2) for women. However, when we analyzed smoking
exposure as a continuous variable, female current smokers had a significantly higher risk of
lung cancer and lung cancer death than male current smokers for 10-year increments of
smoking, 10 cigarettes/day, and 10 pack-years. Results from analyses where measures of
smoking exposure were included as continuous variables were not in line with those if other
cohort studies. The Freedman and Bain reports analyzed the risk of lung cancer according to
fixed categories of smoking exposure. The increased risk of lung cancer among women that
we observed when we analyzed the data continuously was most likely concealed when the
smoking exposure data were categorized as in the other three studies. Since men are generally
heavier smokers than women, they are more likely to be in the upper threshold of each
category.

Other cohort studies also observed no difference in the smoking-associated risk of lung cancer
death by sex (78-83). A Norwegian study published in 2006 (78) found that the risk of lung
cancer death among current smokers who smoked 1-9 cigarettes per day was 2.24 (95% CI:
1.99-2.53) for men and 1.80 (95% CI: 1.59-2.04) for women. They also estimated the womenmen mortality HR, adjusted for age at smoking initiation and number of cigarettes smoked per
day among current smokers (1.00, 95% CI: 0.80-1.26), and did not observe any significant
differences between men and women for deaths due to lung cancer. The study “50-year trends
in smoking-related mortality in the United States” by Thun and colleagues (82) covered the
contemporary period (2000-2010). The authors observed that the risk of lung cancer death
among current smokers compared with never smokers was virtually identical for men and
women, at 24.97 (95% CI: 22.20-28.09) and 25.66 (95% CI: 23.17-28.40), respectively. Also,
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studies by Prescott et al. (81), Nilsson et al. (79), and Jamrozik et al. (80) found that the risk
of smoking-associated lung cancer death was similar in men and women with comparable
smoking exposures. The study by Marang-van de Mheen et al. (83) included 15,393 men and
women and reported that rate ratios for lung cancer mortality among light smokers (1-14
cigarettes per day) tended to be higher for men than for women. For the other categories of
smoking exposure (15-24 cigarettes and 25+ cigarettes), they reported similar rate ratios for
men and women. The mortality studies did not use continuous measures of smoking exposure,
and thus men may have been in the upper and women in the lower part of a specific category,
but they were still classified as similarly exposed.

An alternative explanation for the higher risk of lung cancer and lung cancer death in women
compared with men may be competing risk of death. Since men smoke more than women,
they have an increased risk of dying from other smoking-associated diseases before they
experience the outcome of interest (lung cancer). In our follow-up period in Paper 2, a total of
30,585 (9.9%) women died, and the number of deaths among men was 40,974 (14.3%). The
number of lung cancer deaths in our study was 3,323 in men and 2,379 in women. Thus,
competing risk of death might be a problem in our study, attenuating the risk of lung cancer
and lung cancer death among men.

A major limitation of our study (Papers 1 and 2) is that we have information on smoking only
at study enrollment. Indeed, smoking prevalence has changed significantly in Norway since
the start of study enrollment in 1974, with the prevalence of daily smokers decreasing from
51% to 15% in men and from 32% to 14% in women during our follow-up period (84). As a
result of the steeper decline in smoking prevalence in men compared with women, our risk
estimates of lung cancer in men could be overestimated. Repeated assessments of smoking
during follow-up could have been one way to avoid this kind of systematic error.
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Another limitation is that 10% of the Norwegian general population reported to be occasional
smokers during our follow-up period (57). Thus some of these occasional smokers may have
been included as never smokers in our study sample. This would have attenuated the risk of
smoking-associated lung cancer and lung cancer death, but we do not think that occasional
smokers have distorted our results. Our results from Papers 1 and 2 support a hypothesis that
women are more susceptible than men to lung cancer and lung cancer mortality, given the
same smoking exposure. Our findings are exciting, and future studies should be conducted to
confirm them. In addition, research should focus on possible risk factors other than smoking
in the risk of lung cancer in women. It is of great importance to determine whether women
might be more vulnerable than men to smoking-associated lung cancer.

6.2 Social inequalities in smoking-associated lung cancer mortality

In Norway, there is a marked social gradient for active as well as passive smoking. The lower
one’s education, the more likely it is that one may smoke (85). As expected, in Paper 2, we
observed that the age standardized rates of lung cancer mortality were highest among male
and female current smokers with the lowest education level compared with those with middle
and high education. Among male current smokers, the risk of lung cancer death did not vary
significantly when we compared those with the lowest and highest education levels. For
female current smokers, there was a significant difference in the risk of lung cancer death
between those with low and high education levels. As a consequence of the large proportion
of heavy smoking men and women with a low education level, the differences we observed by
education level should be interpreted with caution, as they could be due to residual
confounding by smoking in the less educated. The less educated are more likely to be exposed
to passive smoking from spouses, air pollution, and occupational exposures, which are also
risk factors for lung cancer, and could potentially increase their risk of lung cancer diagnosis,
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and thereby lung cancer death (14). Our results of a higher risk of lung cancer death in the less
educated as a probable consequence of heavier smoking exposure is supported by two other
cohort studies. Hart et al. (69) compared the risk of lung cancer death among manual workers
and non-manual workers, and observed significantly higher risks for both male and female
manual workers. Adjustment for smoking exposure reduced the risks substantially, but they
remained statistically significant for men, although they became non-significant for women.
Hart et al., suggested that smoking only provides a partial explanation for the higher risk of
lung cancer death in manual workers compared with non-manual workers, although the
possibility of residual confounding by smoking cannot be ruled out. A report from the
NOWAC study found an overall negative socioeconomic gradient in lung cancer mortality
when socioeconomic status was measured as years of education or income (70). After
adjustment for stage and smoking status, mortality differences according to both education
level and income became non-significant. In a study from Sweden, they observed that the risk
of lung cancer was significantly elevated among participants with low compared to high
socioeconomic status, despite accounting for smoking habits (86). They suggested that the
association between low socioeconomic status and lung cancer could be a result of residual
confounding by smoking, or other lifestyle factors, and occupational exposure. A study from
the EPIC cohort observed that adjustment for smoking decreased educational differences in
the risk of lung cancer by 50-70% in both men and women in Northern European countries
(87). The EPIC study also observed a socioeconomic gradient in the risk of lung cancer
among never smokers, and said that, in future studies, risk factors other than smoking should
be considered. Our study adds to the information that healthcare policy should be aimed at
changing risky behaviors, especially in the less educated, but it should also include measures
to reduce inequalities in health.

6.3 Active smoking and risk of lung cancer in women
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In Paper 3, current smokers had a higher risk of lung cancer than former smokers, which
confirms prior findings. Our study showed a consistent, strong dose-response relationship
between smoking and risk of lung cancer. Compared with never smokers, current smokers in
our study had a 13-fold increased risk of lung cancer. The strength of the associations in our
study is similar to those from a prospective study of one million women in the UK, published
in 2013, and a prospective study from the US published in 2015 with 93,000 women. These
two prospective studies reported a 21-fold and a 13-fold increased risk of lung cancer,
respectively, among current smokers compared with never smokers (88, 89). In our study,
those who quit smoking within the last 9 years had a 63% lower risk of lung cancer compared
with current smokers. These results are consistent with a Norwegian cohort study which
reported a 75% lower risk in female former smokers who quit smoking 5-9 years prior (90).
Moreover, more than eight in ten lung cancer cases could have been avoided if the women
had been never smokers. The PAF in our study was larger than that reported for US white
women (78%) in a 2014 biracial prospective cohort study from the US, with 173 lung cancer
cases among the 5487 white women in the study (91). This high PAF is what we found in a
nationally representative cohort study. Norway was one of the first countries to introduce
restrictive tobacco control (92). Our study shows that tobacco control campaigns and
restrictions should continue to be a high priority in Western countries. In developing
countries, more restrictive tobacco campaigns should be implemented so that men and women
in these countries can avoid the experience of populations in developed countries.

6.4 Passive smoking and risk of lung cancer in women

Lung cancer is also a significant health problem in those with no history of active smoking (1,
11, 12, 93). In Paper 3, we found that women with exposure to passive smoking either in
childhood or from a spouse had a 34% (HR: 1.34, 95% CI: 0.89-2.01), non-significant
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increased risk of lung cancer, compared with never smokers. There are several possible
explanations as to why we did not find any clear association between passive smoking and the
risk of lung cancer. The main reason is lack of statistical power, as the number of never and
passive smokers is low in the NOWAC study. There may be inaccuracies in the self-reporting
of passive exposures, which is likely most pronounced for childhood exposures. However, as
exposure information was collected at baseline before lung cancer diagnosis, true recall bias is
unlikely. There was no information regarding smoking exposure at the workplace in our
study, and we cannot rule out that some of the risk among never smokers could be due to this,
and thus attenuate the association between passive smoking and lung cancer. We must also
consider that passive smoking may have a weaker than expected association with lung cancer
for middle-aged women, which has been suggested by some previous prospective cohort
studies. A 2005 study based on EPIC data included 95,947 women, among whom 70 were
diagnosed with lung cancer; it did not find any significantly increased risk of lung cancer in
women exposed to passive smoke at home (94). A 2015 cohort study from the US included
152 lung cancer cases among never smokers and did not find any significant association
between passive smoking and the risk of lung cancer (89). Likewise, in the UK Million
Women Study, which included 1,469 cases among the 634,039 never smokers, no significant
association was found between lung cancer and passive smoking as a child and/or adult. They
did not have information on exposure duration among passive smokers (13). Our results
suggest that future studies should confirm whether passive smoking is associated with lung
cancer.
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7 Conclusions

7.1 Paper 1

•

Women have an increased risk of lung cancer compared with men, given the same
lifetime smoking exposure

7.2 Paper 2

•

Women are more susceptible than men to the effect of smoking in regard to lung
cancer mortality, given the same smoking history

•

Low education level confers an increased risk of dying of lung cancer, which could be
due to residual confounding by smoking or other factors unknown to us among both
men and women

7.3 Paper 3

•

Current smokers showed a consistently higher risk of lung cancer than former smokers

•

More than eight in ten lung cancer cases could have been avoided in Norwegian
women in the absence of smoking

•

We did not find any significantly increased risk of lung cancer in passive smokers
compared with never smokers
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Background
Lung cancer is one of the most common forms of cancer
and the leading cause of cancer death worldwide, with tobacco smoking as the main cause [1]. In Norway, as in
other western countries, smoking was more prevalent
among men and in the highest social classes six to seven
decades ago [2]. The proportion of male smokers increased until the 1960s, when it was around 65%. Among
women, the peak (35%) occurred in the late 70’s [2]. From
1930 until the turn of the century, men have consumed
more than 70% of the cigarettes smoked in Norway [3].
The decline in smoking prevalence occurred first and proceeded fastest among those with long education [4]. In
Norway, lung cancer mortality for men has been declining
since 2011, whereas as of 2013 it is still increasing for
women [5]. Due to the lag period between start of smoking and lung cancer death, current mortality rates reflect
smoking trends two to three decades earlier [6].
Neither the most recent World Cancer Report [1] nor
the United States Surgeon General Report [7] discuss a
possible sex difference in the risk of smoking associated
lung cancer mortality. In 2001, Tverdal reported that
among Norwegians under 50 years of age, lung cancer
mortality was higher in women than in men [8]. Later
Jha et al. reported from a US cohort, that among current
compared with never smokers, women had a higher lung
cancer mortality compared with men [9]. Since men and
women have entered the stages of the smoking epidemic at different calendar times [10], a possible sex
difference for smoking and lung cancer mortality may
just have started to emerge. Education, an indicator

of socioeconomic status is inversely associated with
cancer mortality [11, 12].
Studies from Europe have reported an increased risk
of lung cancer in participants of low socioeconomic status despite accounting for smoking habits [13, 14]. To
our knowledge, no other prospective cohort studies have
examined lung cancer mortality by sex and education.
The objectives of the study were to explore a potential
heterogeneity in smoking associated lung cancer mortality by sex and education.
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Exposure information

Methods
Study population

The study population has been previously described [15]
and comprises three national Norwegian health studies
conducted between 1974 and 2003 by the Norwegian
National Health Screening Service. Selection of participants was based on year of birth and residence (municipality or county). The response rate in the three studies
varied from 56 to 88% [16]. Briefly, the three surveys used
a similar protocol and study design, but there were some
modifications made during different time periods, mainly
due to questionnaires regarding smoking, physical activity
and other lifestyle factors. Altogether 595,675 participants
remained in the analytical cohort after exclusion of 40,091
participants due to emigration or death before the start of
follow-up, missing information on vital status, measures
of smoking exposure, education, or missing of any of the
covariates included in the analyses.
The present study was approved by the Regional
Committee for Medical Research Ethics South-East,
Norway, and the National Data Inspectorate.

The questionnaires elicited information on current
and former daily smoking, smoking duration in years
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(continuous), and average number (continuous) of
cigarettes smoked per day.
Among the 373,283 ever smokers in our sample, the
proportion of missing values was 5% (n = 18,886) for
smoking duration, number of cigarettes per day, and
pack-years (i.e., number of cigarettes smoked per day, divided by 20, multiplied by the smoking duration in
years).
We categorized current smokers according to smoking
duration in years (1–19, 20–29, ≥30), number of cigarettes smoked per day (1–10, 11–20, > 20), and packyears (1–9, 10–19, ≥20).
We classified participants by level of education into
three categories: < 10, 10–12, and ≥ 13 years by using the
most recent information regarding duration of education
obtained from Statistics Norway. We classified for
physical activity in three: [sedentary (reading, watching
television, and sedentary activity), moderate (walking, bicycling, and/or similar activities ≥4 h per week), and
heavy (light sports or heavy gardening ≥4 h per week,
heavy exercise, or daily competitive sports)] categories.
We calculated BMI as weight in kg divided by height in
m2 and classified in three and classified in three (< 18.5
kg/m2, 18.5–24.9 kg/m2, ≥25.0 kg/m2) categories. All
variables were obtained at study enrollment. As questions on alcohol consumption were only included from
1994 onwards, information on alcohol consumption was
missing in 73% of the participants in the analytical
cohort.
Follow-up and endpoints

The data were linked to the Cancer Registry of Norway,
the Norwegian Cause of Death Registry, and the Central
Population Register by the national, unique 11-digit
personal identification number. Lung cancer mortality
was classified according to the eight, ninth and tenth revisions of The International Classification of Diseases
(ICD-8, ICD-9, ICD-10). Follow-up ended at the time of
death from primary lung cancer, death from any other
causes, emigration, or the end of follow-up (December
31, 2013), whichever occurred first.
All deaths connected to primary incident carcinomas
of the trachea, bronchus, and lung (ICD-8 code 162 or
corresponding codes from ICD-9 and ICD-10) were included as endpoint, i.e. death from lung cancer.
Statistical analysis

We calculated the age-standardized (European Standard
Population) overall lung cancer mortality rate by smoking status, and categories of education [17].
We used Cox proportional hazards model with
attained age between cohort entry and exit as the underlying time scale to estimate the multivariable-adjusted
hazard ratios (HRs) with 95% confidence intervals (CI),
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for the associations between different measures of
smoking exposure and lung cancer mortality. We used
stratified Cox models by cohort study and birth cohort
(≤ 1950 and > 1950) to overcome any probable heterogeneity for these variables. A priori we considered
alcohol, physical activity, BMI and education as possible
confounders. We tested for interaction between smoking
status and sex, and between smoking and education, and
decided to stratify by sex and by education. We decided
to adjust on BMI and physical activity, but did not
include alcohol as a covariate because of a lot of missing
data. We estimated dose-response associations among
current smokers for the following variables measured
continuoulsy: smoking duration in 10 years, number of
10 cigarettes smoked per day, number of 10-pack-years,
and lung cancer mortality overall. Never smokers were
not inluded in these analyses.
Subsequently, we tested for linear trend for smoking
exposure (smoking duration, cigarettes smoked per day
and pack-years) among current smokers based on the
median value in each category, using the lowest category
of each measure of smoking exposure as reference.
We used the Wald test to assess heterogeneity by sex
and by education for the associations between different
measures of smoking exposure and lung cancer mortality. We tested and found that the criteria for the proportional hazard assumption were met using Schoenfeld
residuals (data not shown).
Subsequently, we performed the same analyses after
excluding individuals who died from lung cancer within
< 2 years of follow-up, and we also performed the same
analyses after excluding participants with prevalent
cancer.
We conducted all analyses using STATA version
14.0 (Stata Corp.). We considered two-sided p-values
of < 0.05 as statistically significant.

Results
During the nearly 12 million (48% men) person-years of
observation and an average of 19 years of follow-up, we
identified 5702 (58% men) lung cancer deaths.
Altogether 39% were current, 24% former and 37% never
smokers at enrollment. The majority (55%) of participants had from 10 to 12 years of education, 23% had less
than 10 years, and 22% had 13 years or more. The overall
crude LC mortality rate was 6,1 per 100,000 among
never, 23,9 per 100.000 among former and 99,2 per
100.000 among current smokers. The corresponding
rates for those at the lowest, middle and highest level of
education was 87,6 per 100,000, 38,7 per 100,000 and
20,4 per 100,000, respectively. There was an interaction
between smoking and sex (P < 0.0001), and a borderline
interaction between smoking and education (P = 0.06).
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Table 1 shows that compared with women, men were
more likely to be ever (current or former) smokers, and
to have smoked more pack-years for all three levels of
education. The proportion of never smokers were 41%
in women and 33% in men. More men (23%) than
women (20%) were in the highest level of education.
Women with the longest education had the highest
(57%) proportion of never smokers. Among both men
and women the number of lung cancer deaths was highest in the less educated (Table 1).
Additional file 1: Table S1 shows that the mean age at
enrollment was 40, 43 and 48 in the Norwegian Counties
Study, the 40 years Study and Cohort of Norway
(CONOR) respectively. The Norwegian Counties Study
was characterized by lower level of education and higher
proportion of current smokers than the 40 years study and
CONOR (Additional file 1: Table S1).
Table 2 shows that compared with sex-specific never
smokers, current smokers had a lung cancer mortality
hazard ratio of 20.05 (95% CI 16.25–24.74) for men, and

13.97 (95% CI 11.98–16.29) for women (Pheterogeneity =
0.01). For each 10-years increase in smoking duration
women had a 65% higher hazard ratio [HR: 1.65 (95% CI
1.54–1.78)] and men a 36% higher HR [HR: 1.36 (95% CI
1.28–1.44)] (Pheterogeneity < 0.01). For women compared
with men, current smokers had a greater increase in lung
cancer mortality per unit of number of cigarettes per day
and number of pack-years (Both Pheterogeneity < 0.01)
(Table 2).
Additional file 2: Table S2 shows the multivariable HR
for lung cancer mortality according to categorical
measures of smoking exposure for current smokers by
sex compared with sex specific never smokers. The
estimates did not vary much by sex, except that men
who had smoked < 20 years, had a higher HR [HR: 11.78
(95% CI 9.26–14.98)] compared with women [HR: 7.29
(95% CI: 6.05–8.78)] (Pheterogeneity < 0.01). For those who
had smoked less than 10 pack-years, men had a
higher HR compared with women (Pheterogenety = 0.02)
(Additional file 2: Table S2).

Table 1 Characteristics of the study population by education, the Norwegian Health Screening Surveys, 1974–2003, (N = 595,675)
Characteristics

Education in years
< 10

≥13

10–12

All

Men

Women

Men

Women

Men

Women

Men

Women

Subjects (%)

64,024
(22)

76,455
(25)

155,905
(55)

169,949
(55)

66,332
(23)

63,010
(20)

286,261
(48)

309,414
(52)

Lung cancer casesa, n (%)

1646
(44)

1338
(47)

1759
(46)

1297
(45)

385
(10)

238
(8)

3790

2873

Lung cancer deaths, n (%)

1517
(46)

1138
(48)

1473
(44)

1056
(44)

333
(10)

185
(8)

3323

2379

Person-years of follow up

1,365,688

1,666,446

3,106,850

3,429,805

1,314,443

1,224,279

5,786,981

6,320,530

Body mass index (mean, SD)

26 (3)

25 (4)

26 (3)

25 (4)

25 (3)

24 (4)

26 (3)

25 (4)

Heavy physical activityb (%)

28

14

36

22

41

28

35

20

Never smokers (%)

20

33

32

38

50

57

33

41

Former smokers (%)

27

18

27

22

26

23

27

21

Current smokers (%)

53

49

41

40

24

20

40

38

Duration of smokingc, years,
median (interquartile range)

22
(15–26)

20
(15–25)

20
(13–25)

19
(10–23)

18
(10–22)

15
(8–20)

20
(13–25)

20
(10–23)

Cigarettes smoked per dayc,
median (interquartile range)

15
(10–20)

10
(8–15)

15
(10–20)

10
(7–15)

12
(10–20)

10
(5–15)

15
(10–20)

10
(7–15)

Pack-yearsc, median
(interquartile range)

14
(8–21)

10
(5–16)

13
(7–20)

9
(4–15)

10
(5–18)

6
(3–12)

13
(7–20)

9
(4–15)

Age at enrollment, median
(interquartile range)

42
(40–45)

42
(41–45)

41
(40–42)

41
(40–42)

42
(41–43)

41
(40–42)

41
(40–42)

41
(40–43)

Age at lung cancer death,
never smokers, median
(interquartile range)

75
(62–80)

77
(68–84)

62
(52–73)

64
(57–76)

57
(55–69)

61
(55–66)

63
(54–76)

66
(59–80)

Age at lung cancer death,
current smokers, median
(interquartile range)

66
(60–74)

63
(57–71)

63
(57–70)

60
(55–66)

64
(58–70)

61
(56–68)

64
(58–72)

62
(56–69)

a

At enrollment
Heavy physical activity: light sports or heavy gardening ≥4 h/week, heavy exercise or daily competitive sports
c
Duration of smoking, cigarettes smoked per day and pack-years in ever smokers
b
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Table 2 Hazard ratiosa for lung cancer mortality according to smoking status and continuous measures of exposure
Smoking status

Cases

Men
HR 95%CI

Cases

Women
HR 95%CI

Heterogeneity test
for men versus
women
P-values

Never

91

1.00 (ref)

188

1.00 (ref)

Former

459

4.08 (3.25–5.11)

208

2.71 (2.22–3.30)

0.01

Current

2773

20.05 (16.25–24.74)

1983

13.97 (11.98–16.29)

0.01

1.36 (1.28–1.44)

1969

1.65 (1.54–1.78)

< 0.01

2676

1.48 (1.42–1.54)

1974

1.76 (1.66–1.86)

< 0.01

2269

1.39 (1.35–1.44)

1965

1.61 (1.54–1.69)

< 0.01

Duration of smoking, 10-years
b

2761

Cigarettes smoked per day, 10 per day
b

Pack-years (10 years)
b
a

Multivariable Hazard ratios (95% CI) adjusted for body mass index, physical activity level, all at enrollment, and level of education
b
Per 10-year increase in smoking duration, per 10-cigarettes increase number of cigarettes smoked per day, per 10 increase
in pack-years, for current smokers

Table 3 shows that among never smokers, women with
the lowest level of education had the highest ageadjusted lung cancer mortality rate which was (16.7 per
100,000 person-years). The highest rate was among the
less educated current smokers for both men (319.0 per
100.000 person-years) and women (183.0 per 100,000
person-years). For all three levels of education, males
had a higher lung cancer mortality rate compared with
females for both former and current smokers (Table 3).
Table 4 shows that for male current smokers the HR
did not vary for the different categories of smoking exposure when we compared those with the lowest and
highest level of education (all Pheterogeneity > 0.05). For female current smokers there was a significant difference
between those with < 10 years [HR: 15.85 (95% CI
12.32–20.38)] compared with those with ≥13 years of
education [HR: 9.41 (95% CI 6.49–13.68)] (Pheterogeneity <
0.01). For female current smokers the HR in the lowest
category for the three smoking exposures (duration of
smoking, cigarettes smoked per day and pack-years)
were significantly higher when we compared those with
the lowest and highest level of education (all Pheterogeneity < 0.02) (Table 4).
The results did not change substantially when we excluded individuals who died from lung cancer within <
Table 3 Age adjusteda lung cancer mortality rates per 100,000
person-years by education and smoking status
Smoking
status

Men

Women

Education in yearsb
10–12

≥13

< 10

10–12

Never

8,6

9,7

6,8

16,7

8,9

8,3

Former

83,8

56,7

51,0

47,2

26,5

24,6

Current

319,0

208,8

194,2

183,0

133,1

102,6

< 10

a

Age adjusted according to the European Standard Population
b
Education: < 10 years, 10–12 years, ≥13 years

≥13

2 years of follow-up. The results stayed the same when
we excluded those with prevalent cancer at enrollment
(data not shown).

Discussion
In this large Norwegian cohort study, we found that
more men were current or former smokers, more were
heavy smokers and more smokers had died from lung
cancer, regardless of level of education, compared with
women. For both men and women, those with the
lowest compared with the highest level of education,
were more likely to die from lung cancer regardless of
smoking status. However, when we analyzed the three
smoking exposure measures for current smokers as continuous variables, female smokers seem to be more likely
to die from lung cancer, for increments of 10 years of
smoking, 10 cigarettes/day and 10 pack-years compared
with male smokers.
Our results are in line with those of other prospective
cohort studies [18–21] and a meta-analysis of three prospective cohort studies [22], which have found that compared with females, males are heavier smokers and die
more from lung cancer. In the present study, we observed a difference in lung cancer mortality between
male and female smokers, while several other cohorts
did not [18–23]. These studies did not use continuous
measures for smoking exposure as we did, but rather
broad categories for number of cigarettes smoked per
day. Thus men may be in the upper and women in the
lower part of a specific category, but still be classified as
being similarly exposed. The US cohort, with 17,670
cases, found a virtually identical lung cancer mortality
rate for male and female current smoker in the most recent time periods, while for the earliest cohorts they observed a higher risk for men, reflecting the differences in
smoking prevalence by sex [22], and the stages of the
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Table 4 Hazard ratios for lung cancer mortality in current smokers, by smoking exposure and education
Mena
HRs 95% CI
Education in years
Smoking status

Cases

< 10 years
HRa 95% CI

Cases

10–12 years
HRa 95% CI

Cases

≥13 years
HRa 95% CI

Never smokersc

18

1.00 (ref)

54

1.00 (ref)

19

1.00 (ref)

Current smokers

1303

28.96 (18.17–46.14)

1216

16.01 (12.19–21.05)

254

22.50 (14.09–35.92)

0.45

Heterogeneity
testb
P-values

Duration of smoking (years)
1–19

120

18.27 (11.08–30.12)

130

9.13 (6.61–12.61)

27

9.95 (5.49–18.03)

0.13

20–29

717

27.93 (17.43–44.74)

758

15.61 (11.80–20.66)

151

23.56 (14.51–38.25)

0.62

> 30

465

32.72 (20.35–52.62)

318

19.92 (14.65–27.09)

75

35.32 (19.59–63.69)

0.84

P for trendd

< 0.01

< 0.01

< 0.01

Cigarettes smoked per day
1–10

400

20.71 (12.91–33.23)

262

8.98 (7.00–12.05)

53

12.26 (7.25–20.74)

0.15

11–20

684

34.57 (21.62–55.28)

710

19.00 (14.38–25.10)

142

27.96 (17.27–45.29)

0.54

> 21

165

54.57 (33.46–89.00)

211

33.76 (24.96–45.65)

49

50.24 (29.37–85.93)

0.82

d

P for trend

< 0.01

< 0.01

< 0.01

Pack-years
1–9

141

15.84 (9.68–25.92)

101

6.49 (4.65–9.05)

19

7.34 (3.88–13.91)

0.06

10–19

497

25.45 (15.88–40.78)

443

13.55 (10.20–18.00)

87

21.18 (12.85–34.89)

0.60

≥ 20

611

40.43 (25.28–64.65)

632

23.84 (18.04–31.54)

138

37.02 (22.78–60.17)

0.80

P for trendd

< 0.01

< 0.01

< 0.01

Womena
HRs 95% CI
Smoking status

Cases

HRa 95% CI

Cases

HRa 95% CI

Cases

HRa 95% CI

Never smokers

70

1.00 (ref)

81

1.00 (ref)

37

1.00 (ref)

Current smokers

980

15.85 (12.32–20.38)

887

14.22 (11.28–17.92)

116

9.41 (6.49–13.68)

< 0.01

Duration of smoking (years)
1–19

155

8.37 (6.21–11.29)

158

7.62 (5.78–10.06)

20

3.83 (2.20–6.65)

0.01

20–29

624

16.11 (12.32–21.08)

603

16.19 (12.70–20.63)

73

11.01 (7.35–16.48)

0.12

> 30

194

23.05 (17.16–30.97)

120

21.85 (15.79–30.25)

22

27.18 (13.30–55.52)

0.68

d

P for trend

< 0.01

< 0.01

< 0.01

Cigarettes smoked per day
1–10

458

12.81 (9.87–16.62)

326

9.43 (7.37–12.07)

36

5.15 (3.26–8.20)

< 0.01

11–20

465

22.88 (17.50–29.92)

500

21.35 (16.75–27.22)

78

14.47 (9.66–21.69)

0.06

> 21

54

41.62 (28.75–60.25)

57

39.87 (28.22–56.34)

8

19.70 (9.04–42.97)

0.09

P for trendd

< 0.01

< 0.01

< 0.01

Pack-years
1–9

197

8.31 (6.27–11.02)

148

6.08 (4.61–8.01)

18

3.31 (1.88–5.84)

< 0.01

10–19

481

18.27 (14.05–23.77)

457

16.95 (13.31–21.60)

57

12.00 (7.89–18.25)

0.10

≥ 20

294

29.66 (22.60–38.93)

274

27.92 (21.66–35.98)

39

18.49 (11.68–29.26)

0.08

d

P for trend
a

< 0.01

< 0.01

Multivariable Hazard ratios (95% CI) adjusted for body mass index and physical activity, both at enrollment
b
Heterogeneity test for those with < 10 years of education compared with ≥13 years education
c
Never smokers
d
Trend test without never smokers

< 0.01
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smoking epidemic by sex described earlier [10]. Since
lung cancer mortality rates for Norwegian women have
not peaked yet, they may become higher than that for
the US women, which already in 2001 was warned by
Tverdal [8]. Jha et al. [24], have pointed out that the full
effects of smoking can take 50 years to measure in individuals, and up to 100 years to measure in populations.
The results from the present study and from that of
Tverdal [8], both showing sex differences in Norway,
may be early indicators of this long-term development
of sex differences in smoking related lung cancer mortality. Other indicators that the sex difference in smoking
related lung cancer mortality in the long-term effect of
smoking are our [15], and those of the US cohort [9].
An alternative explanation for the higher lung cancer
mortality in smoking females compared with men in our
study may be competing risk of death. Since men smoke
more than women, they have increased risk for dying of
other smoking-related diseases before they get lung
cancer.
In Norway, there is a marked social gradient for active
as well as passive smoking. The lower the education, the
more smoking [4]. As expected, the age standardized
rates of lung cancer mortality were highest in the less
educated male and female current smokers. For both
men and women, our results indicate that the less educated had a higher lung cancer mortality compared with
the highly educated. The difference by level of education
for both men and women should be interpreted with
caution, as this could be due to residual confounding by
smoking as there was a large proportion of heavy smoking men and women, in the less educated. Another explanation for smoking related difference in lung cancer
mortality by both sex and education could be related to
measures of socioeconomic status like passive smoking
from spouses, radon, occupational exposure and air pollution. Similarly, studies from the EPIC (European Prospective Investigation into Cancer and Nutrition) and
Sweden, respectively, observed a higher risk of lung cancer in the lower social class despite accounting for
smoking habits [13, 14].
Among never smokers, we observed that both men
and women in the lowest level of education died more
from lung cancer compared with their counterparts in
the highest level of education. A possible explanation
may be residual confounding by smoking as well as exposure to occupational and passive smoking exposure.
Our study has several major strengths. It is based on a
large, prospective Norwegian cohort, comprising a high
proportion of male and female ever smokers, with long,
virtually complete follow-up. The questions on smoking
duration and number of cigarettes per day allowed respondents to give open-ended answers which allowed us
to utilize continuous measures of smoking exposure.
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Moreover, we have more than 5500 lung cancer deaths,
yielding higher precision of the estimates and power to
discover a true difference.
One limitation is that we only have information on
smoking and other potential confounders at study enrollment. Another limitation is that we lack information
on passive and occupational smoking.
Around 10% of the Norwegian population reported to
be occasional smokers in our follow-up period [25].
Some of them may have been included as never
smokers, which most likely will have attenuated the observed associations between smoking and lung cancer
death. We do not believe that these limitations would
distort the smoking related sex difference in lung cancer
mortality revealed in our study.

Conclusion
Our findings, in this large cohort study, suggest that
women have increased risk of dying from lung cancer
compared with men, given the same smoking history. In
addition, low education confers an increased risk of
dying from lung cancer, which could be due to residual
confounding by active and passive smoking.
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Abstract

Background
Few prospective cohort studies have been able to study both active and passive smoking, and
lung cancer risk among women. We examined the association between active and passive
smoking and lung cancer risk. Subsequently, we estimated the population attributable fraction
(PAF) of lung cancer due to active smoking.
Method
We followed 142 508 women through linkages to national registries through December 2015.
We used Cox proportional hazards models, to estimate hazard ratios (HRs) with 95%
confidence intervals (CIs). We calculated PAF to indicate what proportion of lung cancer
cases could have been prevented in the absence of smoking.
Results
We identified 1507 lung cancer cases during 15.9 years of follow- up. Compared with never
smokers, current (HR 13.88, 95% CI 10.18-18.91) and former (HR 3.69, 95% CI 2.68-5.09)
smokers had significantly increased risk of lung cancer. Female never smokers exposed to
passive smoking had a 1.3-fold (HR 1.34, 95% CI 0.89-20.01) non- significantly increased
risk of lung cancer, compared with never smokers. The PAF of lung cancer was 85.3% (95%
CI 80.0-89.2).
Conclusion
More than eight in ten lung cancer cases could have been avoided in Norway, if the women
did not smoke.

BACKGROUND

Lung cancer is the third most common cancer in women worldwide 1. Active smoking is the
main cause of lung cancer. The incidence of lung cancer among women in Western Europe
has stagnated in recent years 2. In Norway, the incidence rate for lung cancer in women
decreased in 2017. If this reduction continues, 2015 will be the top year with the highest
incidence of lung cancer among Norwegian women, with a rate of 55.4 per 100 000 3.
Despite declines in overall smoking prevalence, especially in high-income countries, there are
alarming trends in tobacco use among youth, especially females, in low and middle income
countries 4. Although, in developing countries it is not easy to predict whether or when
women will begin smoking in large numbers 5. A potentially scenario, is that women in these
countries will experience the same trends in lung cancer incidence that have been reported in
Norway.
Among Norwegian women, the smoking prevalence increased sharply from 1920 and towards
1950 when 20% of women were smokers 6. The prevalence of daily smoking in Norwegian
women peaked at 37% around 1970 6. Today, 12% of Norwegian women are daily smokers 7.
However, lung cancer is also a significant health problem among those exposed to passive
smoking 8, 9. In Northern Europe, approximately 26% of lung cancer cases occur in women
who have never smoked 10. The IARC Monograph from 2004, The US Surgeon General and
the latest World Cancer Report state that exposure to involuntary smoking increases lung
cancer risk by about 1, 11, 12. Other known risk factors for lung cancer are exposure to asbestos,
radon, polycyclic aromatic hydrocarbons, and emissions from household combustion of coal
2

.

Few prospective cohort studies have been able to study both active and passive smoking, and
the lung cancer risk they confer among women.

We utilized the Norwegian and Cancer Study, a nationally representative prospective cohort,
to estimate the fraction of lung cancer attributable to active and passive smoking and the
number of lung cancer cases that could have been avoided in the absence of smoking in
Norway in 2015.

MATERIALS AND METHODS
Study population

The Norwegian Women and Cancer Study cohort profile has been previously described in
detail 13. Briefly, the Central Population Register selected a random sample of women
according to year of birth. Subsequently, an invitation to participate in the study together with
a baseline questionnaire and a pre-stamped return envelope enclosed was mailed to each
woman. All women gave informed consent (https://site.uit.no/nowac/). The National Data
Inspectorate and the Regional Committee for Medical Research Ethics approved the study.
Women who completed a questionnaire during three waves of data collection: 1991-1992,
1996-1997, and 2003-2007 (172 478), were included. The overall response rate was 52.7%.
We excluded women with prevalent cancer (n= 6664), those who emigrated (n=64), or died
before the start of follow-up (n=10), those with an age at exit that was below age at
recruitment (n=32), those with missing information on smoking status (n=590), and never
smokers with missing information on passive smoking (n=10 879). Finally, we excluded those
with missing information the covariates as education and alcohol consumption (n= 11 731).
Altogether, 349 women with lung cancer were excluded in this process. The cohort comprised
142 508 women.

Exposure information

The questionnaire included detailed assessment of smoking habits, if their parents smoked
during childhood, if they lived with a smoker as adults, physical activity, alcohol consumption
as well as height and current weight (which were used to compute body mass index (BMI) as
weight in kilograms divided by the square of height in meters). The questionnaires asked if
the women had ever been smoking, and those answering “yes” were asked for the number of
cigarettes smoked daily at different age intervals. Subsequently, they were asked if they
smoked on a daily basis at present. We categorized ever smokers according to current and
former smoking status, age at smoking initiation, smoking duration, average number of
cigarettes smoked daily, pack-years of smoking (i.e., number of cigarettes smoked per day,
divided by 20, multiplied by the number of years smoked), all at enrolment. Former smokers
were classified according to years since quitting smoking. All women who were neither
current nor former smokers were classified as never smokers. Among never smokers, those
who reported that their parents smoked during childhood or they lived with a smoker as adults
were classified as passive smokers. We calculated average alcohol consumption in g/day
among drinkers based on the content of pure alcohol in different beverages and usual portion
sizes in Norway.
Follow up

We followed the women through linkages to the Cancer Registry of Norway and the
Norwegian Central Population Register to identify all cancer cases, and emigrations and
deaths, respectively, using the unique 11-digit national personal identification number. We
calculated person-years from the start of follow-up to any incident cancer diagnosis (except
basal cell carcinoma), emigration, death or the end of follow-up (31 December 2015),
whichever came first. We classified lung cancer cases according to the original codes in the
International Classification of Diseases, Seventh Revision.
Statistical analysis

We calculated the age standardized (WHO 2000-2025) incidence rate of lung cancer overall
by smoking status 14.
We stratified all models by recruitment sub-cohort (1991-1992, 1996-1997 and 2003-2007) to
control for potential differences at the three recruitment waves. We used the Cox proportional
hazards model, with age as the underlying time scale, to estimate crude and multivariateadjusted hazard ratios (HRs) and 95% confidence intervals (CIs) for the associations between
lung cancer and different measures of smoking exposure. Smoking exposure was defined
using smoking status at cohort entry (never, passive, former, current or ever); for women who
had ever smoked, further exposures were defined using smoking duration (1-9, 10-19, 20-29,
≥30 years), number of cigarettes smoked per day (1-9, 10-19, ≥20), number of pack-years of
smoking (1-5, 6-15, >15) age at smoking initiation (≤ 17, >17-20, >20) years), and for former
smokers: years since quit smoking (1-9, 10-20, > 20 years). The reference group is never
active, never passive smokers throughout the manuscript, unless otherwise noted.
We included covariates that changed the HR estimate by at least 5% as confounders of the
association between smoking and lung cancer. We included the following variables in the
final multivariable models; age at enrollment, years of education (<10, 10-12, ≥ 13 years) and
average alcohol consumption, in grams of alcohol per day (0, ≤ 4, 5-9, ≥ 10). Women who
reported to be teetotalers and those answering “seldom or never” had their alcohol
consumption set to 0.
We tested for linear trends across categories of smoking exposure variables, excluding never
smokers, by assigning a median score in order to account for the distance between categories,
treating the variable as continuous in the analysis. We tested and found that the criteria for the
proportional hazards assumption were met using Schoenfeld residuals (data not shown).

We calculated PAFs (%) to indicate what proportion of lung cancer cases could have been
prevented in the population in absence of smoking. We used the formula PAF = Pe (RRe – 1)÷
(Pe × RRe + [1- Pe], where the notation Pe = the proportion of persons in the population
exposed to the risk factor (i.e., ever smokers) and RRe = the relative risk in the exposed
compared with the unexposed group estimated through the HRs (ever compared with never
active never passive smokers) 15. We calculated the two-sided 95% CIs for the PAFs using the
PUNAF Stata module 16.
We performed analyses using STATA version 15.0 (Stata Corp.) and considered two-sided Pvalues ≤0.05 as statistically significant.
RESULTS

During the more than 2.3 million person-years of observation (mean follow-up time was 15.9
(±6.5) years, we ascertained 1507 lung cancer cases. At enrollment, the mean age of the
participants was 48.9 (±8.3 s.d) years. Of these women, 69.3% (n = 98 795) reported to be
ever (current 32.2%, former 37.1%) smokers, with 14.8 (± 12.9 s.d) years of smoking. Former
smokers quit smoking 16.9 (± 9.8 s.d) years ago. Among never smokers 17.6% (n = 25 082)
reported to be passive smokers. Altogether 77.9% (n=114 191) of the women reported to be
alcohol drinkers, with a mean alcohol consumption of 3.9 (±6.1 s.d) grams per day. Mean
years of education was 12.4 (±3.5) among the women. The age-standardized incidence rate
for lung cancer among never, passive, and ever smokers was 13.4, 20.0, and 87.1 per 100 000
person-years respectively.
Table 1 shows that current compared with passive and never smokers were younger at
enrolment and at lung cancer diagnosis. Current smokers were also less likely to have higher
education, more likely to have lower BMI as well as more likely to consume alcohol.
Adenocarsinoma was the most common histological lung cancer type in both never and ever

smokers, while squamous cell- and small cell carcinoma were most common in current
smokers and almost absent in never smokers (Table 1).
Table 2 shows that when compared with never smokers, current smokers had a lung cancer
hazard ratio that was 14-fold (HR 13.88, 95% CI 10.18-18.91) higher and former smokers a
hazard ratio that was 4-fold (HR 3.69, 95% CI 2.68-5.09) higher, with current also having a
significantly higher risk of lung cancer than former smokers. For ever smokers there was a
dose response for the different smoking exposures (smoking duration, cigarettes smoked per
day and pack-years, all p-trend <0.001). The highest hazard ratios for lung cancer among ever
compared with never smokers, was a 21 fold increase in risk of lung cancer among those who
smoked > 20 cigarettes per day (HR 21.66, 95% CI 16.54-28.37) and for those who smoked >
15 pack-years (HR 21.24, 95% CI 15.52-29.06). Female never smokers exposed to passive
smoking had a hazard ratio of 1.34 (95% CI, 0.89-2.01) compared with never smokers
without any passive exposure.
Table 3 shows that compared with current smokers, former smokers who had quit smoking 19 years ago had a 63% (HR 0.37, 95% CI 0.30-0.45) reduced risk, while those who had quit
smoking > 20 years ago had a 89% (HR 0,11, 95% CI 0.08-0.15) reduced risk of lung cancer
(all p-trend <0.001).
The PAF of lung cancer was 85.3% (95% CI 80.0-89.2) for ever smoking.

DISCUSSION

In this cohort of middle-aged Norwegian women, we found that passive, former, and current
smokers had a higher lung cancer risk than never smokers. Current smokers showed
consistently higher risk estimates than former smokers. Moreover, more than eight in 10 lung
cancers could have been prevented if the women did not smoke.

The age-standardized incidence rates for lung cancer that we found for never smokers not
exposed to passive smoking is in accordance with the 14.3 per 100 000 reported among never
smokers not exposed to passive smoking in “The UK Million Women Cancer Study” 17.
We found adenocarcinoma to be the most frequent histological subtype in both ever and never
smokers, in accordance with other prospective cohort studies 17-19.
Few prospective cohort studies have been able to study both active and passive smoking, and
the lung cancer risk they confer in women. Our study confirms a consistent, strong doseresponse relationship between smokers and lung cancer risk, as has been previously shown in
other cohort studies 18, 20. As our former smokers had lower risk of lung cancer than current
smokers our results confirms prior findings 18. Those who quit smoking within the last 9 years
had a 63% lower risk of lung cancer compared with current smokers, which are consistent
with results from a Norwegian cohort study reporting a 75% lower risk in female former
compared with female current smokers 19. The risk of lung cancer for former smokers
decreased with number of years since quit smoking. The excess risk of lung cancer in the
middle aged women in our study decreased almost to the level of a never smoker 20 years
after quitting. Another cohort study, with 89 000 female participants of whom 144 former
smokers were diagnosed with lung cancer, observed that the risk of lung cancer decreased to
almost the level of a never smoker only 15 years after quit smoking 20. The inconsistency
between the two studies, regarding the reduced risk of lung cancer as years since quit smoking
go by is most likely distorted because of few cases in former smokers in both studies.
The magnitude of our estimate for lung cancer risk due to passive smoking was higher than
those reported in two expert reports 11, 12. We had less than 100 lung cancer cases among
never smokers, and of these 50 occurred among passive smokers. The lack of power in our
study, and in most other studies that have examined the association between passive smoking
and lung cancer risk, is obvious. A 2018 meta-analysis included seven cohort studies, each of

which reported between 11 and 136 lung cancer cases among passive smokers 21. Similarly,
the estimates for lung cancer risk among passive smokers varied from 1.2 in the study with 70
lung cancer cases to 1.9 in the study with 79 cases, and the relative risk was statistically
significant in only one study from Korea, published in 1999. It included close to 160 000
female participants, and 79 lung cancer cases among women exposed to passive smoke from
their spouse 22. The 2005 European study included in the meta-analysis comprised 95 947
women, among whom 70 were diagnosed with lung cancer; it did not find any significantly
increased risk of lung cancer in women exposed to passive smoke at home 23. In the “UK
Million Women Study”, with follow-up through 2011, there were 1469 cases among the 634
039 never smokers, but exposure to passive smoke as a child and/or as adult was not
associated with any significantly increased risk of lung cancer 17. Likewise a cohort study
from the US, with 76 304 participants and follow-up until 2009, and 152 lung cancer cases
among never smokers, did neither find any significant association between any passive
smoking and lung cancer risk 18. We found that, compared with active smoking, passive
smoking has a much weaker association with lung cancer risk. The most likely explanation as
to why we did not find any significant association between passive smoking and lung cancer
risk is the lack of cases. However, we can not exclude that there are no association, which is
supported by the “UK Million Women Study” 17.
More than eight in 10 lung cancer cases could have been avoided if the women did not smoke.
The PAF in our study is higher than the corresponding value for US white women estimated
to be 78% in a prospective cohort study, published in 2014, with 14 610 participants, and 173
lung cancer cases among the 5487 white women in the study 24. Our PAF value is in
accordance with the PAF for ever smoking in UK women, which was estimated to be 80% in
2010 25. To our knowledge, we are the first to report this high PAF for women based on

individual data from a random nationwide sample. It shows that former and current smoking
is causing more lung cancer among women than previously anticipated.
1
Strengths and limitations of the study

The most important strength of our study is that it is a nationally representative cohort study
allowing us to calculate the PAF of lung cancer due to smoking for middle-aged women. We
know from our previous studies 26-29 that the smoking exposure and the cancer incidence 13
reflect known smoking patters 6 and cancer incidence 30 for Norwegian women. Thus, we are
confident that our cohort is representative of the Norwegian female population, born between
1927 and 1965, both according to exposure and outcome of this study. Other strengths of our
study are that we have a high proportion of both current and former smokers, virtually
complete follow-up through the National population based registries. The 30-year lag period
between smoking initiation and time of cohort enrolment for the majority of smokers resulted
in a large number of cases, which gave us the ability to examine the dose response association
and risk in former smokers. Another force is that we focus our PAF estimates on the
comparison between ever versus never smokers. Thus, only never smokers could possibly
change smoking status during follow-up. Since very few Norwegians start to smoke after the
age of 30 and the mean age at enrolment of our study is more than 40 years, we are confident
that the possible changes in smoking status among the never smokers during follow-up did
not influence our PAF estimates.
Our main limitation is that we have few lung cancer cases among never smokers, resulting in
a lack of statistical power.

In summary, more than eight in ten lung cancer cases among middle aged women in Norway
could have been prevented if the women did not smoke. As pointed out by Jha 31, the full
effects of smoking can take up to 50 years to measure in individuals, and up to 100 years to
measure in a population. This high PAF is what we found in the present study in a country
which was one of the first countries to introduce restrictive rules for tobacco control when
“The Norwegian Tobacco Act” entered into force in 1975 32. Milestones in “ The Norwegian
Tobacco Act” are: Since 1988, there has been legal protection from exposure to tobacco
smoke in workplaces, and since 2004, even a complete ban on smoking in bars and
restaurants, and the legal age to buy tobacco was increased to 18 years in 1996. Our study
shows that tobacco control campaigns and restrictions should continue to be a high priority in
Western countries. In developing countries, tobacco control policies should be expanded and
more restrictive measures on smoking should be implemented, so that women in these
countries can avoid the experience of women in developed countries.
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TABLES
Table 1. Selected characteristics of the study sample by smoking status, in the Norwegian Women and
Cancer Study, 1991-2015, (N=142 508)

Characteristics
Subjects
Person-years of follow up
Age at enrolment, mean
(±SD)
Age at diagnosis, mean (±SD)
Years since quit smoking,
mean (±SD)
Education years, mean (±SD)
Physical activity level score
BMIc , mean (±SD)
Alcohol g/day, mean (±SD)
Lung cancer overall
Adenocarcinomad (%)
Squamous cell carcinomad
(%)
Small cell lung cancerd (%)
Other nsclcd,e (%)
Large cell carcinomad (%)
Excludedd,f (%)
a

Never
18 631
303 310
51 (9)

Passivea
25 082
404 765
48 (8)

Former
52 887
797 385
50 (8)

Current
45 908
764 512
47 (8)

66,6 (9,3)
NAb

63,0 (8,1)
NAb

63,3 (8,0)
16.6 (9.8)

63,0 (8,1)
NAb

12,9 (3,8)
2,5 (2,0)
24,4 (3,9)
2,2 (3,8)
43
26 (61)
1 (2)

13,1 (3,6)
2,4 (1,8)
24,3 (4,0)
3,1 (4,6)
53
34 (64)
2 (4)

12,6 (3,6)
2,4 (1,8)
24,6 (4,0)
4,4 (6,1)
329
173 (52)
35 (11)

11,5 (3,1)
2,5 (2,19
23,6 (3,8)
4,4 (7,2)
1,082
459 (42)
159 (15)

2 (5)
12 (28)
1 (2)
1 (2)

2 (4)
13 (24)
2 (4)
0 (0)

45 (14)
59 (18)
8 (2)
9 (3)

246 (23)
138 (13)
22 (2)
58 (5)

Passive smokers include never smokers who lived with a smoker in their childhood and/or live with a smoker at enrollment of the study
NA (not applicable)
c
Body mass index; weight in kilograms divided by the square of the heights in metres
d
The percentage of each histological subtype in each column is the percentage of the subtype of lung cancer overall in that column
e
Other nsclc; not specified non small cell lung carcinoma
f
Excluded; Other or not otherwise specified carcinoma
b

Table 2. Crudea- and multivariateb adjusted hazard ratio (HR) estimates for lung cancer with 95% confidence intervals (CIs)
for different measures of smoking exposures

Smoking exposures
Neverc
Passive
Former
Current
Ever
1-9
10-19
20-29
≥ 30
P-trende
1-9
10-19
>20
P-trende
1-5
6-15
>15
P-trende
>20
17-20
≤ 17
P-trende
a

Adjusted for age

Cases (n)
HRa (95% CI)
43
1.00 (ref)
53
1.33 (0.89-2.01)
348
3.81 (2.77-5.23)
1139
15.44 (11.37-20.98)
1464
7.67 (5.66-10.41)
Smoking duration in ever smokersd
231
4.58 (3.29-6.39)
203
4.24 (3.05-5.91)
429
9.26 (6.75-12.71)
595
18.11 (13.25-24.74)
<0.001
Cigarettes smoked per day in ever smokersd
376
4.46 (3.57-5.58)
767
13.16 (10.65-16.28)
125
23.07 (17.70-30.06)
<0.001
Pack-years in ever smokersd
199
4.01 (2.89-5.57)
429
8.40 (6.13-11.50)
671
22.52 (16.53-30.69)
<0.001
Age at smoking initiation in ever smokersd
334
6.33 (4.84-7.62)
739
9.95 (8.04-12.31)
315
6.07 (4.84-7.61)
<0.001

HRb (95% CI)
1.00 (ref)
1.34 (0.89-2.01)
3.69 (2.68-5.09)
13.88 (10.18-18.91)
6.80 (5.00-9.24)
4.16 (2.98-5.82)
4.22 (3.02-5.90)
8.55 (6.20-11.77)
16.48 812.02-22.60)
<0.001
4.28 (3.42-5.37)
12.17 (9.81-15.10)
21.66 (16.54-28.37)
<0.001
3.81 (2.73-5.31)
7.90 (5.74-10.86)
21.24 (15.52-29.06)
<0.001
5.76 (4.55-7.28)
9.08 (7.31-11.27)
5.70 (4.53-7.17)
<0.001

b

Adjusted for age, duration of education and alcohol consumption, all at enrolment
Never-active, never-passive smokers as reference group
d
The sum of cases in each interval in smoking duration, cigarettes day, pack-years and age at smoking initiation does not sum up to the total number of cases in ever smokers
because of missing values
e
Test for trend excluding never smokers
c

Table 3. Crudea- and multivariateb adjusted hazard ratio (HR) estimates for lung cancer with 95%
confidence intervals (CIs) for former smokers according to years since quit smoking

Cases
Current smokers
1-9 years
10-19 years
>20 years
P-trend
a
b

90
56
46

HRa (95% CI)
1.00 (ref)
0.34 (0.28-0.42)
0.16 (0.12-0.21)
0.11 (0.08-0.14)
<0.001

Adjusted for age
Adjusted for age, duration of education and alcohol consumption, all at enrolment

HRb (95% CI)
1.00 (ref)
0.37 (0.30-0.45)
0.17 (0.13-0.23)
0.11 (0.08-0.15)
<0.001

